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a b s t r a c t
A transparent Eu3+-doped lithium aluminophosphate glass was prepared by melt-quenching technique. The
thermal behavior of the glass was investigated by differential thermal analysis (DTA), the structure was studied
by X-ray diffraction (XRD) and the morphology was observed by optical polarization microscopy and scanning
electron microscopy (SEM). The activation energy of glass transition and the activation energy of crystallization
and Avrami exponent have been evaluated under non-isothermal conditions from the data obtained by DTA at
different heating rates. DTA curves exhibited an endothermic peak associated with the glass transition and two
exothermic peaks. The mean value calculated for the activation energy of glass transition was 545 kJ mol−1.
The activation energy of crystallization was ~400 kJ mol−1 for the ﬁrst exothermic peak and ~170 kJ mol−1 for
the second peak. The Avrami exponent was ~1 for both peaks indicating surface crystallization. XRD results
showed that the main crystalline phase, aluminum metaphosphate, Al(PO3)3, and aluminum phosphate, AlPO4,
were formed together with lithium barium phosphate, Li3Ba(PO3)7, during the ﬁrst exothermic peak and together
with barium pyrophosphate, Ba2P2O7, during the second peak. Morphological study of heat-treated glass samples
revealed microstructural features that conﬁrmed a surface crystallization process.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Rare-earth (RE) doped phosphate glasses have attracted considerable interest in recent years because of their technological interest
particularly for optical applications. Phosphate glasses are excellent
host materials for RE ions due to advantageous local structure effect
and high RE ion solubility [1]. The photosensitivity of RE doped phosphate glasses makes these materials attractive for lasers, ampliﬁers,
photosensitivity sensors, optical storage and Faraday rotators [2–6].
High thermal stability and transparency of the lithium aluminophosphate glasses are fundamental properties for the applications of
this host in photonics and optoelectronics. The understanding of the
crystallization behavior is a prerequisite for most of the applications,
as stability against crystallization determines their effective working
limits [7,8]. In the previous studies, some of the authors reported the
optical properties and structural characteristics of a Eu3+ doped lithium
aluminophosphate glass with a molar composition 20.4Li2O–7.2BaO–
10.3Al2O3–1.4La2O3–58.5P2O5–2.1Eu2O3 [2,4]. The objectives of the
present work are to investigate the crystallization behavior of this
glass, to identify the phases formed after crystallization and to analyze

⁎ Corresponding author. Tel.: +351 212948564; fax: +351 212957810.
E-mail address: rcm@fct.unl.pt (R.C.C. Monteiro).

http://dx.doi.org/10.1016/j.jnoncrysol.2014.06.017
0022-3093/© 2014 Elsevier B.V. All rights reserved.

