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Investigation on the crystallization behaviour of sodium-aluminoborosilicate
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The present work reports on the synthesis of BaTiO, containing glass-ceramics by applying appropriate annealing
programs and varying the ratio of Na,O to Al,O, in a sodium-aluminoborosilicate glass. The phase composition is
studied by X-ray diffraction and additionally to the presence of BaTiO,, also some silicate-based phases are detected.
The microstructures of the obtained glass-ceramics are investigated by electron microscopy and depending on the ratio
between Na,O and Al,O,, the presence of morphologically differing crystalline structures is concluded. Computed
tomography is utilized to determine the volume fractions and size distributions of the barium titanate crystals in the
glass ceramics. A high volume concentration of crystals is observed.
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INTRODUCTION

The efficient energy storage and energy con-
sumption are some of the most acute and important
problems nowadays. Thus, the synthesis and the
investigation of the microstructure with respect to
the physical properties of materials are of great im-
portance. Barium titanate, BaTiO; is a phase from
the perovskite family — well-known since a long
time — and with outstanding dielectric, pyroelectric,
piezoelectric and even optical properties, as well
as easy to prepare in the form of glass-ceramics.
Barium titanate occurs in several crystallographic
modifications (tetragonal, cubic, orthorhombic,
rhombohedral and hexagonal) but two of them are
especially interesting with respect to particular ap-
plications: the tetragonal which is ferroelectric and
stable at room temperature and the cubic which
is stable above the Curie temperature of approxi-
mately 120 °C and possesses paraelectric proper-
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ties. Both phases have found applications in the
preparation of different electronic devices, i.e. as
powerful capacitors, as a substitute of the magnetic
RAM, e.g. as FRAM [1-5]; multilayered capacitors
for energy storage; capacitors for use in high power
transmitters and microwave resonant cavities; pie-
zoelectric elements and resistive sensors [1, 3, 4-6].
Depending on its optical properties, BaTiO; could
be a promising candidate for laser preparation for
optoelectronic applications [5]. Different experi-
mental techniques are used to obtain barium titan-
ate as bulk material, [1, 2, 4, 5]. The preparation
of BaTiO; in the form of thin films and as separate
crystalline beads which are subsequently calcined
in larger aggregates is also reported in the literature
[3, 6-8]. The stability of each barium titanate modi-
fication at room temperature is determined by the
size, as well as by the used preparation technique
and also by the addition of dopants [1, 2, 4, 6, 10].
Decisive for the controlled crystallization and size-
distribution of the obtained crystals is mainly the
preparation technique. Actually, there are a large
number of methods to prepare barium titanate with
or without dopants. Conventionally, barium titanate
ceramics are prepared by the chemical reaction of
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barium carbonate and titanium oxide to barium ti-
tanate, accompanied by subsequent milling and sin-
tering. [2]. Furthermore, the preparation of barium
titanate nanorods, with potential applications in the
construction of UV lasers, by means of a hydrother-
mal method is reported in Ref. [5]. Gelation and
subsequent calcinations is reported in Ref. [7], in
order to prepare beads of different perovskite crys-
tals which are first obtained as cubic polymorph and
then, after additional thermal treatment, the tetrago-
nal modification is stabilized at room temperature.
Also, the addition of appropriate dopants can lead
— after applying a suitable time-temperature heat
treatment — to composite crystals consisting of one
ferroelectric and one ferromagnetic component, ex-
hibiting multiferroic properties [9, 10]. The system
(24-y)Na,0/yAl,0,/14B,0,/37Si0,/25Fe,0, with
y =38, 12, 14 and 16 and other similar compositions
were studied [11-14]. It was shown that in the ob-
tained glasses initially phase separation occurs and
droplets with sizes in the range from 100 to 800 nm
enriched in B,0O, and FeO, are formed. Within these
droplets, magnetite crystals with sizes in the range
from 25 to 40 nm with potential application as mul-
ticore nanoparticles are precipitated [14].

