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Abstract

A procedure has been used for analyzing the evolution with time of the volume fraction crystallized and for cal-

culating the kinetic parameters at non-isothermal reactions in materials involving formation and growth of nuclei.

Considering the assumptions of extended volume and random nucleation, a general expression of the fraction crys-

tallized has been obtained as a function of the temperature for interior crystallization. The kinetic parameters have been

deduced, assuming that the crystal growth rate has an Arrhenius-type temperature dependence, and the nucleation

frequency is either constant or negligible. The theoretical method described has been applied to the crystallization

kinetics of glassy alloy Sb0:16As0:43Se0:41 with and without previous reheating. According to the study carried out, the

values of the kinetic exponent, n, are 1.8 for the as-quenched glass and 0.9 for the reheated glass. As n decreases with

reheating, it is possible to state that the annealing causes the appearance of new nuclei. The phases at which the alloy

crystallizes after the thermal process have been identi®ed by X-ray di�raction. Based on the di�ractogram of the

transformed material we suggest the presence of microcrystallites of Sb2Se3 and AsSe, remaining in the amorphous

matrix. Ó 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

An understanding of the kinetics of crystalli-
zation in glasses is important for the manufactur-
ing of glass-ceramics and in preventing
devitri®cation. Nucleation and crystallization rates
are sometimes measured directly in the microscope
[1] but this method could not be applied to glasses
in which nucleation and crystallization occurred in
times below 1 h. Di�erential scanning calorimetry
(DSC) is valuable for the quantitative study of
crystallization in di�erent glassy systems. This

study of crystallization kinetics has been widely
discussed in the literature [2±5]. Many authors
used the so-called Kissinger plot [5] or Ozawa plot
[6] directly to examine the kinetics of crystalliza-
tion of amorphous materials. These methods,
however, cannot be directly applied to the crys-
tallization of amorphous materials and the physi-
cal meaning of the activation energies thus
obtained are obscure because the crystallization is
advanced not by the nth-order reaction but by the
nucleation and growth processes. On the other
hand, some authors applied the Johnson±Mehl±
Avrami (JMA) [7±9] equation to the non-isother-
mal crystallization process [10±12]. Although
sometimes they appeared to get reasonable acti-
vation energies, this procedure is not appropriate
when their expressions are deduced from the JMA
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equation considering isothermal crystallization
conditions [13].

In this work, an analysis of the non-isothermal
crystallization kinetics is described on the basis of
nucleation and crystal growth processes, and it is
emphasized that the crystallization mechanism,
such as interior crystallization, should be taken
into account for obtaining a meaningful activation
energy. In addition, the present paper applies the
quoted analysis to the thermal treatment of the
glassy alloy Sb0:16As0:43Se0:41. Thus, it is possible to
state that reheating produces new nuclei. Finally,
the crystalline phases corresponding to the crys-
tallization process were identi®ed by X-ray dif-
fraction (XRD) measurements, using CuKa

radiation.

2. Theoretical background

2.1. Nucleation, crystal growth and volume fraction
crystallized

The theoretical basis for interpreting DSC re-
sults is provided by the formal theory of trans-
formation kinetics [7±9,14±17]. De®ning an
extended volume of transformed material and as-
suming spatially random nucleation [18,19] the
crystallized volume fraction is expressed as

x � 1ÿ exp�ÿxext�: �1�
Here xext represents the `extended' volume fraction
(i.e., the one which the crystallites would occupy in
the absence of interaction or overlap). The evolu-
tion with time, t, of the fraction, xext, in terms of
the nucleation frequency (per unit volume), IV, and
the crystal growth rate u, is described as

xext�t� � g
Z t

0

IV�s�
Z t

s
u�t0� dt0

� �m

ds; �2�

where g is a geometric factor, s is the time in which
an individual region is nucleated, and m is an ex-
ponent which depends on the dimensionality of the
crystal growth.