the microstructural evolution. The inﬂuence of glass crystallization on
the luminescence of Eu3+ ions will be addressed in the future work.
Differential thermal analysis (DTA) and differential scanning calorimetry (DSC) are widely used to investigate the crystallization kinetics
of a glass. To determine the crystallization parameters such as the
activation energy of crystallization (Ec) and the Avrami exponent (n)
in Johnson–Mehl–Avrami (JMA) equation [9–12], for the present glass,
non-isothermal methods were employed. The variations of activation
energy and of Avrami exponent with the fraction of crystallization
were evaluated. XRD was used to identify the crystalline phases that
precipitated in the heat-treated glass samples. Optical microscopy and
SEM were used to analyze the evolution of microstructural features
during the non-isothermal treatment, the results being discussed
together with the values calculated for the Avrami exponent to analyze
the mechanisms of crystallization.
2. Material preparation and experimental procedure
The Eu3+ doped lithium aluminophosphate glass, with a nominal
composition 20.4Li2O–7.2BaO–10.3Al2O3–1.4La2O3–58.5P2O5–2.1Eu2O3
(mol.%), was prepared by melt quenching technique using analar
grade chemicals, Li2CO3, BaCO3, Al2O3, La2O3, H3PO4 and Eu2O3.
The preparation procedure was similar to that used for RE-doped
aluminophosphate glasses reported in the previous work [13]. The
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reagents were introduced in H3PO4 solution, mixed by continuous
stirring, and then the mixture was heated and dried until the batch
viscosity was signiﬁcantly increased. This homogenization and drying
step is accompanied by the releasing of gasses resulting from chemical
reactions, which take place at ~ 473 K. In this way, homogeneous
metaphosphates are formed, improving the chemical homogeneity of
the ﬁnal glass [13]. The dried mixture, with ~ 130 g, was heated in an
alumina crucible in two steps: at a heating rate of 100 K h− 1 from
room temperature up to 973 K, to eliminate volatile components
(CO2), and then at a heating rate of 250 K h−1 up to 1523 K, with a 4
h holding at this temperature to achieve glass melting and reﬁning. To
improve the glass chemical homogeneity and to obtain a vitreous material with a minimum of defects (e.g., gas bubbles and cords), stirring of
the melt was carried out, using a corundum stirrer, at a rotation speed
between 100 and 250 rot min−1, depending on the temperature and
viscosity of the glass melt. After melting, the glass was cast in graphite
molds and annealed at 723 K for 6 h to avoid internal strains.
DTA tests were performed in a thermal analyzer equipment (STA PT
1600, Linseis, Germany), using 50 mg glass powder samples (with a
particle size smaller than 65 μm) that were heated inside an alumina
crucible, in static air, from room temperature up to a maximum temperature of 1173 K, at various heating rates (5, 10, 15 and 25 K min−1) and
using an empty crucible as reference. From the DTA curves, the glass
transition temperature (Tg), the onset crystallization temperature (Tc)
and the peak crystallization temperature (Tp) were determined using
the software associated with the equipment, and the measurement
error is assumed as 1%. Glass samples with sizes of ~ 7 mm ×
7 mm × 2 mm were heated in an electric tubular furnace at 5 K min−1
to a selected temperature, suggested by the DTA results, and held at
that temperature for 2 h. The amorphous nature of the as-prepared
glass and the crystalline phases formed in heat-treated glass were
identiﬁed by XRD analysis of ﬁnely ground samples, performed on a diffractometer (Dmax III-C 3 kW, Rigaku Corporation, Tokyo, Japan), using
CuKα radiation at 40 kV and 30 mA settings in the 2θ range from 20° to
60°, an acquisition time of 1 s and 2θ increment of 0.04°. Crystalline
phases were identiﬁed by comparing the peak positions and intensities
with those listed in the software standard ﬁles (ICDD, Newtown Square,
PA, USA). The microstructure of heat-treated glass samples was
observed using a polarization optical microscope (Olympus-BX51 TRF,
USA) and a scanning electron microscope (SEM-FIB — Zeiss Auriga,
Germany). To reduce the charge effects, as the samples are nonconductive, they were ﬁxed to the holder with a carbon tape and coated with
~4 nm Au/Pd before SEM observation. For elemental chemical analysis,
energy dispersive spectroscopy (EDS, Oxford INCA, Energy 350) was
employed.

Fig. 1. DTA curves for the glass at 5 K min−1 (a), 10 K min−1 (b), 15 K min−1 (c) and
25 K min−1 (d).

where Ag and Bg are constants for a given glass composition [14]. According to Eq. (1), the constant Ag corresponds to Tg at β = 1 K min−1,
and Bg reﬂects the dependence of the structural changes within the
glass transition region of the supercooled liquid on the heating rate
[14]. The value of Bg is related to the method of quenching the glass,
the lower the cooling rate of the melt, the lower the Bg value [14].
Fig. 2 shows the plot of Tg versus log β, a straight regression line
ﬁtted to the experimental data and Eq. (1) written for the particular
case of this glass. The inset in the ﬁgure shows clearly an upward shift
in Tg with the increase in β.
The second approach used to analyze the dependence of Tg on β was
based on Kissinger's method [15], which can be used to estimate the
activation energy associated with the glass transition (Eg) under nonisothermal treatment schedules, according to the following equation:

