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The crystallisation kinetics of 36 mol% Cs,0-26 mol% Fe,03-P,05 glass was studied by differential
scanning calorimetry under non-isothermal conditions at various heating rates. X-ray diffraction tech-
nique was employed to understand the product of crystallisation. This glass crystallises to a mixture
of CsFe(P,07), Cs7Fe;(PO4)s0, and Cs3PO4. The activation energy of the crystallisation process was
determined by classical multi heating rate methods like Kissinger, Mahadevan and Augis-Bennet. Heat-
ing rate dependence of the activation energy was observed when the data were analysed using Coats
and Redfern method. This dependence of the activation energy was evaluated by the application of
Kissinger-Akahira-Sunrose isoconversional method. It was observed that the activation energy of crys-
tallisation was found to vary with the degree of conversion. The value of Avrami exponent ‘n’ obtained
was 4, suggesting the mechanism of crystallisation to be bulk nucleation and three-dimensional growth.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Radioactive 137Cs extracted from the high level nuclear waste
can be immobilised in a suitable vitreous matrix and used as
radioactive source for medical purposes [1]. Iron phosphate glass
is one such potential vitreous matrix for cesium [2]. In our previ-
ous studies, it was demonstrated that up to 36 mol% Cs, O (inactive)
could be immobilised in iron phosphate matrix without crystalli-
sation or phase separation [3]. This glass is referred as IP5C5
throughout this paper. Thermal stability of IP5C5 glass needs to be
explored in order to understand the crystallisation/devitrification
behaviour of the system. Differential scanning calorimetry (DSC)
is a suitable technique to study the crystallisation process [4-6] of
glasses under isothermal or non-isothermal conditions. By know-
ing the temperature of crystallisation and fraction of crystallisation
(degree of conversion), the kinetic parameter E. (activation energy
of crystallisation), can be obtained. The objectives of the present
work are to determine the activation energy of crystallisation and to
identify the phases formed after crystallisation. DSC was employed
under non-isothermal condition to derive the activation energy
of crystallisation and to understand the mechanism of crystallisa-
tion of the IP5C5 glass, and X-ray diffraction (XRD) technique to
characterise the crystallised products. The activation energy of crys-
tallisation was determined by using two different methods: classic
and isoconversion.
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2. Experimental

Cs,CO3 (99.9%, Aldrich), Fe;O3 (99.5%, Fisher Scientific),
NH4H,PO4 (ADP) (99%, Ranbaxy) were mixed in appropriate
amounts and calcined at 873 K and melted in a Pt crucible at 1263 K
in air for 1h to get cesium loaded iron phosphate glass of the
composition 36 mol% Cs;0-26 mol% Fe,03-P,05 [3]. The melt was
air-quenched. The quenched sample was ball milled and the amor-
phous state of the sample was checked by XRD technique (Siemens
D500 X-ray diffractometer employing Cu Ko radiation).

Crystallisation kinetics of the glass powder was studied by
employing DSC (M/s. Mettler Toledo model DSC 821e/700) under
flowing argon at a flow of 50 ml/min. DSC was calibrated for tem-
perature as explained in Ref. [7] and the accuracy of temperature
measurement was +1 K. Nearly 7 mg of sample was taken in the Pt
crucible and experiments were carried out at the heating rates of
5, 7,10 and 15 K/min. The variations in the quantity of the sample
used in the DSC measurements were within +2 p.g.

The glass powders were annealed separately at 858 K in the Pt
crucible in flowing argon to identify the crystallisation products
by XRD technique. The weight of the sample was measured before
and after annealing. There was no observable weight change after
annealing, confirming that there was no loss of material during
annealing.

3. Results and discussion

The amorphous state of the IP5C5 glass was confirmed by XRD
as shown in Fig. 1.
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Fig. 1. XRD pattern of the IP5C5 glass.

3.1. Characterisation of the crystallised products

The XRD pattern of the product of crystallisation is shown in
Fig. 2. The constitution of the crystalline phases formed by anneal-
ing the glass was determined by knowing the chemical composition
[3] and by the XRD technique. The XRD pattern of the crystallised
product indicated the presence of CsFeP,0- and Cs7Fe;7(P04)30,. A
mixture of these two phases alone is not sufficient to account for
the composition of the glass. The unaccounted portion conforms to
Cs3P0y4. The XRD lines corresponding to Cs3PO4 (JCPDS 26-1097)
coincide with some of the less intense peaks of CsFeP,0; and
Cs7Fe7(P04)30,. By assigning these less intense peaks to Cs3POy,
the crystallised product could be matched with the overall chemical
composition of the glass. Thus, the IP5C5 glass crystallises to a mix-
ture of CsFeP, 07 (JCPDS 81-2403), Cs7Fe;7(PO4)g0, (JCPDS 84-1611)
and Cs3PO4 (JCPDS 26-1097).

