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Abstract The crystallization kinetics and phase trans-
formation of a transparent Tb**-doped lithium—aluminum
phosphate glass, prepared by melt quenching, were inves-
tigated. The energy associated to the glass transition and
the crystallization parameters (activation energy for crys-
tallization and Avrami exponent) were evaluated by dif-
ferent methods using the experimental data obtained by
differential thermal analysis performed at different heating
rates. Using an isoconversional method to determine the
change of the activation energy for crystallization with the
fraction of crystallization, it was verified that with the
increase in the fraction of crystallization from 0.1 to 0.9,
the value of the activation energy decreased slightly from
~370 to ~310 kJ mol~' and that the Avrami exponent
varied from 0.8 to 1, suggesting a surface crystal growth
mechanism. Observation of the microstructural evolution
of heat-treated glass samples confirmed a surface crystal-
lization process revealing spherulitic crystals constituted
mainly by aluminum metaphosphate.
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Introduction

In recent years, phosphate-based glasses have attracted
renewed interest because of their potential use in a great
variety of optical devices. Moreover, phosphate-based glasses
have shown interesting physical and chemical properties that
make them attractive as hosts for luminescent ions [1]. Studies
on glasses doped with rare-earth (RE) ions have attracted a
great interest for the reason that the particular 4f electronic
configuration of the RE ions in a variety of glass matrices
leads to emissions from ultraviolet to infrared [2, 3] con-
ducting to many potential applications, such as fluorescent
lamps, two-dimensional X-ray sensors, solar control devices,
solid laser, and optical amplifiers [4—6]. Therefore, Tb-doped
lithium aluminum phosphate glasses have great potential for
the above applications [7, 8].

Production of optical glasses with high RE oxide content
involves considerable technological difficulties caused by the
increased crystallization ability, amorphous phase separation
phenomena, and high melting temperatures. High thermal
stability and transparency of the lithium—aluminum phosphate
glasses constitute also underlying properties for the exploi-
tation of these host materials in photonics and optoelectronics
applications. Transparency is generally lost after the heat
treatment of a glass at high temperature due to the growth of
crystallites into large crystals, which results in increased
scattering of light caused by the difference in the refractive
index between the glass matrix and the precipitated crystals
[9]. However, the devitrified glass can show transparency
when very fine crystals are precipitated, and such transparent
glass—ceramics have been developed and partially used in
many application fields [10].

The structural and optical characteristics of RE-doped al-
uminophosphate glasses have been studied by some of the
authors of the present work [4-6]. However, the crystallization
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behavior in these glass systems has generally not been repor-
ted, and up to now, there is little information on the thermal
transformation and crystallization kinetics of multi-compo-
nent aluminophosphate glasses [11]. The ability to control the
crystallization of different vitreous matrices permits the glass
synthesis under ideal conditions. The understanding of the
mechanism of crystallization is essential for most of the glass
applications, as stability against crystallization determines the
effective working limits [11]. In order to obtain a fine micro-
structure and transparency in heat-treated glasses, an intensive
nucleation effect is essential. Parameters that are of utmost
interest include the kinetic parameters, activation energy of
crystallization, E., and Avrami exponent, n, the last one pro-
viding the possibility to determine the mechanisms of the
nucleation and growth processes.

Differential thermal analysis (DTA) and differential
scanning calorimetry (DSC) have been frequently used to
investigate the glass transition and the kinetics of crystal-
lization of glassy materials [12, 13]. Thermally activated
transformations in the solid state can be investigated by
calorimetric measurements using two basic methods: iso-
thermal and non-isothermal [14].

The crystallization kinetics has been studied using the
formal theory of transformation kinetics proposed by the
Johnson—-Mehl-Avrami (JMA) model [15-17]. The IMA
model is valid only under isothermal conditions. However,
isothermal experiments are generally very time-consuming,
while experiments performed at constant heating rate enable a
more expeditious gathering of the experimental data. Besides,
the impossibility of instantaneously reaching the testing
temperature under “isothermal” conditions means that no
measurements are possible while the system is approaching
the set temperature. Constant heating rate experiments do not
have this drawback [14].

