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Effect of lithium–sodium mixed-alkali on phase transformation
kinetics in Er3+/Yb3+ co-doped aluminophosphate glasses
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Abstract

Er3+ doped aluminophosphate glasses with various Na2O/Li2O ratios were prepared at 1250 ◦C using a silica crucible to study mixed alkali effect
(MAE). The effect of relative alkali content on glass transition temperature, crystallization temperature and thermal stability were investigated
using differential scanning calorimetry (DSC). In addition, apparent activation energies for crystallization, Ec, were determined employing the
K
t
©

K

1

c
l
a
s
b
m
s
s
a
t
t
m
a
[
t
a
m

0
d

issinger equation. The effect of Al2O3 content on the magnitude of MAE was also discussed. No mixed-alkali effect is observed on crystallization
emperature.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Mixed alkali glasses contain more than one type of modifying
ation. A number of mixed alkali glass systems demonstrate non-
inearity in electrical conductivity, viscosity, thermal properties,
nd chemical durability [1–3]. This non-linear behavior in glass
ystems as a function of composition is very different from the
ehavior of single modifier oxide glass systems, where approxi-
ate linear trends are observed. Many physical properties mea-

ured in mixed-alkali systems show initial non-linear growth and
ubsequent reversal in trends leading to maxima or minima as
function of modifier fraction. This phenomenon is known as

he ‘mixed alkali effect’, and there exist both technological and
heoretical interests in describing the physics and chemistry of

ixed-alkali glasses. This pronounced effect has attracted the
ttention of many scientists with most of their work compiled in
4–6]. Besides older explanations of the mixed alkali effect [7,8],
here have been a variety of recent ones [9–11]. These models
ssumed either large structural modifications induced by mixing
obile species of different sizes or specific interaction between

these dissimilar mobile species. Nevertheless, these proposed
models are not satisfactory so far, even if they are physically
sound they contain too many unknown parameters to allow a
reliable quantitative evaluation of the huge amount of measured
data [12]. Furthermore, most of these empirical equations are
only valid for glasses within certain range of composition and
viscosity values. The mixed alkali phenomenon, which from a
practical viewpoint is useful in manufacturing low-loss electri-
cal glass and in understanding chemical strengthening of glass,
is not completely understood, thereby necessitating further in-
depth characterizations of mixed alkali materials.

The purpose of the present paper is to investigate the effect
of mixed alkali additions on the thermal transformation and
crystallization kinetics of Er3+/Yb3+ co-doped aluminophos-
phate glasses. Erbium laser glasses have attracted much attention
due to their capability for emission at the eye-safe wavelengths
and optical communication windows of 1.54 �m [13]. Phos-
phate glasses have attracted considerable interest in recent years
because of their technological interest, especially in optical [14]
and biomaterial applications [15]. Moreover, phosphate glass is
considered to be the best matrix for ytterbium sensitized erbium
∗ Corresponding author. Tel.: +86 21 59911204; fax: +86 21 39910393.
E-mail address: fangyzh@yahoo.com.cn (Y. Fang).

glass laser because of its high stimulated emission cross-section,
weak up-conversion luminescence and low probability of energy
backtransfer from Er3+ to Yb3+. The ability to control the
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crystallization of different vitreous matrices permits the glass
synthesis under ideal conditions. Consequently, it is important
to know the physical and thermal characteristics of interest.
The understanding of the micromechanism of crystallization is
a prerequisite for most of the applications, as stability against
crystallization determines their effective working limits.