The present paper reports on the synthesis, as
well as on the phase and microstructural charac-
terization of glasses and glass-ceramics with the
composition 23.1Na,0/23.1Ba0/23Ti0,/17.4Si0,/
7.6B,0,/5.8A1,0,, as well as the composition series
(23.1-x)Na,0/23.1Ba0/23Ti0,/9.8B,0,/21S10,/
xALO,, x =3, 7, 11 mol%. The thermal treatment
of the reported glasses results in the precipitation
of barium titanate and various crystalline silicate
phases. For samples in which only one crystalline
phase occurs, morphology and size are investigated
by scanning electron microscopy and computed
tomography. The crystallization of large volume
fractions of barium titanate crystals with crystallite
sizes in the submicron and micrometer range is es-
tablished. The occurrence of phase separation into
Ba and Ti rich regions and subsequent crystalliza-
tion of barium titanate in these regions is suggested.

EXPERIMENTAL

Samples with mol% batch compositions 23.1Na,O
/23.1Ba0/23Ti0,/17.4Si0,/7.6B,0,/5.8A1,0, (fur-
ther denoted as composition A) and (23.1-x)Na,O
/23.1Ba0/23Ti0,/9.8B,0,/21Si0,/xAL,0;, x = 3,
7, 11 mol% (denoted as compositions B1, B2 and
B3, respectively) were melted from the following
reagent grade raw materials: Na,CO,, BaCO,, TiO,,
Al(OH),, B(OH), and SiO,. The glasses are melted
in 60g batches for 1 h at 1400 °C in air using a Pt
crucible in a furnace with MoSi, heating elements.
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The melts are quenched on a copper block without
pressing. Then, in order to increase the mechanical
stability and to minimize internal stresses, the glass
was transferred to a pre-heated graphite-mould
and held for 15 min at 480 °C in a muffle furnace.
Subsequently, the furnace was switched off and the
sample was allowed to cool to room temperature.
Crystallization of the samples was, according to the
DTA data, carried out at different temperatures and
for different times in a muffle furnace as described
in Ref. [15].

The phase compositions of the samples from all
melted compositions are studied by X-ray diffrac-
tion (XRD), Philips PW1050 using Cu-Ka radiation
(L= 1.5406 A) and Ni filter. The microstructure and
the elemental composition of the prepared glasses
and of the crystallized samples is further analysed by
scanning electron microscopy (SEM) in combina-
tion with energy-dispersive (EDX) analysis, (JSM-
7001F, JEOL Ltd., Japan) and (Philips 515 with
SEI detector). Imaging of the crystallized samples
is performed on polished samples or on fractured
surfaces, or if this did not result in a good contrast,
on samples etched for 5 s in 1% HCI solution. The
average crystal size and volume fraction of selected
samples was investigated by computed tomography
(x-ray microtomograph Brucker SkyScan 1272).

RESULTS AND DISCUSSION

The samples from the two sets of compositions
A and B1-B3 freeze like glasses after pouring the
melt, although for the samples A and B1 also some
surface crystallization during cooling of the melt
occurs — as already shown in [16]. Increasing alu-
mina concentration at the expense of sodium oxide
results in better glass formation and hence, surface
crystallization does no longer occur in the composi-
tions B2 and B3. This is attributed to the intermedi-
ate character of aluminium ions, A" in the glass
network and has widely been discussed in literature
[12, 17-22] as well as in our previous work on simi-
lar compositions [14, 15, 23].

The compositions A and B1-B3 are annealed
supplying different time-temperature schedules, ac-
cording to the DTA data as reported in Refs. [15,
16]. Most samples annealed above T, are visually
crystalline even after 15 min annealing time and this
is supported by the respective XRD patterns of the
bulk specimens as shown in Figures 1a—d. All sam-
ples from Figs. 1a—d are annealed at the DTA crys-
tallization peak maximum or near the respective
temperature. The samples from composition A show
only XRD peaks attributed to BaTiO, (JCPDS 90-
10-801). Applying longer annealing times results in
a higher amount of the crystalline phase as expected
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Fig. 1. a) XRD-patterns of samples with the composition A, annealed at the crystallization peak maximum in the DTA profile at 550
°C for different periods of time — cubic BaTiO, (B) formed; b) XRD-patterns of samples with the composition B1 — crystallization
of cubic BaTiO, (B) after different periods of time at 600 °C; c) XRD-patterns of samples with the composition B2 annealed at
690 °C for different times — growth of cubic BaTiO, (B), Ba,TiSi,0, (F) and NaAlSiO, (N); d) XRD-patterns of samples with the
composition B3 annealed at 690 °C for different times — growth of cubic BaTiO, (B), BaTi,O, (BT) and NaAISiO, (N).