The purpose of the present study was to investigate the
phase transformation and the non-isothermal crystallization
kinetics of a Tb>"-doped lithium—aluminum phosphate
glass. The activation energy for crystallization, rate of
crystallization, and dimensionality of the crystal growth
were estimated by different methods using non-isothermal
DTA data obtained at constant heating rates. X-ray diffrac-
tion (XRD) was used to identify the crystalline phases that
were present in heat-treated glass samples, and optical
microscopy and scanning electron microscopy (SEM) were
used to investigate the microstructural evolution.

Experimental procedure
Preparation of the glass samples

The glass, with a nominal composition 20.48 Li,O-7.23
Ba0-10.24 Al,0;-1.45 Lay03-58.43 P,05-2.17 Tby05
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(mol%), was prepared from analytical grade reagents,
LizCO3, BaCO3, A1203, La203, H3PO4, and Tb203, llSil’lg a
wet non-conventional raw materials preparation followed
by melt quenching of the glass. Details of similar prepa-
ration procedure adopted for aluminophosphate glasses
doped with different RE ions have been reported elsewhere
[18].

First, the raw materials were added to a H;PO, solution,
mixed by continuous stirring, and then the mixture was
heated and dried on a heating plate until the batch viscosity
was significantly increased. This homogenization and
drying step is accompanied by the release of gasses
resulting from chemical reactions that promote the for-
mation of homogeneous metaphosphates improving the
chemical homogeneity of the final glass [18].

Subsequently, the dried mixture was heat treated in an
alumina crucible during two sequential steps: (i) at a
heating rate of 100 K h™' from room temperature up to
973 K, to eliminate volatile components, and (ii) at a
heating rate of 250 K h™' up to 1,523 K with 4 h holding
at this temperature to achieve glass melting and refining.
Then, the glass was cast in graphite molds, and annealed at
723 K for 6 h to remove internal stresses.

The as-prepared glass block was cut with a diamond
disk to obtain thin glass slabs with a thickness of about
2 mm, that were polished using 150, 300 and 600 grade
SiC followed by CEROX abrasive. Powder samples for the
thermal analysis were prepared from small fragments of the
glass that were milled in an agate mortar and pestle to
obtain a glass powder with the particle size smaller than
65 um. The heat-treated samples used in this study were
prepared by heating small plate-shaped glass samples
(~7 mm x 7 mm x 2 mm) in an electric tubular furnace
at a heating rate of 10 °C min~' from room temperature up
to a selected temperature, suggested by the DTA results,
and held at that temperature for various times.

Characterization methods

DTA was performed in an equipment (STA PT 1600,
Linseis, Germany), interfaced with a computerized data
acquisition and analysis system. Samples of glass powder
(50 mg) were heated inside an alumina crucible, in static
air, from room temperature up to a maximum temperature
of 973 K, at various heating rates (10, 15, 20, 25, and
30 K minfl). From the DTA curves, the glass transition
temperature (7), the onset crystallization temperature (75),
and the maximum crystallization temperature (7p) were
determined.

To confirm the amorphous nature of the as-prepared
glass and to identify the crystalline phases formed in heat-
treated glass samples, XRD analyses were performed in a
diffractometer (Dmax III-C 3 kW, Rigaku Corporation,
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Tokyo, Japan) using Cu Ko radiation (4 = 1.5406 nm)
produced at 40 kV and 30 mA, a scanning range of dif-
fraction angles (20) between 10° and 60°, and an acquisi-
tion time of 1s and 26 increment of 0.04°. The crystalline
phases were identified by comparing the peak positions and
intensities with those listed in the software standard files
(ICDD, Newtown Square, PA, USA).