2. Experimental

In the present work, Er3+ doped phosphate glasses of the
type xNa2O–(15 − x)Li2O–4B2O3–11Al2O3–5BaO–65P2O5
(where x = 0, 3.75, 7.5, 11.25 and 15 mol%) were used to inves-
tigate the effect of mixed alkali on thermal transformation and
crystallization kinetics of glasses. To this glass were externally
added Er2O3 and Yb2O3 at 0.5 and 2 mol% level, respectively.
Er3+ was active ion for 1.54 �m laser in glass substrates
and Yb3+ was introduced as sensitizer. All chemicals were
reagent grade and obtained from different standard companies
with 99.99% purity. The raw materials in 500 g batches were
thoroughly mixed and ground in an agate mortar. The mixtures
were then melted in a silica crucible at 1200 ◦C and kept at their
melting temperatures for about 1 h with occasional stirring to
ensure homogeneity. Then, the melts were quickly quenched
between two well-polished steel plates.

Differential scanning calorimetry (DSC) Setram TG-DSC
1600 was used to measure the caloric manifestation of the
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Fig. 1. Typical DSC curves of xNa2O–(15 − x)Li2O–4B2O3–11Al2O3–5BaO–
65P2O5 (x = 0, 3.75,7.5,11.25 and 15 mol%) glasses heated at a constant rate
10 K/min.

the extrapolated on-set temperature of crystallization (T0), and
the peak temperature for crystallization (Tp). A measure of the
thermal stability of each glass was made from the temperature
difference, �TTS, between Tg and T0. The greater this tempera-
ture difference, the greater is the thermal stability of the system.

The variations of Tg, T0 and �TTS with the relative alkali ratio
Na/(Na + Li) are shown in Figs. 2 and 3. Tg plotted as a func-
tion of the relative alkali ratio exhibits a non-linear behavior and
reached a minimum at Na/(Na + Li) = 0.5, as usually observed
[17]. In literature, Tg does not exhibit systematically a MAE
[18], nevertheless, it was already shown that the MAE could con-
siderably affect this property in different systems like in Na/Li
tellurite [19], Na/Li metaphosphate [20], Ag/Rb chalcogenide
glasses [21] and Na/K aluminoborosilicate glasses [22]. There
the mobility of the larger ion is reduced because the presence of
the smaller ion leads to an increasing packing density of oxygen
atoms, i.e. the mesh size of the silicate network is reduced when
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rystallization and to study the crystallization kinetics. The tem-
erature precision of this equipment was ±0.1 K with an average
tandard error of about ±1 K in the measured values. The DSC
uns were taken at six different heating rates, i.e. 1, 5, 10, 15,
0 and 25 K/min on 30 ± 1 mg powder samples sized <210 �m
nder a flowing (50 cm3 min−1) atmosphere of dry air. The DSC
quipment was calibrated prior to measurements, using high
urity standards Pb, Sn, In and Al with well-known melting
oints. Pure Al2O3 was used as a standard.

Apparent activation energy for crystallization, Ec, was deter-
ined from the variation in peak crystallization temperature
ith heating rate employing the Kissinger equation [16]:

n(T 2
p /a) = Ec/RTp + constant

here Tp is the temperature of the maximum DSC crystallization
eak, a the heating rate, and R is the universal gas constant. The
ctivation energy Ec was calculated from the slopes of the linear
t to the experimental data from a plot of ln(T 2

p /a) versus 1/Tp.

. Results and discussions

A typical DSC thermogram of glasses at a heating rate of
0 K/min is shown in Fig. 1 for different x-values, the propor-
ion of Na2O. As the DSC diagrams at other heating rates are
imilar in shape, they have not been shown. From the analysis
oint of view, the DSC thermogram is divided into two parts.
he first one corresponds to the glass transition region repre-
ented by endothermic reaction and the other part is related
o the crystallization process indicated by exothermic part of
SC curve. From Fig. 1 we can easily see the three character-

stic temperatures, the extrapolated on-set glass transition (Tg),

ig. 2. Variation of glass transition Tg as function of the relative alkali ratio of
a/(Na + Li).
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Fig. 3. Variations of on-set crystallization temperature T0 and glass thermal
stability parameter �TTS as function of the relative alkali ratio of Na/(Na + Li).

compared with the one containing the larger cations only. Com-
pared to the network which contains the smaller ions only, the
small ions experience an expanded mesh size in the mixed glass
and, therefore, their mobility should be increased in the mixed
case that is in the mechanisms responsible for the MAE. The
minimum of Tg can also be interpreted in terms of an increase
of non-bridging oxygen (NBO) in the glass structure.