β
ln 2
Tg

!
¼−

Eg
þ const:
RT g

ð2Þ

where R is the universal gas constant. Although Kissinger equation is
mainly used for the determination of the activation energy of crystallization, it has also been used to calculate Eg [16]. A plot of ln (β/Tg2)
versus (1000/Tg) gives a linear relation, which is illustrated in Fig. 3.
From the slope of the straight regression line ﬁtted to the experimental
data, the value of Eg was calculated (537 ± 16 kJ mol−1). Assuming that
the variation of ln (1/Tg2) with β is much slower than that of ln (1/Tg)
with ln β [17], another approach has been used to calculate Eg:

3. Results
Eg
þ const:
RT g

ð3Þ

3.1. Differential thermal analysis

ln β ¼ −

Fig. 1 shows DTA curves for the glass obtained at different heating
rates (in the range 5–25 K min−1). The values of the glass transition
temperature (Tg), of the onset crystallization temperatures (Tc1 and
Tc2) and of the maxima of the exothermic peaks (Tp1 and TP2) for the
different heating rates are summarized in Table 1.

A plot of ln β against 1000/Tg and a straight line ﬁtted to the experimental data are also shown in Fig. 3. From the slope of the straight line
the value of Eg was obtained (550 ± 16 kJ mol−1).

3.2. Glass transition analysis
Three approaches were used to analyze the dependence of glass
transition temperature (Tg) on the heating rate (β). The ﬁrst was the
empirical relationship according to Lasocka that can be written in the
following form [14]:

T g ¼ Ag þ Bg logβ

ð1Þ

Table 1
Glass transition temperature (Tg), and onset (Tc1 and Tc2) and peak (Tp1 and Tp2)
crystallization temperatures determined from DTA data at different heating rates.
Heating rate, β
(K/min)

Tg (K)

Peak1
Tc1 (K)

Tp1 (K)

Tc2 (K)

Tp2 (K)

5
10
15
25

740
747
750
753

774
794
798
810

830
838
845
853

897
945
958
968

980
1008
1027
1057

Peak2
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(a)

Fig. 2. Plot of Tg versus log β. The inset shows the glass transition peaks observed at four
different heating rates.

(b)

3.3. Crystallization kinetics
Kissinger [15] method is widely used for analyzing crystallization
during DSC or DTA experiments. According to this method, the activation energy for crystallization (Ec) is evaluated through the variation
of Tp with β given by the following equation:
β
ln 2
Tp

!
¼−

Ec
þ const:
RT p

ð4Þ

By plotting ln(β/Tp2) against 1000/Tp for the ﬁrst and second
exothermic peaks, the values of the activation energy (Ec1 and Ec2)
were calculated from the slopes of the straight regression lines ﬁtted
to the experimental data as shown in Fig. 4(a–b), and are listed in
Table 2. Alternatively, the activation energy for crystallization was
calculated according to the method suggested by Ozawa [18], using
the following equation [16,18]:
lnβ ¼ −

Ec
þ const:
RT p

ð5Þ

From the linear plot of ln β versus 1/Tp, also shown in Fig. 4,
the values of Ec1 and EC2, were obtained from the slopes, and are also
presented in Table 2.
The fraction of crystallization (χ) at any temperature (T) has been
determined from the DTA curves at each heating rate by the ratio
χ = AT/A [16]. A is the total area of the exothermic peak between the
temperature Ti (where crystallization just begins) and the temperature
Tf (where the crystallization is completed) and AT is the partial area

Fig. 4. Plots of ln (β/Tp2) and of ln β versus 1000/Tp for the ﬁrst exothermic peak (a) and
second exothermic peak (b).

between Ti and T, as illustrated schematically in Fig. 5. The plot of χ as
a function of temperature for both exothermic peaks is shown in Fig. 6.
The ratio between the ordinate of the DTA curve and the total area of
the peak gives the corresponding crystallization rate (dχ/dt) [19]. From
the plot of dχ/dt as a function of temperature for both exothermic
peaks, shown in Fig. 7(a–b), the maximum (dχ/dt)Tp was determined
for every heating rate. According to the method proposed by Gao and
Wang [20], from the experimental values of the maximum crystallization rate, (dχ/dt)Tp, it is possible to calculate the Avrami exponent (n)
using the following equation [20–22]:

n¼

dχ
dt



2

RT p
:
Tp 0:37βEc

ð6Þ

Using Eq. (6), the kinetic exponent n at each experimental heating
rate was determined for both peaks, considering the values obtained
for the activation energy of crystallization for the two peaks (Ec1 and
Ec2). The mean values of Avrami exponent obtained for the ﬁrst and
second peaks are listed in Table 2.
Table 2
Estimated values of activation energy of crystallization (Ec) and of Avrami exponent (n) for
the ﬁrst and second exothermic peaks.
Method

Peak1

Peak2
−1

Ec1 (kJ mol

Fig. 3. Plots of ln(β/Tg2) and of ln(β) versus 1000/Tg.