Microstructural observations were carried out with a
polarization optical microscope (Olympus-BX51 TREF,
USA) and with a scanning electron microscope (SEM-FIB—
Zeiss Auriga, Germany) using glass samples and heat-treated
glass samples. In order to reduce the charge effects, as the
samples are nonconductive, the deposition of a 4 nm Au/Pd
was performed immediately before SEM observations.
Energy dispersive spectroscopy (EDS, Oxford INCA Energy
350) was employed for elemental chemical analysis.

Results

DTA curves for the glass obtained at different heating rates
(10, 15, 20, 25, and 30 K min_l) are presented in Fig. 1. A
well-defined endothermic peak corresponds to the glass

— 10 K/min
—— 15 K/min
—— 20 K/min
—— 25 K/min

T T T T T T T T T T T
700 750 800 850 900 950
Temperature (K)
Fig. 1 DTA thermographs for glass powder at various heating rates
Table 1 Values of glass transition temperature (7) and of peak

crystallization temperature (T}) for the various heating rates (f).
Values of activation energy associated with glass transition (E,) of

transition region, and the temperature at which the tangents
intersect (see Fig. 1) is the glass transition temperature
(T,). Each DTA curve exhibits a broad exothermic peak
associated to the glass crystallization with a maximum
crystallization peak temperature (1},). The values of T, and
of T, for the different heating rates () are summarized in
Table 1.

Glass transition analysis

The glass transition temperature (7,) was related with the
heating rate (/) according to Lasocka’s empirical relation [ 19]

Ty = Ag + By log f, (1)

where A, and B, are the constants for a given glass com-
position. Figure 2 shows the change of 7, as a function of
logf, a straight regression line fitted to the experimental
data and Eq. (1) written for the particular case of this glass.
A second approach to analyze the dependence of 7, on
f, which is commonly used to estimate the activation
energy associated with the glass transition (E,) under non-
isothermal treatment schedules, was based on Kissinger’s
equation, that may be written as follows [20, 21]:

752
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1 £|20k/min
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¥ 746 1 740 760 780 800 820
Temperature (K)

T,=718.2 +22.4log B
R®=0.997

744 -
742 H

740 4

log B

Fig. 2 Change of T, with logB. The inset depicts the DTA
endothermic peak observed at various heating rates

activation energy for crystallization (E.) calculated according to
different methods and of Avrami exponent (n) are also shown

B (K min™") T, (K) T, (K) E, (kI mol™") E. (kJ mol™") n
10 741 834 462 £ 14 Eq. (2) 262 £ 14 Eq. (5) 1.02
15 745 843

20 748 851 475 + 14 Eq. 3) 276 £ 14 Eq. (6) 0.97
25 749 856

30 751 858
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p E
In (T—g2 =- R—Y%g -+ const, (2)
where R is the universal gas constant. Figure 3 shows the

variation of In (ﬁ / ng) with (1,000/7). From the slope of

the straight regression line fitted to the experimental data,
the value of E, was calculated (462 & 14 kJ mol ™', see
Table 1).

Another approach can be used to calculate E,, assuming
that the variation of 1r1<1 /T2> with Inf is much slower
g

than that of In (1/T,) with Inf [21]. So, the Kissinger
equation can be simplified in the following form [21]:

E
Inf=-— R—Tg‘g + const. (3)
The change of Inf as a function of 1,000/7, is also
shown in Fig. 3, and the value of E, calculated from the
slope of the line fitted to the data (475 &+ 14 kJ mol™) is
also presented in Table 1.

Glass crystallization analysis

The peak temperature of crystallization (7},) for the glass
was related to the heating rate (f8), considering as well
Lasocka’s empirical relation [19] in the following way:

T, = Ap + By log f, 4)

where A, corresponds to the peak temperature of crystal-
lization at the heating rate 1 K min_l, and B, is a constant
for a given glass composition [19]. Figure 4 shows the
change of T, with logf (the solid line is a linear regression
fit) and Eq. (4) written for the particular case of the present
glass.