in the case of non-constraint isothermal crystalliza-
tion. If samples Bl are thermally treated near the
temperature of the crystallization peak maximum,
e.g. the XRD patterns shown in Fig. 1b, the only
crystalline phase formed is BaTiO,. However, the
variation of the annealing temperature and more
precisely, its increase, results for the samples with 3
mol% alumina (composition B1) in the formation of
a second crystalline phase — Fresnoite, Ba,TiSi,0,
(JCPDS 98-20-1844) as already observed in Ref.
[16]. In contrast to the crystallization behaviour of
samples with up to 6 mol% ALQ,, the XRD pat-
terns of the crystallized specimens with 7 and 11
mol%, (compositions B2 and B3, respectively) are
characterized by the occurrence of at least three
crystalline phases namely Fresnoite and Nepheline,
NaAlSiO, (JCPDS 35-0424) for B2 and Nepheline,
NaAlSiO, and barium titanium oxide, BaTi,O,
(JCPDS 70-1188) for B3, cf. Figs. 1c and 1d. Such

crystallization behaviour is supposed to be due to
the increasing alumina concentration and the higher
annealing temperatures which facilitate the nuclea-
tion and growth of Na- and Al-containing silicates
[12]. Again, longer annealing times results in a
larger crystals for one and the same annealing tem-
perature. Actually, in Figs. 1c and 1d, it is seen that
BaTiO, always occurs as the first crystalline phase
precipitated which is attributed to the extremely
high concentrations of Ba and Ti. However, for
longer annealing times, the amount of the second
precipitated phase, Nepheline also increases — es-
pecially well seen in Fig. 1d. The easier nucleation
and growth of barium titanate, could be attributed
to the occurrence of phase separation processes, as
observed for similar systems [12, 16, 23, 24], into
a Ba, Ti- rich phase and a matrix enriched in all
other elements from the composition. Thus, the
nucleation of BaTiO, starts first and after that for
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example, nepheline despite the larger ionic radii
of Ba?* (1.35 A) and Ti* ions (0.56 A in tetrahe-
dral and 0.75 A in octahedral coordination) in com-
parison to those of Na* (1.02 A), AI* (0.54 A) and
Si** (0.40 A). The BaTiO, phase is recognized as
the cubic modification because there is no visible
splitting in the characteristic peak at about 45.3° —
as it should be in the case for tetragonal BaTiO, [,
23-25]. Many authors report different symmetries
of the BaTiO, crystals depending on their size; the
larger crystallites are normally tetragonal, while the
smaller ones are cubic [1, 25] or a combination of a
tetragonal core and a cubic shell is observed during
the course of crystal growth [1]. Surprisingly, in the
investigation of all the compositions A and B1-B3,
despite the different annealing regimes and crystal-
lite sizes, always cubic barium titanate is formed.
The microstructure of the synthesized glasses and
the glass-ceramics obtained after thermal treatment
was studied by scanning electron microscopy. The
micrograph of sample A showed that the crystals
formed at the surface are spherically shaped with
dendritic needle-like structures as shown in Fig. 2.
The shape of the crystallized regions suggests that
probably phase separation occurs at some stages
during cooling the melt and the spherical particles
are enriched in the heavy elements, Ba and Ti which
facilitates the formation of BaTiO, crystals. The
same behaviour has been observed for other similar
glass systems and compositions as reported in Refs.
[12—16, 24]. From Fig. 3, where sample A crystal-
lized for 2 h at 550 °C is shown, the precipitation of

. - .
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Fig. 2. SEM-micrograph of a sample with the composition A —
glass without heat-treatment with crystals formed on the surface
during pouring the melt. Inset: magnified SEM-micrograph of
the glass A showing the morphology of the crystals formed at
the surface.
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Fig. 3. SEM image of a sample A annealed for 2 h at 550 °C —
fractured surface showing growth of globular regions of needle-
like crystals of BaTiO,. The inset: magnified image of the same
glass-ceramic sample revealing the morphology of the crystals.