Kissinger
Ozawa
Gao–Wang

)

bnN

398 ± 14
412 ± 14

Ec2 (kJ mol−1)

bnN

162 ± 14
179 ± 14
0.91 ± 0.02

0.97 ± 0.24
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(a)

Fig. 5. Illustration of area A between Ti and Tf, and of area AT between Ti and T (Ti, Tf and
T according to text) for the ﬁrst exothermic peak in a DTA curve at a heating rate of
15 K/min.

(b)

According to the modiﬁed Ozawa equation, proposed by Matusita
et al. [23], in a non-isothermal crystallization process, the fraction
crystallized (χ) in an as-quenched glass heated at constant rate (β) is
related to the activation energy of crystallization (Ec) through the
following expression [23]:
ln ½− ln ð1−χ Þ ¼ −n ln β−1:052ðn−1ÞðEc =RT Þ þ const:

ð7Þ

For each heating rate, the plot of ln[-ln(1 − χ)] versus 1000/T should
be a straight line. However, non-linear plots were obtained, as shown in
Fig. 8(a–b), suggesting that there is a variation of Ec and of n during the
crystallization process of glass.

(a)

Fig. 7. Crystallization rate as a function of temperature at different heating rates for the
ﬁrst exothermic peak (a) and second exothermic peak (b).

An isoconversional method was employed to evaluate the activation
energy of crystallization as a function of the fraction of crystallization,
Ec(χ), which reﬂects the change of nucleation and growth behavior
during the crystallization process [24,25]. The calculation of the effective activation energy, Ec(χ), was based on the method proposed by
Kissinger [15], according to the following expression:

3
2
2
d ln β=T
4
5 ¼ − Ec ðχ Þ
dð1=T Þ
R

ð8Þ

χ

(b)

where R is the gas constant, and T and β are the temperature and the
heating rate corresponding to the value of χ, respectively.
Using the experimental data shown in Fig. 6(a), plots of ln (β/T2)
versus 1000/T were obtained at various values of χ for the ﬁrst exothermic peak, as illustrated in Fig. 9(a). The values of Ec1(χ) were calculated
from the slope of the straight regression lines ﬁtted to the experimental
data at the various χ. Similarly, Ec(χ) can be estimated on the basis of
the method proposed by Ozawa [26], using the following equation:


d ln ðβÞ
E ðχ Þ
¼− c
:
dð1=T Þ χ
R

Fig. 6. Crystallization fraction (χ) as a function of temperature at different heating rates for
the (a) ﬁrst crystallization peak and (b) second crystallization peak.

ð9Þ

Plots of ln β versus 1000/T were obtained at various values of χ for
the ﬁrst exothermic peak, as shown in Fig. 9(b), and Ec1(χ) values
were calculated from the slope of the lines ﬁtted to the experimental
data at the various χ. Using the experimental data shown in Fig. 6(b),
a similar procedure was adopted to calculate Ec2(χ) from the plots of
ln (β/T2) versus 1000/T and of ln β versus 1000/T (not shown). Fig. 10
presents the variation of Ec(χ) with the crystallized volume fraction
(χ) for the two peaks. Error bars associated with Ec(χ) correspond to

R.S. Soares et al. / Journal of Non-Crystalline Solids 403 (2014) 9–17

(a)

(a)

(b)

(b)

Fig. 8. Plot of ln[-ln(1 − χ)] versus 1000/T at different heating rates for the ﬁrst exothermic
peak (a) and second exothermic peak (b).