-13.0
L -0.6
-13.5 - r-0.9
y=-57.11x + 75.31
R’= 0.997 L 42
-14.0
. L5 5
=y =
T -1451  y=-55.62x+60.08 L 18
R’= 0.997
-15.0 L 2.1
L 2.4
T T T T T
1325 1330 1.335 1340 1345 1350 1.355

1000/T_(K")

Fig. 3 Changes of In (ﬁ/ﬂ) and of Inf with 1,000/7,
g
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The activation energy for crystallization (E.) was eval-
uated through the variation of T, with § according to the
equation formulated by Kissinger [20] that is widely used
for analyzing crystallization during DTA experiments:

E
In L = —— 4 const. (5)
Tg RT,
A plot of In (/3 / TZ) versus 1,000/T,, for the crystalli-
P

zation peak of the DTA curve is shown in Fig. 5. The value
of E. calculated from the slope of the straight regression
line fitted to the DTA  experimental data
(262 £ 14 kJ mol_l) is presented in Table 1. Taking into

account that the change in In <1 / Tz) with Inf} is negligibly
p

small compared with the change of ln(1 / Tp) with Inp, it is

possible to write Eq. (5) in a simplified form [21, 22] as
follows:

860

T —— 10 K/min
1 S —— 15 K/min (]
? — 20 K/min
— 25 K/min
855 0 —— 30 Kimin
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é 800 840 880 920 960
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Tp =785.9+494 log B
840 - R’ =0.989
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Fig. 4 Change of T, with logB. The inset depicts the DTA
exothermic peak observed at various heating rates
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Fig. 5 Changes of In <5/T2> and of Inf with 1,000/7,
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E.
Inf=-— RT, + const. (6)

From the linear plot of Inf versus 1/7}, also shown in
Fig. 5, it was possible to calculate the value of E.
(276 + 14 kJ mol™"), which is also presented in Table 1.

The fraction of crystallization (y) at a selected temper-
ature (7) was determined from the DTA curve obtained at a
specific heating rate [21, 23]. The value of jx at a given
temperature (7) is determined by the ratio A7/A [21, 23],
where A is the total area of the exotherm peak between the
temperature 7; (where crystallization just begins) and the
temperature 7y (where the crystallization is completed), as
shown schematically in Fig. 6; and A7 is the area between
T; and T (temperature selected between 7; and Ty). The
graphical representation of the volume fraction crystallized
() as a function of temperature (7) for all the used heating
rates is shown in Fig. 7.

The crystallization rate (dy/df) at any temperature (7)
has been determined from the ratio between the corre-
sponding ordinate of the DTA curve and the total area of
the crystallization peak [24], and the change of the crys-
tallization rate (dy/df) as a function of T for the present
glass is shown in Fig. 8. From the experimental values of
the crystallization rate at the peak temperature of crystal-
lization, (dy/dr); , it is possible to calculate the kinetic

exponent (n) according to the following equation [23, 24]:
d RT?

- (%) 5 0
dr Tp0.37[3EC

The kinetic exponent n at each experimental heating rate
was evaluated according to the above equation, considering

800 820 840 860 880 900 920 940
Temperature (K)

Exo —

B =20 K/min

700 750 800 850 900 950
Temperature (K)

Fig. 6 Lined area A7 between T; and T and area A between T; and T;
for the crystallization peak at the heating rate of 20 K min™" T}, Ty,
and T according to the text

the values of E. determined according to Egs. (5) and (6),
and the mean value was (n) = (1.02 & 0.08) and
(0.97 £+ 0.07), respectively (see Table 1).

According to the modified Ozawa equation [25], in non-
isothermal crystallization, the volume fraction of crystal-
lites (y) precipitated in a glass heated at constant rate (f3) is
related to the crystallization activation energy (E.) through
the following expression:

In[—In(1 — )] = —n Inff — 1.052(n — 1)(E./RT)
-+ const. (8)

The variation of In[—In(1—y)] with 1,000/T for all the
heating rates was determined and shown to be non-linear
(see Fig. 9). Therefore, it is suggested that there is a vari-
ation of E. and of n during the crystallization process [26].

