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The crystallization kinetics of Cs;0-Fe;03-P,05 glasses containing 12.5-27 mol% Cs,0 were studied by
using differential scanning calorimetry under nonisothermal conditions. Strong dependence of activation
energy with temperature was observed, indicating the complex nature of the crystallization process. The
various crystallization products were identified by X-ray diffraction technique. CsFeP,0; was found to
be the major crystalline phase in all cases. The overall activation energy obtained by classical model-free
kinetic method was compared with that of isoconversional method; and from the results, the dependence
of activation energy on extent of reaction and average temperature was delineated.

© 2010 Published by Elsevier B.V.

1. Introduction

Iron phosphate glasses (IPG) are considered as potential host
matrices for the immobilization of high level waste (HLW) [1,2].
Among the various constituents of HLW, a large amount of ther-
mal energy is produced during the radioactive decay of 137Cs and
90Sr. It is advantageous to separate Cs and Sr and immobilize in a
suitable matrix [3]. The thermal energy associated with radioactive
decay can even crystallize the glasses when loaded with exces-
sive amounts of 137Cs or 90Sr. This can be simulated by studying
the thermal crystallization of glasses containing Cs and Sr. In our
previous work [4], the crystallization behaviour of iron phosphate
glass loaded with 36 mol% Cs,0 was studied by differential scan-
ning calorimetry (DSC) technique. The present work is on the
crystallization and evaluation of activation energy of crystalliza-
tion of 12.5-27 mol% of Cs,0 loaded iron phosphate glasses. The
experiments were carried out by using DSC under nonisothermal
conditions. The activation energy was determined by the classi-
cal model-free kinetic method as well as by the isoconversional
method.

2. Experimental

The Cs,0-Fe;03-P,05 glasses with varying Cs;0 content were
prepared by the conventional melt-quench technique. The prepara-
tion conditions and compositional analysis along with the thermal
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and Mossbauer characterization are explained in detail elsewhere
[5]. The glasses under present study are referred to as IP8C2, [P7C3
and IP6C4 whose nominal compositions are presented in Table 1.

DSC (M/s. Mettler Toledo model DSC 821e/700) was employed
to understand the crystallization behaviour of cesium loaded iron
phosphate glasses under flowing argon at a flow of 50 ml/min. The
DSC equipment was calibrated for temperature as explained in Ref.
[6]; the accuracy of temperature measurement was +1 K. The DSC
experiments were performed at various heating rates(2,5,7, 10 and
15 K/min) using 7 mg of glass powder in a Pt crucible. The variation
in the amount of sample used for crystallization studies was within
+2 ug.

The products of crystallization were characterized by XRD
technique (Siemens D500 X-ray diffractometer employing Cu Ko
radiation). The IP6C4 glass was annealed at 878K in flowing Ar
atmosphere for 30 min. [P7C3 and IP8C2 glasses were annealed at
two different temperatures namely 853 K (for 10 min) and 913K
(for 30 min) and the crystallized products were identified by XRD.
The annealing temperature was chosen based on the DSC results
which showed single crystallization curve for IP6C4 and two for
IP7C3 and IP8C2.

3. Results and discussion
3.1. Characterization of crystallized products

The XRD pattern of the annealed (878 K) IP6C4 glass is shown in
Fig. 1. The XRD pattern of the annealed specimen shows the diffrac-

tion lines corresponding to CsFeP, 07, Cs3Fe4(PO4)s and Cs3POy, the
major phase being CsFeP,0-. The major lines present in the XRD


dx.doi.org/10.1016/j.tca.2010.09.001
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:kvg@igcar.gov.in
dx.doi.org/10.1016/j.tca.2010.09.001

68 K. Joseph et al. / Thermochimica Acta 512 (2011) 67-70

Table 1
Nominal composition of the glasses as determined by XRF technique [5].

Sample code Glass composition (mol%)
Fe;03 P,0s5 Cs,0
IP8C2 34.5 53 12.5
1P7C3 33 46 21
1P6C4 29 44 27
CsFeP,O, (JCPDS 40-0110)
o o Cs Fe (PO ), (JCPDS 84 - 1610)
$
o $ Cs,PO, (JCPDS - 26 - 1097)
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Fig. 1. XRD pattern of the IP6C4 glass annealed at 878 K.

pattern of the annealed IP7C3 glass (Fig. 2) at 853 and 913 K were
found to be similar. The pattern corresponding to 853 K shows the
presence of an amorphous phase coexisting with the crystalline
phase. The X-ray pattern at 853K clearly shows the formation of
crystalline CsFeP, 07 and the minor phases could not be ascertained
due to very low intensity. The annealed sample is crystalline at
913 Kand the XRD pattern indicates that the IP7C3 glass crystallizes
to a mixture of CsFeP, 07, FePO4 and Fe,03. Similarly, the IP8C2 also
shows the crystalline phase coexisting with an amorphous phase at
853 K.At913 K, the IP8C2 glass crystallizes to a mixture of CsFeP, 07,
Fe(POs3)3 and Fe,03 as shown in Fig. 3. CsFeP, 07 phase was found
to be the major phase in all the three ternary cesium loaded iron
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Fig. 2. XRD pattern of the crystallized products of IP7C3 glass at (a) 853K and (b)
913K.
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Fig. 3. X-ray diffraction pattern of IP8C2 glass crystallized at (a) 853 Kand (b) 913 K.

