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Abstract

Glasses with a constant B2O3 and an increasing La2O3 content in the system La2O3–SrO–B2O3 were obtained by the usual melt quenching
procedure. The crystallization and sinterability of the glasses were investigated by hot stage microscopy (HSM), differential thermal analysis
(DTA), X-ray diffraction (XRD) analysis, transmission electron microscopy (TEM) and scanning electron microscopy (SEM). XRD analysis of
the bulk samples evidenced the formation of the crystalline phases: La2SrB10O19, SrB6O10 and SrLaBO4. XRD and TEM/SAED analyses showed
a polymorphic crystallization of the glass sample containing 14.3 mol% La2O3 with precipitation of the La2SrB10O19 phase. SEM analysis
confirmed the surface crystallization mechanism of this sample. The kinetics of crystallization of the same sample was examined by DTA and the
activation energy of crystal growth was calculated by the Kissinger model to be Ea¼458763 kJ mol–1.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Glass-ceramics materials show good properties, such as: low
thermal expansion, low dielectric constant, high abrasion resistance
and chemical resistance [1]. The specific properties of these
ceramics materials recommend glass-ceramics for numerous appli-
cations [1,2]. Glass-ceramics can be formed from the bulk glass
through the processes of controlled nucleation and crystallization
by adequate heat treatment. Regarding the preparation of glass-
ceramics with desired microstructure and properties using this
method, the determination of the parameters for these two
processes is crucial. The crystalline phase formed by the process
of crystallization in the glass determines specific properties of
glass-ceramics. Lanthanide borate glasses and glass-ceramics are
recognized as materials for the application as laser hosts, nonlinear
optical materials, and in the optoelecrtonics. Lanthanide materials
showed improved NLO properties which are explained by the f–f
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electron transition. [3–6]. Addition of lanthanum oxide in the
alkaline earth borate glasses improves optical properties and
chemical durability [7].
The glass-ceramics can be also obtained through the sintering

and crystallization of glass powder [8–10]. It is preferable that
densification is performed prior to the crystallization; hence these
processes are independent. The quality of the obtained glass-
ceramics material is determined by the densification of the glass
powder compact [11–13]. Lanthanide alkaline borate glasses
showed improved durability and high glass-transition temperatures,
due to that these glasses can be applied as specialized hermetic
candidates [14]. These glasses are also potential candidates for the
application in various electronic industries such as display panels,
low-temperature co-fired ceramics and packaging where there is
requirement for the low-temperature sinterable glasses [15,16].
The crystallization behavior of glasses from the ternary system

La2O3–CaO–B2O3 was previously the subject of investigation
and the crystalline phase La2CaB10O19 with the desired proper-
ties was identified after heat treatment of these glasses [4–6].
The sintering and crystallization behavior of the glasses

from the La2O3–SrO–B2O3 system, to the best of our
ghts reserved.
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Table 1
Compositions of the glass samples.

Glass sample La2O3 xi (mol%) SrO B2O3

GLa5.7 5.7 22.9 71.4
GLa9.5 9.5 19.1 71.4
GLa14.3 14.3 14.3 71.4
GLa19.1 19.1 9.5 71.4

Fig. 1. DTA curves of the glass powder samples (a) GLa14.3, (b) GLa9.5,
(c) GLa19.1, and (d) GLa5.7.
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knowledge, have not been studied in detail. The aim of this
study was to investigate the processes of sintering and
crystallization of the glass system La2O3–SrO–B2O3 under
isothermal and non-isothermal conditions.

2. Experimental

Glasses with different compositions (Table 1) were obtained
by the usual melt quenching procedure. Reagent-grade H3BO3,
SrCO3 and La2(CO3)3 were mixed and homogenized. The
mixture was placed in a platinum crucible in an electric furnace
and melted at 1200 1C for 30 min. The platinum crucible was
covered, melting was in short time at relatively low melting
temperatures to minimize boron evaporation. The melt was cast
and cooled on a stainless steel plate in air at room temperature.
Measurements of the weight loss due to melting indicate that
the glasses are within 1–2 wt% of desired compositions. The
obtained glass samples were transparent, without visible bubbles.
X-Ray powder diffraction (XRD) measurements confirmed that
the samples were amorphous. Differential thermal analysis
(DTA) and hot stage microscopy (HSM), and a combination of
these two techniques, were used for the investigation of crystal-
lization and sintering behavior of the glass powder samples. Glass
powder samples were prepared by crushing and grinding the bulk
glass in an agate mortar and sieving it to grain size o0.048 mm.
DTA curves were recorded on a Netzsch STA 409 EP instrument
at different heating rates 5, 10, 12 and 20 1C min−1, using Al2O3