a large volume fraction of BaTiO, crystals gathered
in spherically shaped agglomerates is seen. The lat-
ter possess sizes of up to hundred micrometers and
consist of separate crystals growing together. The
inset in Fig. 3 shows that between the spherical par-
ticles there are dark regions — the amorphous matrix
where separate crystals are found. The morphology
of the crystals corresponds to that of the crystals at
the surface of sample A (Fig. 2). The SEM investi-
gations of samples B1-B3 reveal that the increas-
ing alumina concentration and the decreasing Na,O
concentration lead to a reduced tendency towards
surface crystallization but to the same morphol-
ogy of the growing crystals. Thermal treatment of
sample B1 results in glass-ceramics with BaTiO,
as the only or at least as the dominating crystalline
phase, as supported by the XRD patterns shown in
Fig. 1b and from previous investigations reported in
Ref. [16]. Here, the crystallization temperature of
650 °C and annealing time 3 h lead to barium titan-
ate crystals with similar shape to that in Fig. 3 and
large volume fraction, as already reported in Ref.
[16]. The results from the SEM imaging in Ref.
[16] led to further microstructural investigations of
sample B1 with the same thermal history (annealed
3 h at 650 °C) by means of computed tomography
(see Fig. 4). The bright phase corresponds to the
barium titanate crystals and the dark one — to the
amorphous matrix and eventually to some Fresnoite
crystals which possess a lower average atomic num-
ber, as witnessed by SEM in Ref. [16]. The image
from Fig. 4 shows again crystals growing as spheri-
cally shaped agglomerates with an average size as
determined from the processing of the image of
around 17+3 micrometers and a volume fraction of
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Fig. 4. Glass-ceramic B1 annealed 3h at 650 °C — imaging by
means of computed tomography.

approximately 58+1%. The separate particles tend
to aggregate and form larger complexes which grow
together — as seen in Figures 2 and 3. Similar struc-
tures were already observed in other systems where
the crystallization is preceded by droplet-like phase
separation [14-16, 23, 24]. The microstructural in-
vestigation of all annealed samples B1 shows growth
of only one morphological type of BaTiO, crystals.
Actually, the SEM investigations of samples with
different thermal history and composition suggests
that after annealing times t > 3 h, the mean size of
the formed globular crystals continues to grow and
the separate spherical particles tend to form aggre-
gates. This behaviour differs from the tendency de-
scribed in [16, 23], where after thermal treatment for
more than 3 h, the crystallite size stops increasing.
The bright appearance of the formed crystals sug-
gests that they contain the heavier elements of the
initial composition, e. g. Ba and Ti. The addition of
transition metal oxides other than Ti as dopants, for
example Fe was studied in other composition series
and is a well-known method for affecting the phase
formation and thus, the properties of the resulting
crystals [2—4, 8-10, 24, 25]. In Ref. [24], a compo-
sition similar to B1 is developed and its crystalliza-
tion behaviour is reported. There, the presence of Fe
leads additionally to the BaTiO, crystallization also
to that of BaTi, ,.Fe,,s0, ¢« Which has a hexagonal
symmetry and may possess multiferroic properties,
as discussed in [2, 24].

The SEM-micrographs of the annealed samples
B2 are characterized by the presence of more than
one morphological type of crystals which is shown
in Figure 5 for a sample annealed for 7 h at 690 °C.
This supports the results from the XRD analyses of
this composition shown in Fig. 1c.

Figure 6 shows an SEM micrograph of sample
B3 annealed for 7 h at 690 °C where, as also wit-

B,
WD8mm SS50
OSIM Jena

20kV

Fig. 5. SEM micrograph of a sample B2 crystallized for 7 h at
690 °C — at least two morphologically different types of crystals
are present.

BEC 20kV

WD8mm SS50

OSIM Jena

Fig. 6. SEM micrograph of a sample B3 crystallized for 7 h
at 690 °C — presence of more than one morphological type of
crystals.

nessed from the XRD patterns in Figure 1d, addition-
ally to BaTiO, other crystalline phases are present.
The SEM micrographs shown in Figs. 5 and 6 reveal
that the increasing alumina concentration and the de-
creasing sodium oxide concentration lead to smaller
BaTiO, crystals. This observation could be explained
by the higher glass transition temperature and hence,
the higher viscosity of the glass with the larger AlL,O,
concentration when crystallizing it at the same tem-
perature (690 °C) as described in Ref. [15].

The observed phase composition and morphol-
ogy of the formed crystals as well as the resulting
size variation, depend on the composition of the ini-
tial glasses and will affect the dielectric properties
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of the obtained glass-ceramic materials which will
be a subject of further investigations.