3.2. Kinetic analysis

DSC curves of the IP5C5 glass at various heating rates in the
temperature range of 805-920 K are presented in Fig. 3. As expected
[8-11], the onset temperatures of crystallisation were found to have
linear dependency with heating rate as shown in Fig. 4a. The actual
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Fig. 2. XRD pattern of the crystallised products of IP5C5 at 858 K.
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Fig. 3. DSC curves of IP5C5 glass (Ar atmosphere; flow rate: 50 ml/min).

crystallisation temperature was obtained by extrapolating the lin-
ear fit to zero heating rate and was found to be 818 K.

From the DSC data, the activation energy of crystallisation (E)
was evaluated by classical methods and isoconversional methods
as described in the following sections.

The rate of any heterogeneous reaction under non-isothermal
condition can be expressed as [12],

da  Kk(T)
ar = gl W

where « is the fraction of crystallisation or degree of conversion at
temperature T (absolute temperature), f{or) the conversion function
which is dependent on the mechanism of the reaction, g the rate of
heating, and k(T) is the temperature dependent rate constant. The
integral form of the Eq. (1) can be represented as:

o (33 [ () oo 5]

where g(«) is the integral form of f{«), A the pre-exponential factor,
E. the activation energy of reaction and R is the gas constant.

Among the various methods of estimation of crystallisation
kinetics under linear heating rate, the following classical methods
were employed to determine the activation energy of crystallisa-
tion.
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Fig. 4. (a) Crystallisation temperature (Ty) as a function of heating rate, the fitted
line is also shown. (b) Effective activation energy as a function of heating rate; solid
line shows the linear fit.
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Fig. 5. Physical model independent methods: (a) Kissinger method; (b)
Augis-Bennet method; (¢) Mahadevan method.

3.2.1. Kissinger method
The activation energy of crystallisation can be obtained by apply-
ing the Kissinger method of kinetic analysis [13].
p Ec
In— = ——— + const 3)
Tg RTp
The slope of the plot of ln(b/Tg) vs. 1/Tp gives the value of Ec.
The Kissinger plot is shown in Fig. 5a. The value of activation energy
obtained by the Kissinger method is 234 + 12 kJ/mol.

3.2.2. Augis and Bennet method

The activation energy of crystallisation was also determined by
applying the reduced Augis-Bennet method [14],

B _ E
lnTp = _RTP +Inkg (4)
where kq is a constant. According to this method, a plot of In(8/T})
vs. 1/T, gives a linear fit, where T}, is the peak temperature of
crystallisation at various heating rates. The activation energy is
evaluated from the slope of the linear plot and the value is found to
be 241 + 12 kJ/mol. The plot of In(B/T) vs. 1/T is shown in Fig. 5b.

3.2.3. Method of Mahadevan et al.
According to Mahadevan et al. [15], the relation between In 8
and the activation energy of crystallisation can be expressed as:

lnﬂz_i

RT, + const (5)

The activation energy of crystallisation was obtained by plot-
ting InB vs. 1/Tp (Fig. 5c). The value of E. was deduced to be
248 4+ 12 kJ/mol and it is in agreement with those obtained by using
the other model free methods.

3.2.4. Isoconversional methods

From the DSC curve, « (the fraction of crystallisation) was deter-
mined in the usual way [16] as a function of temperature at various
heating rates. The plot of « as a function of temperature is shown in
Fig. 6. The Kissinger-Akahir-Sunose (KAS) [17,18] isoconversional
method employs the following equation to evaluate the activation
energy of crystallisation as a function of «,
ln% = const — R?;,-

a,i

(6)

where the subscript ‘i’ denotes the various heating rates. The slope
of the plot In(b;/ T§ ;) vs. 1/T,,; gives the value of effective activation
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Fig. 6. Fraction of crystallisation (&) as a function of temperature at various heating
rates.

energy Ey. The plot of E, as function of « is shown in Fig. 7. From this
figure, it is clear that the effective activation energy increases as a
function of & up to the value of 0.1. For the « value 0of 0.1-0.75, only a
small increase is observed, and the average value (232 + 16 kJ/mol)
within this « range matches with the value obtained by using
the previous methods. The effective activation energy is found to
increase beyond the « value of 0.75.

