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Abstract The xBag 5SrsTiO3—(1 — x)NaPO; (x = 0-0.20
mol%) glasses were prepared by the conventional melt-
quenching method. The amorphous state of the samples was
verified by X-ray diffraction. The density, molar volume, glass
transition temperature (7), micro-hardness and the crystal-
lization temperature (7;) are determined for each glass. It is
found that they depend strongly on the chemical composition of
the glasses. The results of the micro-hardness show an increase
in the H, parameter with the BagsSrysTiO3 content. The
crystallization of glasses is made by submitting samples to heat
treatments, and the crystallized phases are identified by XRD.
The kinetic of the crystallization is carried out by thermal
analysis using DSC technique. The mechanism of crystalliza-
tion is proposed according to the determined activation energy
(E,) and the Avrami parameter (n). The structural approach of
the glasses was realized out by IR spectroscopy. This technique
has highlighted the co-existence of different phosphate and
titanium structural units in the glassy-matrix.
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Introduction

The applications of ceramic materials depend on their
chemical composition and microstructure. They are, gen-
erally, used as traditional and technique ceramics. The
advanced ceramics are used in automotive, energy, envi-
ronment, electronic, mechanical, medical, aerospace
applications as well as modern industries. Advanced
ceramics are making news across worldwide industry.
Electrical and electronic ceramics currently dominate
applications. Strontium titanate (SrTiO3) and barium tita-
nate (BaTiO3) have properties that make them attractive in
memory devices. For example, the solid solution Ba;_,
Sr,TiO3 is commonly used as a capacitor in DRAMS since
these phases have high charge storage densities, low
leakage currents and dielectric breakdown sufficient to
achieve gigabyte densities [1, 2]. In contrast to polycrys-
talline ceramics prepared by solid-state mixing and firing,
glass—ceramics can achieve low porosity levels and hence
high breakdown voltages. Generally, the properties of the
glass—ceramics are determined by the main crystallization
phases precipitated from the mother glass. So, when
developing new kind of glass—ceramics, it is very important
to control crystallization of the glasses [3].

Glass—ceramics are composites, consisting of micro- or
nano-crystallites embedded in a glass matrix, formed by
controlled crystallization of glasses. The rate of nucleation
and growth of crystals can be controlled, and hence, the
resulting properties of glass—ceramics can be tailored. The
perovskite glass—ceramics have attracted the attention of
the researchers and scientists due to its application in
energy storage devices. These are technologically impor-
tant class of materials and used in energy storage devices
due to its high dielectric constant, low loss and high
mechanical strength [4].
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The ferroelectric glass—ceramic materials, such as
homogeneous mixing of ferroelectric phases with glass,
have been utilized in ferroelectric and piezoelectric appli-
cations [5, 6]. In the recent years, there have been devel-
opments of some new pyroelectric and piezoelectric glass—
ceramics [7-9]. However, some applications in electronics
require massive pieces of ferroelectric materials with
variable dielectric properties and shapes. Such materials
could be used to regulate and homogenize fields in
microwave furnaces [10], which demand variable permit-
tivity within a wide range and with low dielectric loses
[11]. It is to note that all the studied glass—ceramics are
based on silicate and/or borosilicate. No or less investiga-
tion of the possibility of titanate precipitated in phosphate
glass exists in the literature. Attempts to precipitate crys-
tallites in glass ceramics with the aim of obtaining
improved properties have not yielded encouraging results
in the case of perovskite titanates. If the problems associ-
ated with precipitation of crystallites in glass ceramics
could be solved, this would greatly enhance the utilization
of ferroelectric glass ceramics. In this view, the undertaken
work is performed in order to know whether the phosphate
glasses could stabilize single or more perovskite crystalline
phases.

In the present work, our interest focuses on the study of
phosphate glasses inside the NaPOs;—Bag sStgsTiO3 sys-
tem. The experimental conditions for the synthesis are
determined. Their characterization is performed by density
measurements, thermal analysis (DSC), Micro-hardness
and Infrared spectroscopy (IR). Their crystallization kinetic
is performed using DSC thermal analysis.