1.0 4 7
R o 10 K/min
= 087 o 15 K/min
IS o 20 K/min
‘g 0.6 - o 25K/min
= o 30 K/min
c
Ke]
S 04+
I
2
O 0.2 4

0.0

T T T T T T T T T T T T T T T
800 820 840 860 880 900 920 940
Temperature (K)

Fig. 7 Crystallization fraction () as a function of temperature for
different heating rates

. (dy/dt)y, © 10 K/min
1 @ o 15 K/min
7 o 20 K/min
1 o 25K/min
67 o 30 K/min
‘TLD/ 5 4
‘©
~ 4 -
x
= 3
el 4
2 —
1 4
0 —

800 820 840 860 880 900 920 940
Temperature (K)

Fig. 8 Crystallization rate as a function of temperature for the
different heating rates
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Fig. 9 Change of In[—In(1—y)] with 1,000/T for the various heating
rates

The effective activation energy, E.(y), that represents
the activation energy at a stage when the crystallized vol-
ume fraction is y, was determined by an isoconversional
method [27, 28], based on the method proposed by Kis-
singer [20], and according to the following expression:

din(B/T)| _ Ec(z)
a(1/ty |~ R’ ©)

where R is the gas constant, T}, is the peak crystallization
temperature, and 7 and f are the temperature and the
heating rate, respectively, corresponding to the value of y.

Using the experimental data that are depicted in Fig. 7,

plots of In <ﬂ / T2> versus 1,000/T were obtained for vari-
p

ous values of y, 0.1 < y <0.9 (Fig. 10a), and the values of
E.(y) were calculated from the slope of the straight
regression lines fitted to the experimental data for the
various y. Similarly, E.(y) values were estimated on the
basis of the method proposed by Ozawa [22], using the
following equation:

ang)]  E()
[d(l/n]f‘ R (10)

Plots of Inf as function of 1,000/T were obtained for the
various values of y in the same range, 0.1 < y <0.9
(Fig. 10b), and E.(y) values were determined from the
slope of the lines fitted to the experimental data for the
various y. Figure 11 illustrates the change of E.(y) with the
crystallized volume fraction (y).

Taking into account the values of effective activation
energy, E.(y), determined according to Kissinger and
Ozawa methods, the values of Avrami exponent, n(y), for
the various heating rates (10, 15, 20, 25, and 30 K/min)
were calculated using the following equation [29]:
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Figure 11 shows the variation of the Avrami exponent
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b- Ba,P,0, (hexagonal 30-144)

*- AIPO, (orthorhombic 48-652)

+- Ba,AlO,PO, (orthorhombic 45-59)

10 15 20 25 30 35 40 45 50 55 60
20()
Fig. 12 XRD patterns of a glass and of the glass heat treated at

b 733 K for 8 h plus 773 K for 2 h and ¢ at 733 K for 8 h plus 873 K
for 2 h

Crystalline phases and microstructural analysis

XRD analysis confirmed that the as-prepared glass was
fully amorphous, see Fig. 12a. The XRD patterns for glass
samples heat treated during 8 h at 733 K and then heated
for 2 h at 773 and at 873 K are presented in Fig. 12b, c
respectively. Aluminum metaphosphate, AI(PO5);, was
identified as the predominant phase, together with alumi-
num phosphate (AIPQ,), and also barium phosphate (Ba,.
P,O;) and barium-aluminum phosphate, (Ba;AIPO;) as
minor phases.

Figure 13 presents the optical microscopy images under
cross-polarized light of the glass and of two glass samples
after different heat treatment schedules. A detailed micro-
structural observation was performed by SEM, and Fig. 14
shows the SEM micrographs for glass samples treated
under different conditions. This observation was comple-
mented by EDS analysis with elemental mapping in some
of the heat-treated glass samples (see Fig. 15).