CONCLUSIONS

From melts with compositions 23.1Na,0/23.1Ba0O/
23Ti0,/7.6B,0,/17.4Si10,/5.8AL,0; and (23.1-x)Na,O/
23.1Ba0/23Ti0,/9.8B,0,/21810,/xAL,0,, x = 3, 7
and 11 mol% glasses are obtained during cooling,
although the larger sodium oxide concentrations
in samples with 5.8 and 3 mol% alumina result in
surface crystallization. The increasing alumina con-
centration leads to decreased crystallization ten-
dency and smaller BaTiO, crystals for one and the
same time-temperature schedule which is attributed
to the increased viscosity of the glass. Small Al,O,
concentrations and comparatively low crystalliza-
tion temperatures result in the sole crystallization of
BaTiO,, while at higher crystallization temperatures
and times, a second crystalline phase, Fresnoite
(Ba,TiSi,0;) is formed. The larger alumina concen-
trations, however, tend to facilitate the crystalliza-
tion of two or more crystalline phases, at least one
of them containing Al, i.e. Nepheline NaAISiO,. It
is observed that BaTiO, always crystallizes as the
first phase and the volume fraction of the crystals,
as well as their average size for one and the same
composition increases with increasing crystalliza-
tion time. The method of the computed tomography
is successfully utilized to estimate the average size
of the barium titanate crystals to be about 1743 mi-
crometers and their volume fraction — of the order of
58+1% for the glass-ceramics with 3 mol% AlO,.

Acknowledgements: This work was financially sup-
ported by means of contract NIS-11507, funded by
UCTM.

REFERENCES

1. J. F. Capsal, E. Dantras, L. Laffont, J. Dandurand,
C. Lacabanne, J. Non-Cryst Solids, 356, 629 (2010).

2. G.P.Du,Z.J. Hu, Q. F. Han, X. M. Qin, W. J. Shi,
J Alloys Compounds, 492, L79 (2010).

3. T.J Jackson, 1. Jones, J Mater Sci, 44, 5288 (2009).

124

4.

10.

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Z. Libor, S.A. Wilson, Q. Zhang, J Mater Sci, 46,
5385 (2011).

R. Vijayalakshmi, V. Rajendran, DigestJ Nanomater
Biostruc, 5, 511 (2010).

C. B. Carter, M. G. Norton, in: Ceramic Materials:
Science and Engineering, 1** Ed., Springer, 2007.

A. F. Demir6rs, A. Imhof, Chem Mater, 21, 3002
(2009).

S. F. Mendes, C. M. Costa, C. Caparros, V. Sencadas,
S. Lanceros-Mendez, J Mater Sci, 47, 1378 (2012).
R.P.Maiti, S. Basu, S. Bhattacharya, D. Chakravorty,
J Non-Cryst Solids, 355, 2254 (2012).

H. T. Langhammer, T. Miiller, T. Walther, R.
Bottcher, D. Hesse, E. Pippel, S. G. Ebbinghaus, J
Mater Sci, 51, 10429 (2016).

R. Harizanova, G. Vdlksch, C. Riissel, J Mater Sci,
45, 1350 (2010).

W. Vogel, in: Glasschemistry, 3 Ed. Springer-
Verlag, Berlin-New York-London-Paris-Tokyo-
Hong Kong-Barcelona-Budapest, 1992.

. R. Harizanova, I. Gugov, C. Riissel,, D. Tatchev,

V. S. Raghuwanshi, A. Hoell, J Mater Sci: Size
Dependent Effects, 46, 7169 (2011).

C. Worsch, P. Schaaf, R. Harizanova, C. Riissel, J
Mater Sci, 47, 5886 (2012).

R. Harizanova, L. Vladislavova, A. Mazhdrakova,
C. Bocker, G. Avdeev, G. Tsutsumanova, I. Gugov,
C. Riissel, Advances in Natural Science: Theory &
Applications, 3,21 (2014).

R. Harizanova, A. Mazhdrakova, L. Vladislavova,
G. Avdeev, C. Bocker, I. Gugov, C. Riissel, J Chem
Technol Metall, 50, 375 (2015).

