
Introduction

The glasses containing lead are known from the an-
cient time and are frequently used for the fabrication of
the so-called ‘crystal glass’ due to their high refractive
index. The interest for the glasses containing PbO was
reconsidered in the last time due to the possible appli-
cation in domains as: optics, electronics, nuclear tech-
niques [1–9], as well as due to the possibility offered
for toxic and nuclear wastes inertisation [10–14].

The physical-chemical properties of the glasses
could be evaluated by their tendency of crystallisation
and the quantitative characterisation of this tendency
could be obtained by calculation of the kinetic param-
eters of crystallisation.

Generally, when glasses are heated (the thermal
treatment depends on the chemical composition) they
may undergo crystallisation and oxide compounds oc-
cur (according to the phase diagrams), phenomenon
that appears in the DTA curves as an exothermic effect.

The glass crystallisation could occur either in the
presence of nucleation agents (method used for the
glassceramics production) [15] or in their absence. In
the absence of the nucleation agents the crystallisa-
tion starts from the surface and only some systems
could crystallise in the volume [16]. The crystallisa-
tion tendency is strongly influenced by the presence
of different oxides due to the asymmetry centres in-
duced into the lattice.

It is important to know the kinetic parameters of
crystallisation to establish the technological conditions

of obtaining the glasses, for controlling the fabrication
process (determination of the annealing temperature,
softening temperature, etc.) as well as for obtaining of
pre-established chemical, mechanical and thermal
properties.

Several authors studied the crystallisation ten-
dency of the oxide glasses by determining the kinetic
parameters of the process [17–25].

The purpose of the present work is the kinetic
analysis of the non-isothermal crystallisation of a
glass in the ternary system SiO2–PbO–Na2O.

Experimental

The methods used to evaluate the kinetic parameters

Experimental data for the kinetic analysis of the pro-
cesses that take place with participation of solid
phases, including the crystallisation, can be obtained
under different conditions. We are going to analyse
data obtained under non-isothermal conditions, with a
linear regime of temperature increase in time
�=dT/dt=const., where � is the heating rate, T is the
temperature, and t is the time). Under such conditions,
for a process occurring in a single step, the rate is ex-
pressed by the known general equation [26]:
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where � is the conversion degree, A is the pre-expo-
nential factor, E is the activation energy, f(�) is the dif-
ferential conversion function and R is the gas constant.

The use of Eq. (1) assumes that the kinetic triplet
(E, A, f(�)) describes the time evolution of a physical
or chemical change.

Starting from Eq. (1) various methods of kinetic
triplet evaluation were developed. Some relatively re-
cent papers [27–39] contain critical analyses of these
methods. Such analyses evidenced the importance of
the isoconversional methods, which necessitate to re-
cord curves � vs. T at several heating rates. These
methods allow obtaining only the dependence of the
activation energy on the conversion degree, without
knowing the expression of the conversion function.
For A and f(�) evaluation other methods are used. Be-
low the methods taken into consideration for kinetic
analyses of the glass crystallisation are presented.

Isoconversional methods

The isoconversional procedures can be classified as
linear and non-linear ones. In the linear procedures
(Friedman (FR) [40], Flynn–Wall–Ozawa (FWO)
[41, 42], Kissinger–Akahira–Sunose (KAS) [43],
Li–Tang (LT) [44]) the activation energy is evaluated
from the slope of a straight line, while in the integral
[45, 46] and differential [47] non-linear procedures,
the activation energy is evaluated from a specific
minimum condition. It was shown [47] that if E does
not depend on �, all the methods lead to the same
value of the activation energy. Therefore in this paper
we used only the integral linear isoconversional meth-
ods FWO and KAS.

• Flynn–Wall–Ozawa method [41, 42] (FWO method)

This is an isoconversional linear integral method
based on the equation:
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is the integral conversion function.
For �=constant, the plot ln� vs. 1/T, obtained

from curve recorded at several heating rates, should
be straight line from the slope of which the activation
energy can be evaluated.