phosphate glasses under study, indicating pyrophosphate type of
linkage in the glass. The minor phases varied depending on the com-
position of the glass. The pyrophosphate linkage was confirmed in
all the cesium iron phosphate glasses by our earlier study on the
glass structure by infrared spectroscopy [7]. Similar pyrophosphate
linkage was also found in various ternary alkali phosphate glasses
[8,9]. But, binary iron phosphate glasses were known to crystal-
lize to various products like FePOy, Fe(PO3)3, Fe(PO3),, Fe4(P207)3,
Fe;(PO4)s, Fe3(P,07),, Fe3(PO4),, Fe;03 and FeO depending on
the composition and the FeZ*/Fe3* ratio [10-15]. The iron based
glasses richer in Fe%* content crystallize to ferrous metaphosphate
(Fe(PO3);), ferrous-ferric pyrophosphate (Fe3(P,07),) and ferrous-
ferric orthophosphate (Fe;(POg4)g), whereas the iron phosphate
glasses richer in Fe3* content crystallize to ferric orthophosphate
(FePQy), ferric metaphosphate (Fe(PO3 )3 ) and ferric pyrophosphate
(Fe4q(P207)3). The glasses under the present study were very rich
in Fe3* content (95-98%) [5], and thus the crystallization prod-
ucts were ferric phosphates (pyro, meta or ortho) instead of ferrous
phosphates.

3.2. Kinetic analysis

DSC experiments were carried out on the IP6C4 glass at various
heating rates in the temperature range of 825-975K as shown in
Fig. 4. The onset of crystallization temperature was found to vary
linearly with heating rate. A single exothermic peak was obtained
for all heating rates and as expected the exothermic peak shifted to
higher temperatures with increasing heating rate [16]. The appar-
ent crystallization temperature was obtained by extrapolating the
linear fit to zero heating rate and the value obtained is 859 K (insert
in Fig. 4). The crystallization kinetics can be described by the fol-
lowing general expression assuming Arrhenius type temperature
dependence of rate constant [17] as,

do
T =
where t is the time, T the absolute temperature; « the fraction
crystallized; A the pre-exponential factor; E, the activation energy
of crystallization, and R, the gas constant. The flar) is the reaction
model. Under nonisothermal conditions with a fixed heating rate
B, Eq. (1) can be rewritten as [17]:

da A (g,
== Ee (Ea/RT) £ (o) (2)

Ae~EalRT)f () (1)
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Fig. 4. DSC traces for IP6C4 glass at various heating rates. Crystallization tempera-
ture as a function of heating rate is shown as an insert; solid line shows the linear
fit.

The above equation can be solved to evaluate activation energy
by classical Kissinger method [17], which assumes the maximum
reaction rate at the peak temperature (Tp). The activation energy
can be obtained by using the following equation:

B _ Ea
In 3= const — RT (3)

A plot of In(B/T?) vs 1/T, gives a straight line with the slope
(—Ea/R), from which the activation energy can be evaluated. The
activation energy obtained by Kissinger method is 318 + 29 kJ/mol.
Though the overall activation energy for the crystallization of glass
can be obtained by Kissinger method, model-free isoconversional
method [18] is more reliable for understanding the crystallization
behaviour and the trend in the activation energy as a function of
fraction of crystallization. The evaluation of activation energy by
isoconversional method is carried out as discussed below.

The fraction crystallized, «, was evaluated from the DSC curve as
a function of temperature at various heating rates. The o vs T curve
was found to be sigmoidal in nature. The Kissinger—-Akahir-Sunose
(KAS) method [19,20] of isoconversion was applied to the crystal-
lization; this takes the form:

ﬂi Ey
In = = const — (4)
Tai Rl i

where the subscript ‘i’ denotes the various heating rates. The slope
of the plot In §;/ Tii vs 1/T,,; gives the value of effective activation
energy, E,. The plot of E, as a function of «, the fraction crystal-
lized is shown in Fig. 5. The plot shows the continuous decrease
of activation energy with «. The dependence of average tempera-
ture (evaluation of average temperature is described in Ref. [4]) is
also shown in Fig. 6. This plot clearly indicates that the activation
energy decreases with the temperature. This type of behaviour [21]
cannot be explained by a single step mechanism, but by a complex
mechanism involving two processes namely, nucleation and diffu-
sion. The activation energy for these two processes can be different
and hence the effective activation energy [22] varies with o and
temperature as observed in Figs. 5 and 6.