Experimental

The  xBag5SrgsTiOs—(1 — x)NaPOs glasses with
0 < x< 0.2 mol% are prepared by mixing and grinding
appropriate contents of vitreous NaPO3 and Bag 5Sr( sTiO5
crystalline phase. The glasses are elaborated by the con-
ventional melt-quenching route. Well-mixed powders
containing appropriate amounts of the above chemicals
were melted at the temperature 1000 °C. The melt is
poured into an aluminum mold preheated at 350 °C. The
obtained samples are then stored in a vacuum desiccator.
The amorphous state of the samples is verified by X-ray
diffraction using a Philips X’Pert apparatus equipped with
a CuK,, X-ray source and a Ni filter (Ac, = 1.5406 10\). The
crystallization process is realized by submitting the glass
samples to heat treatments at 600 °C in air for 3 h.

The density measurements (D) of the glasses are taken
by the Archimedes method using diethyl orthophthalate at
25 °C as the suspension medium. The glass density is given
by the following equation:
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P = [ma/(morl - morl+glass)] X Port (1)

where m, = mass of the sample (glass) measured in air;
Mo = mass of diethyl orthophthalate only; Mo yglass =
mass of glass immersed in diethyl orthophthalate; and
Port = 1.11422 ¢ cm > The precision of the measurements
taken is estimated to be 0.01 g cm . Molar volume (V)
of each glass is derived from the density and molar weight
values:

(Vm:M/D) (2)

where M is the molecular weight of the glass expressed as
the mole fractions of the oxides multiplied by their
molecular weights.

The micro-hardness measurements have been taken in the
Vickers scale (H,) with a Leitz apparatus. (H,) refers to the
Vickers hardness. Itis defined as the resistance to indentation
and is determined by measuring the permanent depth of the
indentation. The visualization of the pyramidal stamp has
been improved by using a gold coating deposition on the
polished surface of the glass sample. The accuracy is
410 DaN mm 2. From deformation—fracture patterns in
Vickers indenter tests, the values of Vickers hardness, H,, for
the glasses were evaluated using the equation H, = P/ojga’
where (P) is an applied load, (a) is a characteristic indenta-
tion diagonal and (o) is an indenter constant of 2.15 for a
diamond pyramid indenter. The measuring conditions are
100 gload at 25 £ 2 °C and 50 £ 5% relative humidity.

The thermal stability of the studied glasses is studied by
the differential scanning calorimetry (DSC). DSC runs
were carried out for ground glass batches about 130 mg in
nitrogen atmosphere using different heating rates from 5 to
20 °C min~" using a DSC 131 Evo analyzer.

The particle size used for DSC is about 50 um. The glass
transition temperature (7,), the onset crystallization tem-
perature (1) and the peak crystallization temperature (7},)
were determined using the software associated to the
equipment, and the measurement error is assumed tobe 4 °C.

The local structure of the samples was examined by the
Fourier transform infrared FTIR TENSOR27 spectrometer.
FTIR absorption spectra of all glasses were recorded in the
4001500 cm™" frequency range at room temperature. For
these measurements, each sample was ground to a fine
powder, mixed with KBr in the ratio 1:300, and vacuum
pressed into a disk.

Results and discussion

XRD analysis

The width of the glassy region inside the system Bags.
Sry5TiO3-NaPOj is checked by X-ray diffraction analysis
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and the transparency of the samples. The homogeneous
glasses could be elaborated up to 20 mol% of Bag sStq 5.
TiO3. XRD patterns for different samples in the range of
compositions (0 < x < 0.20) show only broad hallo around
25-35° (26 values), which confirm the amorphous nature of
these samples.