• Kissinger–Akahira–Sunose method [43] (KAS
method)

This isoconversional integral method is based on the
following relationship:
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Thus, for �=constant, the plot ln(�/T 2) vs. 1/T,
obtained from curve recorded at several heating rates,
should be a straight line of which slope can be used to
evaluate the activation energy.

• The invariant kinetic parameters method [48, 49]
(IKP method)

The IKP method is based on the observation [50, 51]
that the same experimental curve �=�(T) can be de-
scribed quite correctly by several functions of conver-
sion. For a single �=�(T) curve, the values of the activa-
tion parameters, obtained for various forms of f(�), are
correlated through an apparent compensation effect:

lnA=�*+�*E (4)

where �* and �� are constant parameters (compensa-
tion effect parameters).

In order to apply this method for a given hetero-
geneous reaction, �=�(T) curves for several heating
rates (��, �=1, 2, 3…) should be recorded. A set of con-
version functions, fj, j=1, 2, 3… is also considered (the
expressions of the conversion functions corresponding
to heterogeneous processes are given in [37, 52].

For each heating rate, ��, the pairs (A�j, E�j), char-
acteristic for each conversion function, are determined,
using an integral or differential method. In this work the
integral method suggested by Coats and Redfern (CR
method) [53] that is based on relation (5) will be used.

ln[g(�)/T 2]=ln[AR/�]–E/RT (5)

A plot ln[g(�)/T 2] vs. 1/T for a given analytical
form of g(�) should be a straight line of which param-
eters are lnA and (–E/R).

Using the relation of the apparent compensation
effect, the compensation parameters ( , )* *� �� � are de-
termined for each heating rate. The straight lines lnA�

vs. E� for several heating rates should intersect in a
point which corresponds to the true values of A and E.
These were called by Lesnikovich and Levchik
[48, 49], the invariant activation parameters (Ainv, Einv).
Certain variations of the experimental conditions actu-
ally determine a region of intersection in the space
(lnA; E). For this reason, the evaluation of the invariant
activation parameters is performed using the relation:

ln * *A Einv inv� �� �� � (6)

which leads to super correlation equation:

� �� �
* *ln –� A Einv inv (7)

Thus, a plot � �� �
* *.vs is actually a straight line

the parameters of which allow evaluating the invari-
ant activation parameters.
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The IKP method can be used for numerical eval-
uation of g(�), by introducing in Eq. (3) the value of
the invariant kinetic parameters. The numerical val-
ues of g(�) could be used for numerical evaluation of
f(�). Obviously, for each considered �, the values of
g(�) should not depend on the heating rate. Concern-
ing the accuracy of this procedure of evaluating the
function of conversion, one has to emphazise that for
each g(�) from the considered initial set, there are
standard deviations of lnA and E, which introduce
standard deviations of � �� �

* *and . By applying the
IKP method for the kinetic analysis of simulated and
experimental data [37] one has observed that: (a) The
standard deviations of � �� �

* *and have practically the
same values for all heating rates; (b) The standard de-
viations of ��

* are small and practically negligible,
while the standard deviations of � �

* can have rela-
tively high values; (c) The values of Einv are similar to
those obtained by using isoconversional methods.
The relatively high standard deviations of � �

* lead to
relatively high errors in the evaluation of lnAinv.

Discrimination procedure of the conversion function
from a set of pre-established expressions of f(�)

For discrimination among several f(�) expressions we
shall apply the method in accordance with analytical
form of f(�) that, for several heating rates, lead to the
same value of the pre-exponential factor [54, 55]. By
the application of this method to the kinetic analysis of
same non-isothermal data obtained at several heating
rates, for a given process, Perez-Maqueda et al. [55]
have drawn the lines ln[�(d�/dT)/f(�)] vs. 1/T for a set
of conversion functions and for all heating rates. For a
given function of conversion one of the following
curves family resulted: (a) non-linear curves; (b) linear
curves, parallels, but with intercept depending on heat-
ing rate; (c) one line for all heating rates. The real con-
version function corresponds to the case (c). In this pa-
per, the Eq. (3), according to which ln[�(g(�)/T 2)] vs.
1/T should be a straight line for all heating rates, will
be used for discrimination of the conversion function.

