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The present work reports on the synthesis of BaTiO3 containing glass-ceramics by applying appropriate annealing 
programs and varying the ratio of Na2O to Al2O3 in a sodium-aluminoborosilicate glass. The phase composition is 
studied by X-ray diffraction and additionally to the presence of BaTiO3, 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 Na2O and Al2O3, 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, BaTiO3, 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-

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, BaTiO3 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 BaTiO3 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)Na2O/yAl2O3/14B2O3/37SiO2/25Fe2O3 with  
y = 8, 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 B2O3 and FeOx 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 23.1Na2O/23.1BaO/23TiO2/17.4SiO2/
7.6B2O3/5.8Al2O3, as well as the composition series 
(23.1-x)Na2O/23.1BaO/23TiO2/9.8B2O3/21SiO2/
xAl2O3, 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 23.1Na2O
/23.1BaO/23TiO2/17.4SiO2/7.6B2O3/5.8Al2O3 (fur-
ther denoted as composition A) and (23.1-x)Na2O
/23.1BaO/23TiO2/9.8B2O3/21SiO2/xAl2O3, x = 3, 
7, 11 mol% (denoted as compositions B1, B2 and 
B3, respectively) were melted from the following 
reagent grade raw materials: Na2CO3, BaCO3, TiO2, 
Al(OH)3, B(OH)3 and SiO2. The glasses are melted 
in 60g batches for 1 h at 1400 °C in air using a Pt 
crucible in a furnace with MoSi2 heating elements. 

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-Kα radiation 
(λ = 1.5406 Å) 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% HCl 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, Al3+ 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 Tg 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 BaTiO3 (JCPDS 90-
10-801). Applying longer annealing times results in 
a higher amount of the crystalline phase as expected 
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in the case of non-constraint isothermal crystalliza-
tion. If samples B1 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 BaTiO3. 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, Ba2TiSi2O8 
(JCPDS 98-20-1844) as already observed in Ref. 
[16]. In contrast to the crystallization behaviour of 
samples with up to 6 mol% Al2O3, 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, 
NaAlSiO4 (JCPDS 35-0424) for B2 and Nepheline, 
NaAlSiO4 and barium titanium oxide, BaTi2O5 
(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 
BaTiO3 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 BaTiO3 starts first and after that for 

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 BaTiO3 (B) formed; b) XRD-patterns of samples with the composition B1 – crystallization 
of cubic BaTiO3 (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 BaTiO3 (B), Ba2TiSi2O8 (F) and NaAlSiO4 (N); d) XRD-patterns of samples with the 
composition B3 annealed at 690 °C for different times – growth of cubic BaTiO3 (B), BaTi2O5 (BT) and NaAlSiO4 (N). 
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example, nepheline despite the larger ionic radii 
of Ba2+ (1.35 Å) and Ti4+ ions (0.56 Å in tetrahe-
dral and 0.75 Å in octahedral coordination) in com-
parison to those of Na+ (1.02 Å), Al3+ (0.54 Å) and 
Si4+ (0.40 Å). The BaTiO3 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 BaTiO3 [1, 
23–25]. Many authors report different symmetries 
of the BaTiO3 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 BaTiO3 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 

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. 

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 BaTiO3. The inset: magnified image of the same 
glass-ceramic sample revealing the morphology of the crystals.

a large volume fraction of BaTiO3 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 Na2O 
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 BaTiO3 
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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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 BaTiO3 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 BaTiO3 crystallization also 
to that of BaTi0.75Fe0.25O2.888 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-

nessed from the XRD patterns in Figure 1d, addition-
ally to BaTiO3 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 
BaTiO3 crystals. This observation could be explained 
by the higher glass transition temperature and hence, 
the higher viscosity of the glass with the larger Al2O3 
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 

Fig. 4. Glass-ceramic B1 annealed 3h at 650 °C – imaging by 
means of computed tomography.

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.

Fig. 6. SEM micrograph of a sample B3 crystallized for 7 h 
at 690 °C – presence of more than one morphological type of 
crystals.
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of the obtained glass-ceramic materials which will 
be a subject of further investigations.

Conclusions

From melts with compositions 23.1Na2O/23.1BaO/ 
23TiO2/7.6B2O3/17.4SiO2/5.8Al2O3 and (23.1-x)Na2O/
23.1BaO/23TiO2/9.8B2O3/21SiO2/xAl2O3, 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 BaTiO3 crystals for one and the 
same time-temperature schedule which is attributed 
to the increased viscosity of the glass. Small Al2O3 
concentrations and comparatively low crystalliza-
tion temperatures result in the sole crystallization of 
BaTiO3, while at higher crystallization temperatures 
and times, a second crystalline phase, Fresnoite 
(Ba2TiSi2O8) 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 NaAlSiO4. It 
is observed that BaTiO3 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 17±3 mi-
crometers and their volume fraction – of the order of 
58±1% for the glass-ceramics with 3 mol% Al2O3. 
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(Резюме)

В настоящата работа е докладван синтезът на стъклокерамики, съдържащи бариев титанат, BaTiO3 в 
натриево-алумоборосиликатни стъкла чрез прилагане на подходящи термични програми за отгряване и чрез 
промяна в съотношението на концентрациите на Na2O и Al2O3. Фазовият състав е изучен с използване метода 
на рентгеновата дифракция и допълнително на присъствието на BaTiO3, е установена кристализацията на 
няколко силикатни фази. Микроструктурата на получените стъклокерамики е изследвана по метода на елек-
тронната микроскопия и в зависимост от съотношението в концентрациите на Na2O и Al2O3, е установено на-
личието на различни като морфология кристални структури. Микрокомпютърната томография е използвана 
за определяне на обемното съдържание на кристалната фаза и разпределението по размери на бариево-тита-
натните кристали в стъклокерамиките. Установено е високо обемно съдържание на кристалната фаза. 
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