Similar crystallization experiments were carried out for the
glasses IP7C3 and IP8C2. The crystallization of IP7C3 and IP8C2
appears as two exothermic peaks. Fig. 7 shows a typical DSC curve of
IP7C3 and IP8C2 at 10 K/min along with IP6C4. From the DSC curves
of IP7C3 and IP8C2 as a function of temperature with varying heat-
ing rates, the apparent crystallization temperature was evaluated.
The crystallization temperature was found to vary linearly with
heating rate. The first and second crystallization of IP7C3 occurs at
864 and 879 K respectively, whereas that of IP8C2 is 870 and 897 K
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Fig. 5. Plot of E, and as a function of fraction crystallized («) for the IP6C4, IP7C3
and IP8C2 glasses.
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Fig. 6. Plot of E,, and as a function of average temperature for the IP6C4, IP7C3 and
IP8C2 glasses.
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Fig. 7. Typical DSC curves for the crystallization of IP6C4, IP7C3 and IP8C2 glasses
in argon at 10 K/min.
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respectively. Comparing the crystallization temperature of IP6C4,
IP7C3 and IP8C2, it is clear that the crystallization temperature
decreases as the cesium content increases as seen from Fig. 7.

Dependence of fraction of crystallization as a function of tem-
perature at various heating rates was evaluated for IP7C3 and
IP8C2 glasses. The activation energy of crystallization process
was obtained by the Kissinger method. The activation energies
obtained for the first and second crystallization of IP7C3 are
384 +26 and 393 + 64 kJ/mol, whereas those of IP8C2 are 417 +6
and 371 +9kJ/mol respectively. The activation energy based on
Kissinger method of evaluation for the crystallization of binary IPG
was reported in Ref. [23] and the values for the first and second
crystallization peaks are 325 4 10 and 365 + 10 kJ/mol respectively.
By comparing the first crystallization of IP7C3 and IP8C2 with sin-
gle crystallization of IP6C4, it is clear that the activation energy (by
Kissinger method) obtained for the cesium loaded IPG glasses show
adecreasing trend with increasing cesium content. Though the acti-
vation energy for the first crystallization shows a decreasing trend
with increasing cesium content, the activation energy obtained for
the second crystallization is found to be marginally higher for IP7C3
compared to that of IP8C2.In our earlier studies [5], during the eval-
uation of glass transition temperature, [P7C3 glass (21 mol% Cs,0)
was found to have higher glass transition temperature compared
to IP8C2 (12.5mol% Cs;0), IP6C4 (27 mol% Cs,0) and the 36 mol%
Cs,0 loaded IPG indicating a higher stability of IP7C3 glass. This
observed fact could not be explained unambiguously by the trend
obtained in the activation energy determined by Kissinger method.

By applying KAS isoconversional method, the dependence of
activation energy on the fraction crystallized of IP8C2 glass was
determined and represented in Fig. 5. Though two exothermic
peaks were found during crystallization of the IP8C2 glass, the
dependence of activation energy with o was similar to that of IP6C4.
The activation energy decreases with average temperature (Fig. 6)
indicating, the complex nucleation-diffusion mechanism during
the crystallization of IP8C2.

The dependence of activation energy on « for the crystalliza-
tion of IP7C3 is also shown in Fig. 5. The dependence of E, on «
for IP7C3 is found to be different from that of IP8C2 and IP6C4. The
E, value increases up to the value of «=0.12 and then decreases
continuously with «. The dependence of E, with average temper-
ature is shown in Fig. 6, which also shows the same trend. During
the initial crystallization period, i.e., up to @ =0.12, an increase in
activation energy is observed. Generally, the increase in E, with o
corresponds to parallel reaction [24]. Beyond the « value of 0.12,
the activation energy decreases with ¢, as observed during the crys-
tallization of IP6C4 and IP8C2. Thus, the crystallization of IP7C3
involves a complex mechanism of parallel reaction followed by
a nucleation and diffusion mechanism as the reaction progresses.
The isoconversional analysis clearly shows the increase in activa-
tion energy during initial crystallization and the value of activation
energy (maximum value of 692 kJ/mol) is also higher for the crys-
tallization of IP7C3 (21 mol% Cs, O) glass. At a fixed «, the activation
energy evaluated (isoconversional method) for the IP8C2 and IP6C4

are always lower than that of IP7C3 as seen from Fig. 5. The larger
activation energy of IP7C3 indicates higher resistance to crystalliza-
tion. Thus, isoconversional method explains the better stability of
IP7C3, which could not be brought out by the classical model-free
method of kinetic analysis.

4. Conclusion

The crystallization kinetics of three cesium iron phosphate
glasses were studied by DSC under nonisothermal conditions.
CsFeP,05 is found to be the major phase present in all the crys-
tallized products as observed by XRD. The activation energy was
evaluated by classical model-free kinetic method and by isoconver-
sional methods. The better thermal stability of the IP7C3 glass could
not be explained by classical Kissinger method, whereas, the iso-
conversional method clearly delineate the change in the effective
activation energy with « and the average temperature and explains
the better stability of the IP7C3 glass.
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