K. El-Egili, Phys B, 325, 340 (2003).

S. Hornschuh, B. Messerschmidt, T. Possner, U.
Possner, C. Riissel, J Non-Cryst Solids, 347, 121
(2004).

L. Hong, P. Hrma, J. D. Vienna, M. Qian, Y. Su, D.
E. Smith, J Non-Cryst Solids, 331, 202 (2003).

D. Benne, C. Riissel, M. Menzel, K. Becker, J Non-
Cryst Solids, 337,232 (2004).

H. Schirmer, R. Keding, C. Rissel, J Non-Cryst
Solids, 336, 37 (2004).

D. Benne, C. Riissel, D. Niemer, M. Menzel, K.
Becker, J Non-Cryst Solids, 345-346, 203 (2004).
R. Harizanova, L. Vladislavova, C. Bocker, C.
Riissel, I. Gugov, Bul Chem Comm, 46, 56 (2014).
R. Harizanova, M. Abrashev, I. Avramova, L. Vla-
dislavova, C. Bocker, G. Tsutsumanova, G. Avdeev,
C. Riissel, Solid State Sci, 52, 49 (2016).

S. D. Vacche, F. Oliveira, Y. Leterrier, V. Michaud,
D. Damjanovic, J. E. Manson, J Mater Sci, 47, 4763
(2012), DOI 10.1007/s10853-012-6362-x.



R. Harizanova et al.: Investigation on the crystallization behaviour of sodium-aluminoborosilicate glasses with high...

N3CJIEABAHE HA KPUCTAJIM3ALIMOHHOTO ITOBEJAEHUE
HA HATPUEBO-AJIYMOBOPOCUJIMKATHU CTBKJIA C BUCOKA
KOHLIEHTPALIMSI HA BAPUI U TUTAH

P. Xapuzanosa'*, JI. Tauer?, I'. ABneer?, Xp. bokwp?, /1. Kapamanosa®,
W. Muxaiinosa!, U. I'yros!, Xp. Procer’

! Xumuxomexmono2uuen u memanypeuden ynueepcumem, 6yi. ,, Kn. Oxpuocku* Ne 8,
1756 Cogus, Bvreapus
2 Unemumym no gusuxoxumust, BAH, ya. ,, Axao. I'. Bonueg*, 6n. 11, 1113 Coghus, Bvaeapus
3 Omo Illom uncmumym 3a uscieosamne na mamepuanume, Ynusepcumem Hena,
yn. ,, @paynxogep* Ne 6, 07743 Hena, 'epmanus
* Unemumym 3a onmuunu mamepuanu u mexuonozuu, bAH, yn. ,, Axao. I'. bonueg*,
on. 1091, 1113 Cogpus, bvreapus

ITocteruna okromBpu, 2016 r.; npuera nexemspu, 2016 r.
(Pesrome)

B nacrosmara pabora e IOKIaABaH CHHTE3bT Ha CTBHKIOKEPAMUKH, ChAbpKalM OapueB TutaHat, BaTiO, B
HaTPUEBO-aIyMOOOPOCHIIMKATHY CTBHKIIA Ype3 MPUIaraHe Ha MOAXOAIIM TEPMUYHH IPOTPaMH 3a OTIPSABAHE U 4Ype3
IPOMSIHA B CbOTHOLICHHETO Ha KoHLeHTpanuute Ha Na,O u Al,O,. ®a30BUAT CbCTaB € U3YUeH ¢ U3IOJI3BaHE METOA
Ha peHTreHoBaTa JU(PAKIMA U JONBIHUTEIHO Ha NpuchcTBUeTO Ha BaTiO,, e ycTraHOBeHa KpUcTanu3aluaTa Ha
HSKOJIKO CHJIMKATHU (pa3u. MUKpOCTpyKTypaTa Ha MOIY4YeHUTE CTHKJIOKEPAMUKH € H3CIeABaHa 0 METO/Ia Ha eJIeK-
TPOHHATa MUKPOCKOIHUS ¥ B 3aBUCHMOCT OT ChOTHOIIEHHETO B KoHIeHTpanuure Ha Na,O u AL,O,, e ycTaHOBEeHO Ha-
JMYMETO Ha PA3IMYHU KaTO MOP(OIOTHs KPUCTAITHH CTPYKTYpH. MUKPOKOMITIOTBpPHATAa TOMOTpadus € U3Ioj3BaHa
3a OmpeieNisiHE Ha 00EMHOTO ChIbpPKaHUE Ha KPHCTATHATa (a3a u pasnpe/eleHHeTo 1Mo pa3MepH Ha OapHeBO-THTa-
HATHUTE KPUCTAIH B CTHKJIOKEPAMUKHUTE. Y CTAHOBEHO € BUCOKO 00EMHO ChIbpiKAaHUE HA KpHUCTanHata (asa.
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