Discussion
Glass transition

The straight regression line fitted to the experimental data
in the plot of T, versus logf (Fig. 2) represents the validity
of the dependence of the glass transition temperature on the
heating rate given by Eq. (1). According to this equation,
the value of A, corresponds to the glass transition tem-
perature for a heating rate of 1 K min~". It has been sug-
gested that the parameter B, is dependent on the method of
quenching the glass, the lower the cooling rate of the melt,
the lower the B, value [21]. The inset in Fig. 2 clearly
shows an upward shift of the endothermic peak with the
increase of the heating rate. The systematic shift in the
peak position with the heating rate has been tentatively
attributed to a thermal relaxation phenomenon [12]. The
glass transition temperature (7,) of a multi-component
glass is known to be dependent on several independent
parameters such as co-ordination numbers, bond energy,
effective molecular weight, type, and fraction of the vari-
ous structural units that are formed [30]. The glassy solid
state is characterized by very slow relaxation kinetics due
to the relatively high viscosity, which makes difficult the
local arrangement of the bonds and the atomic displace-
ments. This type of thermal relaxation depends upon the
thermal treatment and may be quite fast near 7,. Thus, it is
reasonable to associate T, with the glass structural rear-
rangements, a phenomenon that requires an activation
energy [30, 31].

The activation energy for glass transition is considered
as the amount of energy that is absorbed by a group of
atoms in the glassy region so that a jump from one meta-
stable state to another is possible [32]. The activation
energy for glass transition (E,) under non-isothermal
treatment conditions was estimated by both Kissinger’s
equation [20] and its simplified form [21, 22]. Although
these equations were originally deduced for the crystalli-
zation process, they have been frequently used to calculate
the activation energy for glass transition [21], which

Fig. 13 Optical microscope images under crossed-polarized light of a glass and of the glass heat treated at b 733 K for 8 h plus 773 K for 2 h

and ¢ at 733 K for 8 h plus 873 K for 2 h
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Fig. 14 SEM images of glass samples heat treated at a 733 K for 8 h, b 733 K for 8 h plus 773 K for 2 h, and ¢ at 733 K for 8 h plus 873 K for

2h

Fig. 15 SEM image and EDS element mapping of O, P, Al, Ba, La,
and Tb after heat treatment at 733 K for 8 h followed by 873 K for
2h

involves the molecular motion and rearrangement of atoms
around T, [32, 33]. It is verified that the values calculated
for E,, which are present in Table 1, are in close agree-
ment, the discrepancy between the values being consistent
with the difference between Eq. [2] and Eq. [3].

@ Springer

Crystallization kinetics

From the results presented in Table 1, it is observed that
the peak crystallization temperature (T},) increases with the
increase in the heating rate and that the difference between
T, and T, increases from 93 to 107 K when the heating rate
increases from 10 to 30 K min~'. The maximum crystal-
lization in DTA curves corresponds to the temperature at
which the rate of transformation of the viscous liquid into
crystals becomes the maximum. When the crystalline phase
has the same composition as that of the liquid, the rate of
the transformation will depend on the density of the crys-
tallization sites. However, when the composition of the
crystalline phase is different from that of the liquid, as in
the present case (cf. XRD results in Fig. 12), the rate of
transformation will be controlled by the rate of diffusion
through the viscous liquid and the number of crystallization
sites into which diffusion can occur. If the number of
nucleation sites is increased, e.g., using slower heating
rates, the peak maximum will occur at a temperature at
which the melt viscosity is higher, i.e., at lower tempera-
ture. This explains the increase in T}, with the heating rate
as observed in the present study (see Table 1; Fig. 4).

By monitoring the shift in the position of the exothermic
peak as a function of the heating rate, it has been possible
to determine the kinetic parameters of the glass crystalli-
zation [12, 21-25]. Taking into account the results pre-
sented in Table 1, it is observed that the values of E.
determined according to Egs. (5) and (6), 262 £+ 14 and
276 4 14 kJ mol ', respectively, are in close agreement,
and that the mean value of n is ~ 1, which is indicative of a
surface growth crystallization mechanism [34, 35].