(a)

Fig. 10. Plots of Ec(χ) versus χ for the ﬁrst peak (a) and second peak (b). Lines serve as
guides to the eye.

the range of Ec(χ) values obtained for each value of crystallization
fraction.
From the prior knowledge of the effective activation energy for a
non-isothermal crystallization process, an equation has been proposed
by Lu et al. [24] in order to calculate the Avrami exponent, which is
expressed as [24]:

nðχ Þ ¼

(b)

13

−R ∂ ln ½− ln ð1−χ Þ
:
Ec ðχ Þ
∂ ln ð1=T Þ

ð11Þ

Taking into account the effective activation energy, Ec(χ), the Avrami
exponent, n(χ), at various heating rates (5, 10, 15, 25 K min−1) has
been calculated using Eq. (11). Fig. 11 shows the variation of the Avrami
exponent calculated at the various heating rates with the fraction of
crystallization, χ, for the two exothermic peaks. Error bars associated
with n(χ) correspond to the range of n(χ) values obtained for the
different heating rates at a given crystallization fraction.
3.4. Characterization of heat-treated glasses by XRD

Fig. 9. Plots of ln (β/Tp2) (a) and of ln β (b) versus 1000/Tp for Ec1(χ) determination by
Kissinger and Ozawa methods, respectively.

Fig. 12 presents the XRD results for glass samples heat-treated for 2 h
at different temperatures. The XRD pattern of the as-prepared glass is
also shown, Fig. 12(a), and it exhibits a broad hump, indicating the
amorphous nature of the sample. No crystallinity was detected in the
glass after heat treatment at 773 K, Fig. 12(b). For a sample treated at
823 K, Fig. 12(c), a temperature within the ﬁrst DTA crystallization
peak, the crystalline phases aluminum metaphosphate, Al(P03)3, and
aluminum phosphate, AlPO4, were identiﬁed, together with lithium
barium phosphate, Li3Ba2(PO3)7. For a sample treated at 923 K,
Fig. 12(c), a temperature within the second DTA exotherm, Al(P03)3 and
AlPO4 were present together with barium pyrophosphate, Ba2P2O7.
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(a)

(b)

Fig. 11. Change of Avrami exponent, n(χ), as a function of crystallized fraction at the
various heating rates for the ﬁrst exothermic peak (a) and second exothermic peak (b).
Lines serve as guides to the eye.

Crystallization at temperatures higher than 923 K was not studied due
to the softening and deformation of the glass samples.
3.5. Microstructural characterization
Observation by optical microscopy (transmitted light) of the transparent as-prepared glass and of glass samples treated for 2 h at 773 K

Fig. 13. Optical microscope images of glass samples heated for 2 h at 823 K (a) and 923 K
(b) (crossed polarized light).

revealed their isotropic nature, appearing dark under crossed polarized
light. In glass samples treated for 2 h at 823 K, “ﬂower-like” aggregates
of crystals were observed, Fig. 13(a), appearing in a non-homogeneous
glass matrix showing some microstructural features, as depicted at
higher magniﬁcation in the inset of Fig. 13(a). The optical microscopy
image under cross-polarized light of a glass sample treated at 923 K,
Fig. 13(b), shows clearly the anisotropic nature of the crystals forming
“ﬂower-like” aggregates within the glass matrix.
SEM micrographs of the crystallized glass samples are shown in
Fig. 14(a–c). It is observed that the glass matrix in the sample heated
at 823 K contained round-shape precipitates, Fig. 14(a), and that in
the sample heated at 923 K most of the precipitates exhibited an irregular shape, Fig. 14(b). Observation at a higher magniﬁcation of the
matrix of sample heated at 923 K, region M in Fig. 14(b), revealed the
presence of precipitated nanocrystallites, as shown in Fig. 14(c). EDS
analysis of the precipitated crystals (region C) and of the matriz (region
M) is presented in Fig. 15.

4. Discussion
4.1. Glass transition

Fig. 12. XRD patterns of as-prepared glass (a) and of samples after heat-treatment for 2 h
at 773 K (b), 823 K (c) and 923 K (d).