powder as the reference material and 100 mg of glass powder.
From the DTA curves, the glass transition, Tg, crystallization
onset, Tx, and crystallization peak, Tp, temperatures were
determined. The DTA method was employed for the deter-
mination of the kinetic parameters of glass crystallization
including the activation energy of crystal growth Ea.

A hot stage microscope (HSM), E. Leitz Wetzlar, supplied
with a Cannon camera, was used for determining the sintering
behavior of the glass powder samples [17–24]. The glass
powder samples were pressed into cylinders. The specimens
were placed on a platinum plate and then on an alumina
support. The temperature was measured with a (Pt/Rh/Pt)
thermocouple. The heating rate was 10 1C min–1. The sample
images were analyzed using computer software for image
analyzing and the changes in the area at different heating
temperatures were calculated.

The crystallization of bulk glass samples was performed by
heating the samples in a Carbolite CWF 13/13 electric furnace
with automatic regulation and a temperature accuracy of
71 1C, up to the crystallization temperatures determined by
DTA, at a heating rate 10 1C min–1, and maintained at these
temperatures for different times. After the heat treatment, the
samples were removed from the furnace and crushed.
The XRD technique was used for identification of the crystal-

line phases in the powdered samples. The XRD patterns were
obtained using a Philips PW-1710 automated diffractometer with
a Cu tube operated at 40 kV and 30 mA. The instrument was
equipped with a diffracted beam curved graphite monochromator
and an Xe-filled proportional counter. The diffraction data were
collected in the 2θ Bragg angles from 5 to 701, counting for 1 s,
except for the sample containing 14.3 mol% La2O3 (see Table 3).
A Jeol JSM-6610LV scanning electron microscope and a

TOPCON transmission electron microscope (TEM) using the
selected area electron diffraction (SAED) method were employed
to observe the microstructure of the samples. Gold sputtered
bulk samples were used for the SEM analyses. For the TEM
observation, the powdered samples, obtained from heat treated
bulk samples, were suspended in ethanol and mixed by ultra-
sound for 10 min and then applied to a copper grid coated
with carbon.

3. Results and discussion

The compositions of the prepared glasses are given in
Table 1. The samples were labeled depending on the amount
of lanthanum oxide in the glass.

3.1. Differential thermal analyses

The DTA curves of the glasses are shown in Fig. 1. The
small endothermic shoulders on the DTA curves represent the
glass transition temperatures, Tg. The temperatures, Tx, crystal-
lization onset, were determined by extrapolation. The exother-
mal temperature peaks Tp at the DTA curves correspond to the
crystallization of glass. These characteristic temperatures are
shown in Table 2.
It may be seen from Table 2 that the crystallization onset

temperature, Tx, generally increased with increasing content of
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lanthanum oxide. The sample GLa14.3, showing a lowest value of
Tx, was the exception from this trend. An increasing trend of the
Tg with increasing content of lanthanum oxide was also observed,
with the same exception. The temperatures of glass crystallization,
Tp, were approximately 800 1C, except for the Tp of GLa14.3,
which was 749 1C. The parameter ΔT demonstrates the glass
stability (GS). A larger temperature difference indicates a greater
glass stability and smaller tendency toward crystallization. The
smallest ΔT value was registered for the GLa14.3 glass, indicating
its greatest trend toward crystallization.
3.2. Hot stage microscopy