To study the nature of the crystallization process, the
change of the fraction of crystallization (y) with tempera-
ture (7) for different heating rates was evaluated, and the
typical sigmoid curves that were obtained (see Fig. 7)
suggest that the formation of the crystalline phase pro-
ceeded by a combination of nucleation and growth pro-
cesses [36]. The results on change of the crystallization rate
(dy/dr) with T, shown in Fig. 8, reveal that the value of the
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maximum crystallization rate, corresponding to the peak
temperature of crystallization, (dy/dt) 7,» increases with the

increase in the heating rate, as it has been reported in the
literature for different types of glasses [12, 23, 24].

Considering that the plot of In[—In(1—)] versus 1,000/
T should be a straight line with a slope equal to
1.052(n — 1)E. /R, according to modified Ozawa equation
[25], Eq. (8), and that in the present work non-linear plots
were obtained, as shown in Fig. 9, it is suggested that there
is a variation of E, and of n during the whole crystallization
process of the glass [26]. Generally, activation energy is
defined as the threshold energy above which a transfor-
mation takes place, and for each particular transformation,
it should have a characteristic and constant value. How-
ever, it has been observed that in some glass systems, the
activation energy is dependent on the fraction of crystal-
lization, y, [26, 29]. Therefore, in the present work, it was
considered interesting to study the change of the activation
energy and of Avrami exponent during the crystallization
of the glass at the various heating rates. So, an effective
activation energy, E.(y), was considered, which reflects the
change of nucleation and growth behavior during the
crystallization process.

From the results presented in Fig. 11, it is noticed that
for a fixed y value, the value of E.(y) obtained according to
Eq. (9) is ~15kImol™' lower than that obtained
according to Eq. (10), and that E.(y) decreases slightly in
the initial stages of crystallization (y < 0.3); it is constant
in the range 0.3 < y < 0.6, and then it decreases for higher
s values. The values of E.(y) calculated for the entire
crystallization fraction range (decreasing from ~370 to
~310 kJ mol™") are higher than E. values determined
according to Egs. (5) and (6), ~262 and ~276 kJ mol ™!,
respectively, quoted in Table 1.

The effective activation energy E.()y) may be considered
as composed of two parts: the activation energy of nucle-
ation (E,), and the activation energy of growth (E,) [12,
37]. This could be expressed as [12]

E.(y) = aE, + DE,, (12)

where a and b are the two variables related to the Avrami
parameter, and a + b = 1. It is expected that at the
beginning, the process of nucleation dominates (b = 0),
and at the end of the crystallization, only the growth pro-
cess (a = 0) is expected to dominate [12]. For the exo-
thermic peak, as y — 0, E.(y) —» E, = 370 kJ mol ! and
as y = 1, Ey) > E; ~ 310 kJ mol ™",

From Fig. 11, where the change of the Avrami exponent
with the fraction of crystallization (y) is shown, it is
observed that the local Avrami exponent increases from
n =~ 0.8 to 1.0 with the increase in the fraction of crys-
tallization. Allowing for the experimental error, the mean

value of n is considered close to 1 indicating a surface
crystallization mechanism [34, 35].

Crystal phase development and microstructure

In glass-plate samples, treated at a temperature below the
onset of the DTA exothermic peak, no evidence of crys-
talline phase formation was found by XRD analysis.
However, after heating the glass samples during 8 h at
733 K—a temperature between 7, and the onset of the
exothermic peak—followed by a treatment for 2 h at
773 K—a temperature within the exothermic peak and
below Ty—aluminum metaphosphate, Al(POs3);, was
identified as the predominant phase, together with a sec-
ondary phase, aluminum phosphate (AIPO,), as shown in
Fig. 12b. After heating the samples for 8 h at 733 K fol-
lowed by a treatment for 2 h at 873 K, a temperature above
T,, aluminum metaphosphate, Al(PO3); was identified as
the predominant phase, together with other minor phases
(aluminum phosphate, AIPO,, barium phosphate, Ba,P,0,
and barium-aluminum phosphate, Ba;AIPO-), as presented
in Fig. 12c.