Table 1 shows that the value of Tg increases with the heating rate (β),
and it was veriﬁed that the dependence of Tg on β was expressed
according to Lasocka equation [16]. The activation energy for glass
transition (Eg), which is associated with the molecular motion and
rearrangement of atoms around Tg, was calculated by the Kissinger equation [15], and its simpliﬁed form [17], giving values that are in close
agreement (537 ± 16 kJ mol−1 and 550 ± 16 kJ mol−1, respectively).
These values are higher than those obtained for a terbium-doped lithium
aluminophosphate glass, 462 and 475 kJ mol−1 [8].
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14 kJ mol−1, respectively) were in close agreement with those obtained
by the Ozawa method (412 ± 14 and 179 ± 14 kJ mol−1, respectively).
To study the nature of the crystallization process, the fraction of
crystallization (χ) as a function of temperature was determined for
both exothermic peaks, and the graphical representation (Fig. 6)
shows typical sigmoid curves for the different heating rates, indicating
that the formation of crystalline phase proceeded by a combination of
nucleation and growth processes [27]. From Fig. 7, it is observed that
the maximum crystallization rate, (dχ/dt)Tp, increases with the increase
in β, as it has been reported in the literature [21]. The Avrami exponent
was calculated by the Gao–Wang model [20–22], which has been developed assuming that nucleation is randomly distributed and the growth
rate of the new phase depends mainly on the temperature rather than
duration of the heating time [22]. Allowing for the experimental error,
the value of bnN is close to 1 for both peaks (see Table 2). Comparing
the value estimated for the Avrami exponent with the theoretical values
[28], it is suggested that surface crystallization (n ≈ 1) is dominant
during the crystallization of the glass associated with the ﬁrst and
second peaks.
An isoconversional method was employed to determine the activation energy of crystallization as a function of χ. From Fig. 10(a) it is
noticed that, for the ﬁrst exothermic peak, the average value of Ec1(χ)
is in the range of 380–400 kJ mol−1, being comparable to the values of
Ec1 listed in Table 2, obtained by different methods. For the second
exothermic peak, the average value of Ec2(χ) is in the range of
125–150 kJ mol−1 (χ = 0.2), and it decreases continuously to 90–
105 kJ mol−1 (χ = 0.8), as shown in Fig. 10(b). These results suggest
that, during the heating in the temperature range within the second
exotherm, with the progression of the crystallized fraction less activation energy is necessary for the occurrence of further crystallization. It
is observed that, for the various heating rates, the average value of
n(χ) is about 0.8 for the ﬁrst peak, Fig. 11(a), and that the average
value of n(χ) for the second peak varies from 1.3 to 2 with the increase
in χ, Fig. 11(b). Comparing the values calculated for n(χ) with the
theoretical values [28], a surface crystallization mechanism may be
considered for the crystallization process associated with the ﬁrst and
second exothermic peaks at the various heating rates.
Few works have been reported in the literature regarding the
crystallization kinetics of RE-doped lithium aluminophosphate glasses.
The compositions of the studied glasses and the sample particle sizes
were different, which may have a serious impact on the crystallization
process. Fang et al. [7] studied the crystallization kinetics of a glass
with a slightly different composition, co-doped with 0.5Er3 +/2Yb3 +
(b210 μm) and obtained a value of Ec ≈ 190 kJ mol−1, but did not report
a value for n. Soares et al. [8] investigated the crystallization kinetics of a
Tb3+-doped glass (b65 μm) and found Ec ≈ 270 kJ mol−1 and n ≈ 1.
4.3. Phase assemblage and microstructure

Fig. 14. SEM of glass samples heat-treated for 2 h at 823 K (a) and at 923 K (b and c).