Density and molar volume

Results of the density measurements and the calculated
molar volume of the studied glasses xBagsSrgsTiOs—
(1 — x)NaPO5 (x = 5, 10, 15 et 20 mol%) are represented
in Fig. 1 and listed in Table 1. One can observe that the
density and the molar volume increases and decreases,
respectively, with the Bag 5SrysTiO3 content. The substi-
tution of NaPO; by Bag 5S1r(5TiO3 is accompanied with an
increase in molecular mass, that is, why probably the
density variation shows the increasing trend with Bags.
Sro 5TiO3 content. A decrease in the molar volume versus
composition parameter (x) could not be interpreted in terms
decreasing of the mean ionic radius related to the substi-
tution of (Na™ + P°%) by (Sr** + Ti*") since r(Ti*") =
061 A, HSr*")=1.18A, rNa*)=102A and
P =0.17 A [12]. However, the observed decrease in
the molar volume versus (x) could be associated to the
decreasing number of non-bridging oxygen atoms in the
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Fig. 1 Density and molar volume as a function of composition (x) for
the xSrgsBag5TiOs—(1 — x)NaPOj glasses

glassy-matrix. In other words, this decrease is due to the
decrease in bond length or interatomic spacing among the
atoms of glass network which causes closing of the struc-
ture in agreement with the fact that when non-bridging
oxygen (NBO) is converted to bridging oxygen (BO), the
average M-O distance decreases [13-16]. Moreover, the
variation V = f(x) suggests the formation of more covalent
Sr—0, Ba-0 and Ti-O bonds with short lengths, instead of
ionic Na—O bonds, which reticules the phosphate network
and lead to the close structure of the glasses. The same
results were observed in SrTiO;—NaPOs5 system [17].

Micro-hardness (H,)

Values of micro-hardness, H,, for the glasses xBag 551 5.
TiOs—(1 — x)NaPOs are listed in Table 1. It is seen that H,
increases with the increase in titanium content (Fig. 2). This
change can be attributed to an increase in the network
strength. It is well known that the magnitude of micro-
hardness is related to bond energies [18]. According to the
chemical composition of the studied glasses, one can con-
sider that P-O-P, P-O-Ti and Ti—O-Ti are the principal
covalent bonds which determine the cohesive energies of the
network [3]. Therefore, the observed increase in H, with
Bay 5Sr( 5TiO3 could be explained by the formation of P-O—
Ti and/or Ti—O-Ti linkages in their glassy-matrix.
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Fig. 2 Variation of the micro-hardness (H,) as a function of the
composition for the glasses. Line is drawn as guide to the eye

Table 1 Some physical properties of the xBag sSrysTiO3—(1 — x)NaPOj3 glasses

x Densité/g cm® Vin/em® mol™! T,/°C T./°C T,-T./°C H,/GPa
0 2.08 48.9 284 387 103 1.59
0.05 2.26 47.6 390 524 134 1.72
0.1 241 46.8 407 544 137 1.81
0.15 2.56 46.1 425 569 144 1.96
0.2 2.71 45.6 430 571 141 2.07
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Differential scanning calorimetry

The DSC curves of the glasses studied are shown in Fig. 3.
Table 1 shows the value of the glass transition temperature
(Ty), the crystallization temperature (7;) and the value of
the parameter (T.—T) of each glass. Figure 4 represents the
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Fig. 3 DSC curves obtained for the xSrg sBag sTiO3—(1 — x) NaPO;3
glasses

4404
420 ]
400 i
380 ]