Experimental

Glass preparation

The raw materials were PbO, SiO2, Na2CO3 produced
by Merck (analytical grade reagents). They were
weighed according to the chosen receipts, mechani-
cally homogenised for 30 min, melted in an electrical
oven at 1200–1300°C and then quenched quickly in
cold water. The X-ray diffraction preliminary measure-
ments on thus obtained glasses showed that the glass
with a molar composition 49% SiO2, 12.8% PbO,

38.2% Na2O was the most easily crystallised and
therefore it was subsequently used for determining the
kinetic parameters of the crystallisation process.

XRD analysis

X-ray analysis of the glasses was performed with a
DRON-3 equipment using CuK� radiation.

DTA analysis

DTA curves of powder samples with size between
0.3–0.5 mm were recorded with a Q-1500D (MOM,
Hungary) Paulik–Paulik–Erdey derivatograph in
static air atmosphere in the temperature range
20–1000°C at average heating rate values of 2.32,
5.62, 9.87, 21.54 K min–1.

For each crystallisation degree, the local heating
rate was determined. These values of the heating rates
were used for evaluation of the kinetic parameters.

Results and discussion

XRD analysis

From the XRD results the vitreous character of the
elaborated glass was established. In order to deter-
mine the crystalline phase formed by thermal treat-
ment, XRD analysis were realised on the samples
crystallised up to 500°C and in the vitreous transition
domain 400°C. In both cases, similar XRD patterns
were obtained indicating the crystallisation of one
crystalline phase, respectively, the Na2OSiO2, accord-
ing to the 15-818 ASTM (Fig. 1).

DTA analysis

Figure 2 depicts the crystallisation exothermal effect
for the investigated material recorded at 5 K min–1.
Similar curves were obtained for all heating rates. It
comes out that the exothermal peak corresponding to
the glass crystallisation (noted by CRYS) is preceded
by a change of the baseline, which corresponds to the
vitreous transition (noted by GT). In order to establish
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Fig. 1 XRD diffraction patterns of the glass sample heated:
a – 400°C, b – up to 500°C



the temperatures of the beginning and the end of the
crystallisation process (T0, respectively Tf), were
drawn the curve [d(�T/m)/dT] vs. T. Figure 3 shows a
curve obtained using the data from Fig. 2.

The crystallisation degree, corresponding to a
given temperature, was evaluated using the relation:

� ( )E
s

S
� T (8)

where sT is DTA curve area between the initial tem-
perature (T0) and the temperature T; S is the total peak
area delimited by the DTA curve.

The principal cause of evaluation of the �(T) er-
rors in this method is the drawing of the baseline, due
to a substantial change of sample heat capacity during
measurements. These errors are relatively high at the
small and high values of the conversion degree � (at
the beginning and the end of the DTA curve). For this

reason, in the present work, the kinetic analyses of
non-isothermal data will be realised for a conversion
degree in the range 0.1–0.7.

Through application to Flynn–Wall–Ozawa and
Kissinger–Akahira–Sunose isoconversional methods
were obtained:

• in the range 0.1���0.7, the activation energy does
not depend on the crystallisation degree EFWO =
173.4�6.4 kJ mol–1; EKAS =168.8�6.6 kJ mol–1)

• in the range 0.1���0.5 standard deviations of EFWO

and EKAS are lower than 10%, while in the range
0.5���0.7 those deviations increase with � up to
13.9% for EFWO method and up to 15.1% for EKAS

method.

The small difference between EFWO and EKAS can
be assigned to different approximations of the tem-
perature integral, which leads to slight deviations of
the relations (2) and (3).

Malek [56] summarised the possible causes of rel-
atively high standard deviations (>10%): (a) erroneous
drawing of the DTA baseline due to substantial change
of sample heat capacity during the measurements,
(b) the measured data correspond to a complicated pro-
cess (parallel or consecutive processes, branching),
(c) thermal inertia effects caused by lower thermal con-
tact between the sample and temperature sensor,
(d) low thermal conductivity of amorphous material.