4.2. Crystallization kinetics
All the DTA curves (Fig. 1) show two broad exothermic peaks associated with the appearance of crystalline phases. From Table 1 it is
observed that the onset (Tc1 and Tc2) and peak crystallization temperatures (Tp1 and Tp2) increase with β. The thermal stability of the glass,
corresponding to the temperature difference between Tc1 and Tg,
increases from 34 to 57 K with the increase in β from 5 to 25 K min−1.
By monitoring the shift in the position of the exothermic peaks as a
function of β, the kinetic parameters (crystallization activation energy
(Ec) and Avrami exponent (n), related to the glass crystallization process) were evaluated. From Table 2 it is observed that the values of Ec1
and Ec2 calculated according Kissinger method (398 ± 14 and 162 ±

The XRD results (Fig. 12) revealed that the glass sample heat-treated
at 773 K was still amorphous, and that by heating the glass samples to
temperatures higher than Tc1 they undergo a complex crystallization
process leading to the formation of different crystalline phases. In
glass samples treated at 823 and 923 K, the predominant phase was
cubic aluminum metaphosphate, Al(PO3)3, but the intensity of the
peaks slightly decreased with an increasing heat treatment (Fig. 12c–
d). Aluminum phosphate, AlPO4, in the rhombohedral form appeared
in samples treated at both temperatures, and peaks of orthorhombic
form were also identiﬁed at the highest temperature. The presence of
lithium barium phosphate, Li3Ba2(PO3)7, was identiﬁed in the glass
sample treated at 823 K, but it was not detected in the glass sample
treated at 923 K, where barium pyrophosphate, Ba2P2O7, was identiﬁed.
It has been veriﬁed that the crystallization of aluminophosphate based
glasses containing different compounds (e.g., Li2O, Na2O) yields
frequently aluminum metaphosphate and aluminum phosphate,
which is present as a secondary phase [8,29]. Langlet et al. [29] reported
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Fig. 15. EDS spectrum of glass sample heat-treated at 923 K.

that cubic aluminum metaphosphate is the only form stable at high
temperature among the ﬁve known Al(P03)3 species, and they identiﬁed the formation of two forms of AlPO4, resulting from P205 loss during
the melting process and that was formed at the surface of the glass
samples.
Evidence of surface crystallization was noticeable in the glass sample
treated for 2 h at 823 K, as shown in the optical microscopy image under
cross-polarized light, Fig. 13(a), where “ﬂower-like” aggregates of crystals radially grown in a non-uniform glass matrix are observed. After 2 h
treatment at 923 K well developed “ﬂower-like” aggregates, having an
average size of ~100 μm, were observed inside the glass matrix, but in
smaller number. SEM analysis revealed the presence of round-shape
precipitates, with an average size smaller than 1 μm, in the glass matrix
of the sample heated at 823 K, Fig. 14(a). With further heating, the
shape of the precipitates was altered, Fig. 14(b), and at higher magniﬁcation, Fig. 14(c), nano-crystallites dispersed all over the glass matrix
were observed. The elemental chemical analysis by EDS of the precipitates has not been conclusive due to their small size compared to the
detection width of the microanalysis probe (~ 1 μm size), and similar
results were obtained for the precipitates (C) and matrix (M) regions
identiﬁed in Fig. 14(b). The spectra obtained by EDS elemental analysis
(Fig. 15) reveal peaks of identical intensity, corresponding to the
elements that are present in the glass composition with the exception
of Li, that is very light for detection. Identiﬁcation of Pd and C was due
to sample preparation.
The results presented in this work indicated that no phase formation
occurred when the glass was heat-treated at 773 K and that different
phosphate phases appeared with increasing temperature. A future
extension of the present study will be the investigation of the relationship between structural changes and the optical absorption and luminescence properties of the crystallized glasses.
5. Conclusions
The thermal transformation and crystallization kinetics of a Eu3+
doped lithium aluminophosphate glass composition have been studied
by DTA, XRD, and SEM. DTA curves exhibited an endothermic peak and
two exothermic crystallization peaks. The thermal stability of the glass
increased with the heating rate. No phase formation was detected in
the glass when heated up to 773 K. The glass was found to crystallize

into a mixture of Al(P03)3 and AlPO4 with Li3Ba2(PO3)7 during the ﬁrst
exothermic peak, and a mixture of Al(P03)3 and AlPO4 with Ba2P2O7
during the second crystallization peak. The activation energy of crystallization for the ﬁrst exothermic peak was higher than for the second
peak. The estimated values of the Avrami exponent suggest that the
process involved in the crystallization of the glass is surface crystallization for both exothermic peaks. Surface crystallization was also
suggested from microstructural analysis.
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