In Fig. 2 are shown photomicrographs of the characteristic
shape of the GLa14.3 taken during HSM experiments, which
are representative for the other samples. The temperatures
corresponding to typical viscosity points were determined from
the photomicrographs. The temperature of the first shrinkage
(TFS) is temperature at which the sample shrinks to about
3–5% of its initial height, when the typical viscosity was
log η¼9.170.1, η is in dPa s. The temperature of maximum
shrinkage (TMS) is the temperature at which the sample shrinks
to the maximum possible level, before softening, and a sample
still has sharp edges, log η¼7.870.1. TD is the point at which
the first signs of softening could be observed, the edges of the
samples are rounded, log η¼6.370.1. Moreover, TS is the
temperature at which the sample is spherical, log η¼5.470.1,
whereas the half-ball temperature (THB) is the temperature at
which the section of the sample observed forms a semicircle,
log η¼4.170.1, and the flow temperature (TF) is the tem-
perature at which the maximum height of the drop of molten
glass corresponds to a unit on the microscopic scale, log
η¼3.470.1 [17,18].
Table 2
Characteristic temperatures obtained by DTA and HSM measurements at the 10 1C

Temperatures (1C) Glass samples

GLa5.7 G

Tg 622 6
Tx 735 7
Tp 809 7
ΔT¼(Tx−Tg) 113 1
TFS 600 6
TMS 700 7
TD 680 7
TS (1C) 740 7
THB 840 9
TF 890 9

Fig. 2. Photomicrographs of the shape of GLa1
The characteristic temperature values for all glass samples
obtained by HSM measurements are summarized in Table 2.
The temperature of the first shrinkage (TFS) was 600 1C for

the samples GLa5.7, GLa9.5 and GLa14.3, whereas for the
sample GLa19.1, having the largest content of lanthanum
oxide, it attained 680 1C. The temperatures of maximum
sintering (TMS) were in the range from 700 1C to 740 1C,
increasing with increasing content of lanthanum oxide. The
flow temperature (TF) of glasses increased with increasing
content of lanthanum oxide in the sample.
3.3. A combination of differential thermal analyses and hot
stage microscopy

To analyze the sintering and crystallization behavior of
glasses, the results of the HSM and DTA analyses, obtained in
the same temperature range, are compared in Fig. 3. The
sintering process of the glass powders is given as the change of
the relative area A/A0 of the samples as a function of
temperature, where A0 is the initial area and A is the area at
temperature T. The shrinkage of the samples was determined
by this ratio.
According to Fig. 3, the smallest shrinkage (A/A0¼0.70)

was determined for the sample GLa19.1 with the highest
content of lanthanum oxide. The maximum shrinkage
(A/A0¼0.54) was observed for the sample GLa14.3. The
physical processes that control the densification kinetics of
porous glass bodies by reducing their surface energy are well
studied. The glass particle surface energy is the driving force
and the viscous flow is the kinetic path through which the
surface area is reduced. However, during sintering, surface
crystallization of glass particles as a concomitant process can
occur and hence the sintering kinetics is retarded of even
min−1 heating rate.

La9.5 GLa14.3 GLa19.1

40 638 644
63 723 765
92 749 792
23 80 121
00 600 680
19 739 740
20 760 760
60 800 800
00 1000 1050
50 1020 1060

4.3 sample during the HSM measurements.



Fig. 3. HSM and DTA curves for glass powder samples (a) GLa5.7, (b) GLa9.5, (c) GLa14.3 and (d) GLa19.1.
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inhibited [11,25,26]. As an indication that the sintering and
crystallization processes proceed independently, the difference
between Tx and TMS can be considered. A bigger difference
between these temperatures indicates that the glass powder will
sinter before the crystallization process starts. In the case
where the sintering process ends before crystallization starts,
residual porosity of the glass body can be avoided and a dense
glass-ceramics material can be obtained [27,28]. According to the
DTA and HSM results (Table 2), for all the samples, except
GLa14.3, Tx was greater than TMS, which indicates independence
of the sintering and crystallization processes. On the contrary, for
the GLa14.3 sample, TMS was higher than Tx and in such a case,
the crystallization process starts before complete densification was
reached Fig. 3c.

3.4. X-ray diffraction

To determine the phase composition of crystallized glass
samples, XRD analysis was performed and the results are
shown in Fig. 4.