In order to apply IKP method we are going to fo-
cus on the 0.1���0.7 range where E values are practi-
cally constant. The kinetic models F2/3; F1; F2; F2.5; F3;
A0.5; A0.8; A1.3; A2; A3, were considered. For these
models a straight line is drawn, corresponding to
Coats–Redfern method of kinetic parameters evalua-
tion. The values on this straight line are characterised
by |r| close to 1.

The activation parameters were evaluated by
Coats–Redfern method. The values of these parameters
are shown in Table 1. One can note that the values of the
activation parameters depend on the kinetic model as
well as on the heating rate. This last dependence is not
monotonous (decreasing or increasing). All the E values
differ from those evaluated by means of isoconversional
method. That means that none of the considered kinetic
models corresponds to the true kinetic model.

As expected, for each heating rate the activation
parameters are correlated through the compensation
effect relationship (Eq. (4)). The compensation effect
parameters are listed in Table 2.

As � �� �
* *and and are correlated by super-

correlation relation (Eq. (7), Fig. 4), one obtains:
lnAinv=23.376�3.378 (Ainv expressed in min–1),
Einv=171.6�22.5 kJ mol–1. Thus, the value of Einv, prac-
tically equals the values of the activation energy ob-
tained by means of isoconversional methods for
0.1���0.7, although the values of E from Table 2 are
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Fig. 2 The DTA curve for crystallisation of the glass with
49% mol SiO2, 12.8% mol PbO, 38.2% mol Na2O com-
position, recorded at the heating rate of 5 K min–1

Fig. 3 The curves d(�T/m)dT vs. T for the crystallisation of in-
vestigated glass. (�T is the various of the temperature,
m is the sample mass)
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different. Even the standard deviation of Einv (�13.1%)
is close to that corresponding to EFWO and EKAS for
0.5���0.7. It follows that IKP method leads to correct
values of the activation parameters even if none of the
considered kinetic models described correctly the in-
vestigated system from kinetic standpoint.

The values of the invariant parameters and the
values of �(T) experimentally determined were used
for numerical evaluation of f(�) for each heating rate.
The results are shown in Fig. 5. As one can see, there
are some differences among the f(�) values corre-
sponding to various heating rates. These can be due to
the experimental errors, and to the errors of � evalua-
tion from DTA curves. These errors are reflected in
the standard deviations of ln Ainv and Einv.

The shapes of the curves f(�) vs. � from Fig. 5
suggest the following form for the expression of f(�):

f m( ) ( – )[–ln( – )]
–
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1 1
1
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which corresponds to the kinetic model Am (JMAEK
model). This kinetic model is characteristic to
crystallisation by rapid growth of the nuclei inside an
existing (given) matrix [57].

For evaluation of the parameter ‘m’ the follow-
ing methods will be used:

(a) The relation between conversion degree which
corresponds to the maximum value of f(�) (Fig. 5)
and m [56]

� M � �
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(b) The method suggested by Malek [56] based on the
relation:
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It resulted that m can be calculated from the
slope of line ln [–ln(1–�)] vs. (1/T), using the value E
determined with an isoconversional method (the EFWO

will be used).
(c) The method that was suggested by Ozawa [58] ac-
cording to which m is the slope of line ln[–ln(1–�)]
vs. ln� at a constant temperature.