The as-prepared glass and heat-treated glass samples
have been further characterized using optical microscopy
and SEM to confirm the isotropic/anisotropic nature of the
samples and to analyze the crystal morphology. The optical
microscopy image presented in Fig. 13a appears dark,
revealing the isotropic nature of the glass. The optical
image of the glass heat treated during 8 h at a temperature
T between the endothermic peak and the exothermic peak
(T = 733 K) was also dark due to the isotropic nature of
the glass matrix and of the clusters formed in the glass
matrix. The existence of these clusters in the glass surface,
having an average size of 1 um, is shown in the SEM
image presented in Fig. 14a. A glass sample heat treated at
733 K for 8 h followed by a treatment at 773 K for 2 h,
which looked as a transparent sample, when observed by
optical microscopy resulted in an image such as that pre-
sented in Fig. 13b, exhibiting a dark area corresponding to
the isotropic glass matrix that contained an anisotropic
bright crystal. The glass sample heated under such condi-
tions, when observed by SEM, showed the microstructural
features revealed by the micrograph presented in Fig. 14b,
where a uniform glass matrix containing some spherulitic
shape crystals grown from the surface is visible. A spher-
ulite structure consisting of confocal arrays of fine fibrillar
crystals which grow with preferred radial orientation has
been considered, when the glass crystallization rates are
very slow [24]. The microstructural observations indicated
that the formation of the crystallites takes place from the
surface of the glass samples, confirming the above results
on the evaluation of the Avrami exponent by non-
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isothermal analysis that points out for a surface crystalli-
zation mechanism (n ~ 1).

The optical image of a sample heat treated at 733 K for
8 h followed by a treatment at 873 K for 2 h, which
showed already some turbidity, is shown in Fig. 13c. Apart
from the appearance of an exaggerated anisotropic bright
crystal, it is verified that the sample is fully crystalized,
containing small crystals, which have a spherulitic shape as
can be observed in the SEM micrograph shown in Fig. l4c.
The presence of aluminum metaphosphate as the predom-
inant crystalline phase in the crystallized glass was con-
firmed by SEM/EDS. It is clearly envisaged in EDS
elemental mapping (Fig. 15) that the crystals consist
mainly of Al, P, and O, corresponding to the aluminum
phosphate phase. Except lithium, which is not detected for
being a lighter element, the remaining elements (Ba, La,
and Tb) contained in the glass composition are uniformly
distributed.

Aluminophosphate-based glasses and glass ceramics can
be used in various optical applications, particularly as laser
host materials [38]. It has been demonstrated that micro-
porous and mesoporous aluminophosphate materials con-
taining RE ions have potential applications in catalysis,
phosphors, lasers, optical amplifiers, fibers, and optical
memories [39]. A future extension of the present study will
be the investigations on the synthesis and characterization
of RE-doped aluminophosphate glass ceramics for appli-
cation in optoelectronics as optical amplifiers.

Conclusions

The glass transition temperature and the peak crystalliza-
tion temperature were related to the heating rate according
to the Lasocka equation. The values of the activation
energy for glass transition determined by two different
methods were 462 + 14 and 475 + 14 kJ mol™'. The
crystallization parameters of the glass, which are scientif-
ically important, have been evaluated using different
methods derived from non-isothermal experiments. The
average value of the activation energy for crystallization
was 262 & 14 and 276 4 14 kJ mol™' for the Kissinger
and Ozawa methods, respectively. The change of the
activation energy for crystallization with the fraction of
crystallization was evaluated, and it was verified that it
decreased slightly from ~ 370 to ~ 310 kJ mol™' with
the increase in the fraction of crystallization from 0.1 to
0.9. The mean value of the Avrami exponent was close to
1, indicating a surface crystallization process. This was
confirmed by the microstructural analysis of the heat-
treated samples where the formation of spherulitic crystals
identified as aluminum phosphate was observed.
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