360

T, I°C

" 340
3204

3004

280 4

260 — : ‘ ‘ ‘ ‘ ‘ ‘ ‘
0.00 0.05 0.10 0.15 020

x/mol

Fig. 4 Composition dependence of the glass transition temperature

(Ty)
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variation of the glass transition temperature (7,) as a
function of BagsSrgsTiO3; content. The substitution of
NaPOj; for Bag 551 5TiO5 leads to a large increase in T in
the glass and shows that the structure is strongly
strengthened. We assume that in this case, when strontium
and titanium cations substitute sodium ions, —P—O...Sr and
—P-O... Ti, more covalent bonds are formed instead of
ionic Na—-O links (the Sr and Ti electronegativities being
larger than that of Na). This means that the glasses will
show high glass transition temperature. The formation of
these energy links could help to improve the cross-linking
of the glass network [3]. It is observed that Tg temperature
increases rapidly in the composition region 0 < x < 0.05.
Then, it increases slowly for glasses with x > 0.05. The
nonlinear increase in temperature T, in both areas com-
positions 0 < x < 0.05 and x > 0.05 suggests that the first
introduction of titanium in the network induces a strong
strengthening of the glass. Furthermore, the crystallization
temperature T, and the T.—T, parameter increase with
increasing BagsSrpsTiO;3 content in the range
0 < x < 0.15. These results show an easy verification and
high thermal stability of the glasses containing Bag 551 5.
TiO5 [3, 17].

Crystallization of the glasses

The crystallization is realized by submitting piece of
xBag 51 sTiO3—(1 — x)NaPOj; glasses to heat treatment at
600 °C for 3 h. Figure 5 shows the obtained XRD patterns
for each sample. The analysis of these patterns shows the
crystallization of different phases mainly metaphosphate
Sr(PO3), (JCPDS 89-6594), pyrophosphates Ba,P,0;
(JCPDS 09-0045) and titanate Na,TiO; (JCPDS 37-0345).
When the glass composition contains large amount of
Bag 5S1g5TiO3 (x = 20 mol%), the intensity of peaks rel-
ative to the perovskite Na,TiO5; phase increases. One can
also observe the formation of the Sr,P,O; (JCPDS
12-0362) phase when the content of titanium increases in
the sample. It seems that in the glass—ceramics the alkaline-
earth elements are preferentially bonded to phosphate
structural units while sodium ion reacts with titanate
groups.

Crystallization kinetics by DSC

It is well known that the kinetic parameters of the glass
crystallization, activation energy (E.) and Avrami exponent
(n) could be determined using different methods [19]. The
activation energy for crystallization (E.), denotes the
nucleation behavior in the crystallization process, was
determined according to the Kissinger method, considering
the heating rate dependence of the peak temperature (7,) as
given in the following relationship [20, 21]:
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Fig. 5 XRD patterns of the
crystallized glasses at 600 °C
for 3 h
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Table 2 Crystallization temperature and Avrami parameter of the
glass (x = 0.1) at different heat crystallization rates
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Fig. 6 DSC curves for the glass (x = 0.1) under different heating

rates
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Fig. 7 Plot of ln(Tf)/ﬁ) versus inverse temperature for the glass
(x=20.1)
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Fig. 8 Infrared spectra of the xBa, 5SrosTiO3—(1 — x)NaPOj glasses

In (Tg/ﬁ) = E./ (RT,) + constant (3)

where B and R are the heating rate and the universal gas
constant, respectively. The same approach is used to study
different oxide glassy systems [22-25].

The DSC curves for the glass powder obtained at dif-
ferent heating rates are presented in Fig. 6. The DSC
curves show a well-defined broad crystallization peak. The
characteristic temperatures of the glass increased with the
increase in heating rate. For studying the crystallization of
the glasses by DSC analysis, one has to use DSC curves
with well-defined crystallization peak. In addition, the
glass must to be stable according to the parameter (7.—Ty).
So, in our study, the glass (x = 0.1) is chosen according to
the above considerations. Table 2 shows the obtained
crystallization temperature (7,) for the glass (x = 0.1). A
plot of ln(TE/ﬁ) versus 1/T, showed a straight line (Fig. 7),
and from its slope the value of E. can be determined. The
value of E, obtained is 232.67 kJ mol~'. From the exper-
imental DSC curves, the Avrami exponent, n, can also be
obtained from the following equation [26]:

n= (2.5/AT) x (RTf)/Ec) (4)

where AT is the width at half height of the crystallization
peak. Applying the method developed by Avrami [27-29],
the value calculated for n is very close to 1.7 (see Table 2),
suggesting that surface crystallization is dominant during
the crystallization of the glasses [30].