The samples were heated at the crystallization temperatures
determined by DTA. Thus, GLa5.7 was heated at 810 1C,
GLa19.1 at 790 1C and GLa14.3 at 760 1C for 70 h. According
to XRD patterns shown in Fig. 4, complex crystallization was
observed in the samples GLa5.7 and GLa19.1. Two phases,
La2SrB10O19 [29] and SrB6O10 (JCPDS 20-1190) [30] were
identified in GLa5.7 after adequate heat treatment. The phases
La2SrB10O19 and SrLaBO4 (JCPDS 34-1045) [31] were formed in
GLa19.1. Only one phase, La2SrB10O19, was formed in GLa14.3
indicating that polymorphic crystallization occurred in this sample.

The X-ray powder diffraction (XRD) method was used for the
identification of the phase composition of the glass sample
GLa14.3 and determination of the unit-cell parameters. The
powder pattern was obtained using the experimental conditions
described in Table 3. The unit-cell parameters were obtained using
the LSUCRIPC (least square unit cell refinement) software [32].
The unit-cell parameters for La2SrB10O19 were calculated

using data for the same compound published by Cao et al. [29].
Moreover La2SrB10O19 is isostructural with La2CaB10O19 [33].
The observed and calculated XRD data for the synthesized
compound that is the subject of this paper are given in Table 4,
and the unit-cell parameters in comparison to the literature data
are given in Table 5.

3.5. Scanning and transmission electron microscopy

Glasses with polymorphic crystallization are rare and for this
reason a more detailed investigation including the mechanism
and the kinetics of crystallization were undertaken on this
sample. The SEM micrographs of the heat treated bulk GLa14.3
sample are shown in Fig. 5. From the SEM microphotographs
(cross section), it can be observed that the surface crystallization
mechanism was operative for this glass. The crystallized layer
formed by the growth of La2SrB10O19 crystals (XRD, Fig. 4b)
from the sample surface is clearly visible. A plate-like morphol-
ogy of these crystals was observed, Fig. 5.
The polymorphic crystallization of GLa14.3 glass was also

confirmed by TEM/SAED analysis. By TEM analysis, crystal-
lites distributed in the glass matrix were identified in the sample
heat-treated for 30, 60 and 90 min, (Fig. 6a,b and c). Based on
the SAED diffraction pattern, the determined unit cell para-
meters a, b and β were in good agreement with those reported
for the La2SrB10O19 phase, i.e., 11.16 Å assigned to the a,
6.58 Å assigned to the b and 91.441 assigned to the β [34].



Fig. 4. XRD patterns of the heat-treated glass samples (a) GLa5.7, (b) GLa14.3, and (c) GLa19.1.

Table 3
X-ray powder diffraction data for La2SrB10O19.

Sample characterization

Name (chemical, mineral) Dilanthanum strontium decaborate
Empirical formula La2SrB10O19

Source/preparation Synthetic

Technique
Radiation type, source X-rays, Cu λ value used 1.54060 Å Kα1/1.54439 Kα2
Monochromator Diffracted beam Graphite monochromator
Detector (film, scint. etc.) Proportional
Instrument description (type, slits) Vertical diffractometer

Divergence slit 11
Receiving slit 0.1 mm
Soller slit 11

Instrumental profile breadth 0.101 2θ temp. (1C) 2571
Specimen form/particle size Edge loaded powder/o10 mm particle size
Range of 2θ From 5 to 751 2θ
Specimen motion None

Unit-cell data
Unit-cell parameters a¼11.065(3), b¼6.564(2), c¼9.225(3) Å, β¼91.09(2) o, V¼669.9(2) Å3, Z¼2, Dx¼3.855 g cm−3

Formula wt. 777.52 g mol−1

Crystal system Monoclinic
Space group C2 (5)

Least square unit-cell refinement method
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The GLa14.3 glass-ceramic obtained by sintering the glass
powder (particle size o0.1 mm) was also analyzed using
SEM. The SEM micrographs of free and fractured sample surface
are shown in Fig. 7. From the presented micrographs, it is obvious
that a non-homogenous and porous glass-ceramic body was
obtained. In Fig. 7a, the interconnected glass particles and pores
(black spots) are visible in Fig. 7a. Under high magnification,
Fig. 7b, crystallites on particle surface are visible. The fractured



Table 4
Comparison of the calculated and observed XRD data for La2SrB10O19.