The obtained results are presented in Table 3.
One may notice that all methods lead to the similar
values of ‘m’ parameter with acceptable errors. In the
other recent works, similar errors in the evaluation of
‘m’ parameter were reported [56, 59]. The mean value
of m is 1.47�0.19. It was pointed out [60, 61] that the
values of f(�) determined by IKP method are espe-
cially affected by the errors in evaluation. Conse-
quently, the values of f(�) determined by IKP method
are proportional to the real f(�) values. In order to dis-
criminate the kinetic model, the shape of f(�) vs. �
curve determined by IKP could be compared with the
shapes of f(�) vs. � curves corresponding to known
kinetic models. The true kinetic model can be ob-
tained by successive application of IKP method and
the criterion of the independence of kinetic parame-
ters on the heating rate. For this purpose the following
relation which results from the Coats–Redfern
method Eq. (5) was used.

ln
( )

ln –�
�g

T

AR

E

E

RT2
� (12)
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Table 2 The values of the compensation parameters for the
data from Table 1

�/K min–1 –�*, A/min–1 �*/mol kJ–1 r

2.32 3.609�0.323 0.1565�0.0011 0.99977

5.62 2.538�0.327 0.1515�0.0009 0.99984

9.87 2.064�0.332 0.1494�0.0010 0.99982

21.54 1.489�0.322 0.1441�0.00011 0.99976

Fig. 4 Verifying the supercorrelation relation Eq. (7)

Fig. 5 Dependence of f(�) on �



The curves ln[�(g(�)/T 2)] vs. 1/T for the g(�)
corresponding to Am kinetic model with m=1.3, 1.4,
1.5, 1.6, 1.7, and all used heating rates were drawn.
All points are placed around/on the same line only for
m=1.5 (Fig. 6). From the parameters of this straight
line the activation parameters were evaluated obtain-
ing lnA=23.190�0.293 (A expressed in min–1) and
E=170.5�2.5 kJ mol–1 (r= –0.9930). The value m=1.5
can be explained by assuming any of two following
mechanism [62]: (1) instantaneous nucleation (satura-
tion of the sites capable of nucleation prior to the pro-
cess) and subsequent three-dimensional growth of the
nuclei by diffusion controlled rate, or (2) constant rate
of homogeneous nucleation and one-dimensional
growth of the nuclei (branching) through diffusion
controlled process.

It comes out that these values of the activation
parameters are in good agreement with the values ob-
tained by the other methods mentioned above.

Figure 7 shows comparatively the experimental
and reconstructed �=�(T) curves using kinetic triplet
lnA=23.190 (A expressed in min–1) and
E=170.5 kJ mol–1 and A1.5 model. It comes out that a
satisfactory agreement among the experimental and
reconstructed �=�(T) curves exist.

Conclusions

The isoconversional methods Flynn–Wall–Ozawa
and Kissinger–Akahira–Sunose as well as IKP method
were used for the kinetic analysis of the non-isothermal
crystallisation of a soda-lead-silica glass.

The use of the IKP method led to the evaluation
of the invariant activation parameters, which were
used for numerically evaluation of the function of
conversion. In order to determine the kinetic model,
IKP method was associated with the criterion of coin-
cidence of the kinetic parameters for all heating rates
and some procedures for evaluation of the parameter
from the JMAEK equation. The application of
isoconversional method and IKP method led to the
values of the activation energy, which are all in a very
good agreement. It was pointed out that the investi-
gated process is well described by JMAEK model
with m=1.5. The obtained kinetic triplet
E=170.5�2.5 kJ mol–1, A=1.178�0.350·1010 min–1 and
f(�) given by JMAEK equation with m=1.5 was used
for calculation of � vs. T curves.

A satisfying agreement of these calculated curves
with those experimentally obtained was put in evidence.
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Table 3 The evaluation of the m parameter

From maximum f(�) vs. � Malek method Ozawa method

�/K min–1 m �/K min–1 m T/°C m

2.32 1.20 2.5 1.41�0.03 535 1.38�0.19

5.62 1.54 5 1.85�0.02 540 1.35�0.19

9.87 1.43 10 1.74�0.02 550 1.34�0.19

21.54 1.37 20 1.54�0.01

m=1.47�0.19

Fig. 6 The ln[�(g(�)/T 2] vs. 1/T line for the Malek model,
with m=1.5 and all heating rates

Fig. 7 The experimental and reconstructed �=�(T) curves for
kinetic model A1.5, E=170.5 kJ mol–1 and lnA=23.190
(A expressed in min–1)
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