A more interesting observation is that the Tg is higher and the
magnitude of the mixed alkali effect (corresponding to the depar-
ture from additivity in Tg) is much smaller comparing with the
0.46 [xNa2O(1 − x)Li2O, 0.54P2O5] glass studied in Ref. [17].
This phenomenon can be explained by the higher Al2O3 content
in the glasses investigated in the present work. Adding Al2O3
results in an increase of Tg as already observed in phosphate
glasses [23]. But again we can observe a decrease in the magni-
tude of the MAE when Al2O3 content increases. This shows that
the presence of Al2O3 appears to act on the mechanisms respon-
sible for the MAE. Al2O3 increases the covalency of P–O bonds
and that there is a strengthening of the glass structure through the
formation of aluminophosphate bonds. This network strengthen-
ing is consistent with the glass transition moving toward higher
temperature as alumina content increases. NMR spectra [24]
reveal that octahedrally coordinated Al(OP)6 is the predominant
configuration of Al in similar glasses. The formation of Al(OP)6
polyhedra in aluminophosphate glasses obviously modifies the
cation environment and the number of non-bridging oxygens
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Fig. 4. The plot of ln(T 2
p /a) against 1000/Tp for evaluation of the crys-

tallization activation energy, Ec, for xNa2O–(15 − x)Li2O–4B2O3–11Al2O3–
5BaO–65P2O5 (x = 0, 3.75,7.5,11.25 and 15 at.%) glasses.

migration is associated with a “memory effect” of the sites pre-
viously occupied, which leads to the creation of ionic pathways.
The random distribution model (RDM) is based on almost the
same arguments.

However, mixing two alkali oxides does not affect T0 and
�TTS, as observed in Fig. 3. T0 and �TTS do not show minimum
as function of relative alkali ratio. It shows that there is no effect
of mixed alkali additions on glass properties at high temperature
[28,29].

Fig. 4 shows plots of ln(T 2
p /a) versus 1000/Tp for glass sam-

ples with different relative alkali ratio. As described before, the
activation energy Ec was calculated from linear fits to the exper-
imental data using the Kissinger equation. Calculated values for
different glasses were also showed in Fig. 5 as a function of rel-
ative alkali ratio. The active energy minimum of crystallization
is about 60.7 kJ/mol when the relative alkali ratio Na/(Na + Li)
is 0.5.
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hould decrease [25]. The types of oxygen to which alkali ions
re coordinated are consequently modified in aluminophosphate
lasses. These modifications are also crucial in specifying the
ation environment. The type of cation environment, and espe-
ially the non-bridging oxygens may play an important role in
he limitation of the ionic migration in mixed alkali glasses. In
ddition, the strengthening of the network could limit the adapt-
bility of the cation environment, which is the key aspect of the
wo recent models dynamic structure model (DMS) [26] and
andom distribution model (RDM) [27] to explain the MAE,
nd inhibit the mechanisms responsible for it. The main idea
f the DSM model is the existence of mismatches between the
ifferent types of sites designed by cations in the glass. Ionic
ig. 5. Variations of crystallization activation energy, Ec, as function of the
elative alkali ratio of Na/(Na + Li).
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4. Conclusions

In this paper, we measured the caloric manifestation of
glass transition and the crystallization of erbium doped mixed
lithium–sodium aluminophosphate glasses with different rel-
ative alkali ratio using differential scanning calorimetry. In
addition, the kinetics of crystallization of glasses was also inves-
tigated. As demonstrated by Tg measurements, glasses exhibited
a mixed alkali effect (MAE). Due to high content of Al2O3 in
all glasses, glasses showed high Tg and small magnitude of the
mixed alkali effect. There was no mixed alkali effect on prop-
erties at high temperature, as showed by on-set temperature of
crystallization.
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