Infrared spectra of the glasses (IR)

Figure 8 shows the IR spectra of the xBagsSrgsTiOs—
(1 — x)NaPOs glasses. These spectra contain characteristic
bands of the phosphate glasses. All the spectra are shifted
for the sake of clearness. Each spectrum shows several
absorption bands localized around 1279-1227, 1197-1155,
1094-1050, 1008--994, 928-910, 755, 731, 632-623, 554
and 473 cm™" (Table 3). The attribution of the absorption
bands is done according to the literature assignments
[27-39]. The characteristic vibrations of P-O bonds are
included in broad band between 900 and 1300 cm™".

The absorption bands of the given materials can be
assigned as follows: (1) the band at 1279-1227 cm™ ' is due
to the asymmetric stretch vibrations (P=0), and the band
lying in the range 1197-1155 cm™' is related to the

Table 3 Infrared band assignments in 1400-400 cm™! range for xBag 551y sTiO3—(1 — x)NaPOj glasses

X vy P=O/,PO5/ v, PO5/ v, PO37/ Vs PO3/ Vas P-O-P/  v,i P-O-P/ v TiO,/ v TiOg/ S(POHyu ™!
cm ™! cm™! cm™! cm ™! cm ™! cm™! cm™! cm ™!

0 1279 1197 1094 - 910 755 - - 529/454

0.05 1235 1171 1089 1008 903 753 - 623 542/441

01 - 1166 1077 1000 924 - 731 627 549/473

0.15 1230 1155 1050 994 928 - 728 627 552/494

02 1227 - - - - - 729 632 555/491
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stretching vibration of the (PO,) ™ group [33, 39]; these bands
are frequency decreasing when NaPOs; content decreases; (2)
the intensity of the band at x~755 cm™!, attributed to a
stretching vibration of P-O-P bridges decreases with
increasing Bag sSrgsTiO3 content, but with further intro-
duction of Ba 5Sr( sTiOs, this band is replaced by two new
bands one at 731 cm ™' and the other one in the region fre-
quency 632-623 cm™'. These new bands are assigned,
respectively, to TiOg and TiOy4 structural units [40, 41]; (3)
the band located in 1094-1050 cm™" present in all the
spectra is assigned to the high- and low-frequency compo-
nents of the asymmetric stretch of the (PO3)*~ terminal
group [33]. The increase in Bag 5Sr( sTiO3 content induces
the appearance of a broad band near 1008-994 cm ™' which
is attributed to stretching vibration of the monophosphate
PO, group. The broad bands around 554 and 473 cm ™" are
associated with the bending vibrations of basic structural
units of the phosphate network.

The significant bands detected in the region of 450-580,
650-800 and 9001280 cm ™' are attributed to metaphos-
phate (PO3)™ and pyrophosphate (P207)47 units in accor-
dance with functional groups of the crystalline phase
identified by XRD: NaPO3; (JCPDS 02-0436), (NaPOj3)e
(JCPDS 48-0829), Sr(PO3), (JCPDS 89-6594), Ba,P,0O,
(JCPDS 09-0045) and Sr,P,O; (JCPDS 12-0362).

Conclusions

The glasses inside the xBagsSrgsTiOz—(1 — x)NaPOs
system were prepared by melt-quenching route, and their
physical properties (density, T, H,) increase with Bags.
Sry5TiO;3 ratio. IR spectra indicate the formation of dif-
ferent phosphate units along with TiO, and TiOg groups
in the glasses. The crystallization of the glasses is per-
formed by heat treatments, and the obtained glass—ce-
ramics contain sodium titanate Na,TiO; (perovskite
structure) phase rather than BagsSrgsTiO; phase. The
calculated values for the Avrami parameter (n) indicated
that surface crystallization was the dominant crystalliza-
tion mechanism.
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