Irel (%) h k l dcalc (Å) dobs (Å) Irel (%) h k l dcalc (Å) dobs (Å)

23 0 0 1 9.222 9.199 11 −4 2 2 1.933 1.931
56 1 1 0 5.645 5.640 35 5 1 2 1.895 1.896
24 −1 1 1 4.835 4.830 20 0 2 4 1.887 1.887
15 −2 0 1 4.781 4.773 24 3 3 0 1.882 1.884
30 2 0 1 4.703 4.686 13 3 1 4 1.859 1.857
70 −1 1 2 3.588 3.586 11 6 0 0 1.843 1.845
30 1 1 2 3.554 3.551 10 3 3 1 1.840 1.842
25 0 2 0 3.282 3.278 10 −4 0 4 1.787 1.788
30 3 1 0 3.214 3.216 17 −2 0 5 1.760 1.762
100 0 0 3 3.074 3.069 12 4 0 4 1.754 1.757
15 3 1 1 3.019 3.016 8 −4 2 3 1.754 1.751
40 2 2 0 2.822 2.820 7 4 2 3 1.730 1.730
20 −2 2 1 2.706 2.707 5 0 4 0 1.641 1.641
32 2 2 1 2.692 2.689 7 −3 3 3 1.612 1.614
30 −4 0 1 2.662 2.665 6 6 2 0 1.607 1.609
28 3 1 2 2.616 2.620 4 3 3 3 1.598 1.598
8 −2 2 2 2.418 2.421 5 6 2 1 1.579 1.578
15 2 2 2 2.397 2.395 8 −1 3 4 1.574 1.575
15 −4 0 2 2.391 2.392 4 −4 2 4 1.570 1.569
16 4 0 2 2.351 2.349 4 −2 2 5 1.551 1.550
14 0 0 4 2.306 2.305 5 5 3 1 1.530 1.533
8 0 2 3 2.244 2.247 4 4 0 5 1.521 1.522
10 −3 1 3 2.240 2.244 3 −7 1 1 1.519 1.520
3 3 1 3 2.203 2.199 4 −2 4 2 1.492 1.493
12 −1 3 0 2.147 2.146 8 2 4 2 1.487 1.485
13 1 1 4 2.127 2.124 12 1 1 6 1.479 1.481
25 2 0 4 2.114 2.116 7 −5 3 2 1.480 1.479
30 4 2 0 2.114 2.111 4 3 3 4 1.451 1.451
35 5 1 0 2.096 2.097 3 6 2 3 1.415 1.415
8 −4 2 1 2.067 2.069 6 −2 4 3 1.404 1.406
12 4 2 1 2.054 2.056 8 −4 2 5 1.400 1.400
7 −5 1 1 2.051 2.051 5 −5 1 5 1.397 1.397
7 5 1 1 2.036 2.037 5 0 4 4 1.337 1.336
36 1 3 2 1.943 1.941 7 6 2 4 1.308 1.309

Table 5
The determined unit-cell parameters in comparison to literature data.

Compound a (Å) b (Å) c (Å) β (1) V (Å3) Literature

La2SrB10O19 11.065(3) 6.564(2) 9.225(3) 91.09(2) 669.9(2) This study
La2SrB10O19 11.054(1) 6.556(9) 9.235(6) 90.91 – [26]
La2CaB10O19 11.043(3) 6.563(2) 9.129(2) 91.47 661.4(3) [27]
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surface revealed a porous structure containing large voids (black
spots). As in the case of bulk glass sample (Fig. 5), a plate-like
crystal morphology was observed for the surface crystallized glass
particles, Fig. 7a,b. These crystals were previously determined as
La2SrB10O19 (XRD, Fig. 4b) and in such a way, the polymorphic
crystallization of the GLa14.3 glass was confirmed.