3.3. Study of crystallisation mechanism

The following Coats and Redfern equation [ 19] was employed to
determine the mechanism of crystallisation:

n[F2]-n[j (2]

The various expressions of g(«) functions that are tested in this
work are taken from Ref. [20]. A plot of In(g()/T?) vs. 1/T gives a
straight line when an appropriate g(«) function is used in this equa-
tion. The mechanism of the reaction is given by the g(«) function.
The possible mechanism was chosen based on the best linear fit
with highest correlation co-efficient and low standard deviation.
The best fit was obtained for the Avrami-Erofeev nucleation and
growth model (A4) with ‘n’ (Avrami-exponent) as 4 in the « range
of 0.1-0.75. The plot of In(g(«)/T?) vs. 1/T as a function of the heat-
ing rate is shown in Fig. 8, where the g(a) = [-In(1 — «)]'/4. Generally
the value of the Avrami exponent ‘n’ is equal to m or m + 1, where m
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Fig. 7. Plot of E, and average temperature T (K) as a function of «.
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Fig. 8. Plot of In(g()/T2) vs. 1/T at various 8, where g(a)=(—In(1 — &))'/#; the fitted
line is also shown.

denotes the dimension of the growth of the nuclei of crystallisation
[21-23]. When the nuclei are formed during the heat treatment
prior to the thermal analysis, the value of n equals that of m. When
the nuclei are formed during the heating run at constant §, the n
is equal to m+ 1. For the present crystallisation studies, the nuclei
were formed during heating in the DSC. Hence, n=m+1 for our
experiments. The value of m corresponds to 3, which indicates that
the growth of nuclei occurs in all three dimensions [22,23].

The Avrami exponent ‘n’ can be confirmed by the method
described below. The fraction of crystallisation («) at the constant
heating rate (B) is related to the activation energy of crystallisation
by the equation [24],
din[-In(1 —«)] . nEc 3
—dayn R ®)

The value of n depends on the dimensionality of crystal growth.
The plot of In[-In(1—«)] vs. 1/T gives linear fit for a fixed B,
which is shown in Fig. 9. From the slope, the values of nE. can be
obtained. Using the value of E. evaluated from the Coats and Red-
fern method under various 8, the value of n is evaluated and listed
in Table 1. The value of n is in good agreement with the expected
value of 4 (obtained by physical model dependent method), indi-
cating that the crystallisation mechanism involves nucleation and
three-dimensional growth.
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Fig. 9. Plot of In(—In(1 —«)) vs. 1/T at various heating rates; solid line shows the
linear fit.

Table 1
Evaluation of Avrami exponent ‘n’.
Heating rate, § (K/min) nkE. E.? (kJ/mol) n
5 1230 293 4.20
7 1335 319 4.18
10 1414 340 4.16
15 1751 423 4.14

@ From Coats and Redfern method.

Theoretically, the activation energy of crystallisation can also
be obtained from Coats and Redfern physical model dependent
method. For the IP5C5 glass, the activation energy found to increase
with heating rate. The effective activation energy was obtained by
plotting the dependence of the activation energy on 8 and extrapo-
lating it to 8=0. The effective activation energy would correspond
to226 + 14 kJ/mol at 8=0in the plot of its dependence on S (Fig.4b).
Basically, in this model-fitting method, the activation energy is
assumed to be constant. Then the E. is not expected to change
with the heating rate. However, our results show that the activa-
tion energy obtained by physical model dependent method increase
with B. Thus the assumption of constant activation energy is not
appropriate in the model-fitting method. This shows the drawback
of the physical model dependent method. Hence it is preferable to
use isoconversional and multi heating rate methods [25] for the
evaluation of activation energy.

In order to understand the increase in activation energy as a
function of heating rate, the temperature dependence of the effec-
tive activation energy was also evaluated by replacing o with an
average T[26] using the plots of @ vs. T (Fig. 5). The increase in aver-
age temperature as a function of « (Fig. 8) indicates the occurrence
of concurrent (competitive) reactions [27] during crystallisation. In
the present crystallisation process, the glass crystallises simulta-
neously into three different phases, and this could be the reason
for the increase in activation energy as a function of temperature
and conversion. Though the effective activation energy of crystalli-
sation of this glass obtained by physical model dependent method
matches (within the experimental uncertainty) with that from iso-
conversional method in the o range of 0.1-0.75, isoconversional
method are more popular and recommended [28] because of their
ability to determine the activation energy as a function of degree of
conversion and temperature.

4. Conclusion

The crystallisation kinetics of 36mol% Cs,0-26 mol%
Fe,03-P,05 glass was studied by DSC under non-isothermal
conditions. The glass and the crystallised products were char-
acterised by XRD. The glass was found to crystallise into a
mixture of CsFe(P,07), Cs7Fe7(P0O4)g0;, and Cs3P0Oy4. The activation
energy of crystallisation was evaluated by Kissinger, Mahade-
van, Augis-Bennet and isoconversional methods. Simultaneous
crystallisation of the glass into three different phases could be
the reason for the increase in activation energy as a function of
the temperature and conversion. The obtained Avrami parameter
(n=4), reveals the crystallisation mechanism to be controlled by
bulk nucleation with three-dimensional growth.
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