3.6. Kinetic parameters of crystallization

Further investigation of the crystallization of GLa14.3 was
focused on determining kinetic parameters of crystallization.
Kinetic parameters were determined by DTA based on the
crystallization peaks, Fig. 8.
The temperatures of the crystallization peaks in dependence
on the heating rate are given in Table 6.
The temperature of the crystallization peak, Tp, increased

with increasing heating rate. Calculation of kinetic parameters
was based on the modified form of the Kissinger equation
proposed by Matusita and Sakka [35]

ln
βn

Tp
2

� �
¼−

mE

RTp
þ k ð1Þ

where R is the gas constant, β is the heating rate, Tp is
the temperature of the crystallization peak and k is a constant.
The constant n is known as the Avrami parameter and m
represents the dimensionality of crystal growth. The values of



Fig. 5. SEM microphotographs of the GLa14.3 glass heat treated at T¼760 1C for t¼90 min (a) surface crystallized layers, (b) glass/crystal interface and (c) and
(d) plate-like crystal morphology.

Fig. 6. TEM/SAED images of the GLa14.3 glass heat-treated at T¼760 1C for t (a) 30 min, (b) 60 min and (c) 90 min.
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parameters n and m depend on the crystallization mechanism.
The E values were obtained from plots of ln(βn/Tp

2) vs. 1/Tp,
using appropriate values of n and m. If the experiments were
performed in such a way that the glass samples were saturated
with nuclei prior to crystal growth, then parameter E can be
interpreted as the activation energy of crystal growth [36,37].
XRD analysis showed that this glass crystallized polymorphic.
In this case, the chemical composition of the melt and the
crystal are the same and the crystal growth rate is controlled by
interface reactions. SEM results showed that this glass crystal-
lized by the surface mechanism. Therefore, to satisfy the
condition of a constant number of nuclei during crystal growth,
the glass powder with the smallest particle size of o0.048 mm
was chosen for this experiment. In the range of the smallest
granulation, the number of surface with respect to internal
nuclei is dominant in the total number of nuclei present. In



Fig. 7. SEM micrograph of the GLa14.3 obtained by sintering the glass powder at T¼760 1C for t¼90 min. Free surface (a) and (b) and fractured surface (c) and (d).

Fig. 8. DTA curves of powder samples grain size o0.048 mm, recorded for
the GLa14.3 at different heating rates.

Table 6
Temperature of crystallization peaks, Tp for the glass powder sample GLa14.3
heated at different heating rates, β.

β (1C min–1) 5 10 12 20
Tp (1C) 740 749 754 765

Fig. 9. The Kissinger plot ln(β/Tp
2) vs. 1/Tp.
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such a case, the crystal growth in DTA experiments occurred
on a constant number nuclei, n=m=1 and Eq. (1) becomes the
same as the well-known Kissinger equation [38]. The Kis-
singer plot, ln(β/Tp

2) vs. 1/Tp is shown in Fig. 9. An activation
energy E of crystal growth was calculated from the slope of the
line, Ea¼458763 kJ mol–1.

The Ozawa method can also be applied in this case for the
calculation of the activation energy [39]

lnðβÞ ¼−ðEoz=RTpÞ þ const ð2Þ
The value of the activation energy calculated by applica-

tion of the Ozawa method was Eoz¼475763 kJ mol–1,
which is in good agreement with that obtained by the
Kissinger method.
4. Conclusions

The crystallization and sinterability of glass in the ternary
system La2O3–SrO–B2O3 for glass powder and bulk glass
samples were studied. The glass powder samples were studied
by DTA and HSM. The lowest glass stability was shown by



S.V. Smiljanić et al. / Ceramics International 40 (2014) 297–305 305
the GLa14.3 glass sample. For this glass, TMS4Tx, meaning that
the sintering and crystallization processes were not independent.

XRD analysis of the crystallized glass samples identified
La2SrB10O19 and SrB6O10 in GLa5.7, and La2SrB10O19 and
SrLaBO4 in GLa19.1. XRD and TEM/SAED analyses confirmed
the polymorphic crystallization with precipitation of La2SrB10O19

in the GLa14.3 glass sample. Surface crystallization was evidenced
from the SEM images of this glass. A non-homogenous and
porous glass-ceramics body were obtained by powder sintering of
the GLa14.3 glass at T¼760 1C for t¼90 min. An activation
energy of crystal growth Ea¼458763 kJ mol–1 was calculated
using the Kissinger method, which was in good agreement with
the activation energy, Eoz¼475763 kJ mol–1 obtained by appli-
cation of the Ozawa relation.
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