In non-isothermal experiments of interior
crystallization with a quenched glass containing
no nuclei, assuming that the crystal growth rate

has an Arrhenian temperature dependence, u �
u0 exp�ÿE=RT �, Eq. (1) becomes

ÿ ln�1ÿ x�

� gu3
0

b3

Z t

0

IV�s�
Z T

Ts

exp
ÿ�
ÿ E=RT 0

�
dT 0
�3

ds

� C1

b3

Z t

0

IV�s�I3
1 ds; �3�

where Ts is the corresponding temperature at time
s, b � dT 0=dt0 the heating rate and E being the
activation energy. Using the substitution
y0 � E=RT 0, the integral I1 is transformed to the
relationship

I1 � �E=R�
Z ys

y
eÿy0y0ÿ2 dy0 �4�

which is not integrable in closed form and is rep-
resented in the literature [20] by several approxi-
mate analytical expressions. The authors V�azquez
et al. [21] have expressed Eq. (4) by an alternating
series, resulting in

I1 � E
R

"
ÿ eÿy0y0ÿ2

X1
k�0

�ÿ1�k�k � 1�!
y0k

#ys

y

; �5�

where it is possible to use only the ®rst term,
without making any appreciable error and thus
justifying the approximation

I1 � �E=R�eÿyyÿ2 �6�

if it is assumed that Ts � T , so that ys can be taken
as in®nity and, of course y � 1 (i.e. E� RT ) [20].
Given that, asymptotically, for E� RT the expo-
nential term in Eq. (6) changes much faster com-
pared to the power law, the latter can be treated
almost as a constant and then the Eq. (6) can be
written as

I1 � A1eÿy � A1 exp�ÿE=RT �: �7�

Substituting Eq. (7) in Eq. (3) with the assumption
that the nucleation frequency is practically con-
stant and integrating the resulting expression, we
obtain
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ÿ ln�1ÿ x� � C2

b4
IV�T ÿ T0�exp�ÿ3E=RT �

� C2N0

b4
exp�ÿ3E=RT �; �8�

where N0 being the nuclei formed per unit volume
in the course of the thermal process at the heating
rate, b, that is, the area under the nucleation curve.

In the case of a glass which has been heated
previously at the temperature of maximum nucle-
ation rate for su�ciently long time, a large number
of nuclei already exist and no new nuclei are
formed during the thermal process (i.e. IV � 0).
Therefore, from Eqs. (1) and (2), the following
expression can be obtained:

ÿ ln�1ÿ x� � gN
Z t

0

u�t0� dt0
� �3

� C1N

b3
I3

2 ; �9�

N being the number of nuclei per unit volume, and
where the integral has been evaluated between 0
and t, since there is no nucleation period, s � 0.
The integral I2 has been resolved in the same
manner as I1, and substituting the resulting
expression in Eq. (9), yields

ÿ ln�1ÿ x� � C2N

b3
exp�ÿ3E=RT �: �10�

Eqs. (8) and (10) may be expressed by the more
general relationship

ÿ ln�1ÿ x� � C0b
ÿn exp�ÿmE=RT �: �11�

Here, n � m� 1 for a quenched glass containing
no nuclei and n � m for a glass containing a
number of nuclei close to the one corresponding to
the `site saturation' condition.

2.2. Calculating kinetic parameters

The usual analytical methods, proposed in the
literature for analyzing the transformation kinet-
ics, assume that the reaction rate constant can be
de®ned by an Arrhenian temperature dependence.
In order for this condition to hold, the present
work assumes that the crystal growth rate, u, has
an Arrhenian temperature dependence, and over
the temperature range where the thermoanalytical

measurements are carried out, the nucleation rate
is either constant or negligible (i.e., the condition
of site saturation). From this point of view, the
crystallization rate is obtained by deriving the
volume fraction crystallized with respect to time,
yielding

dx
dt

����
p

� K1b
ÿ�nÿ1��1ÿ xp�exp�ÿmE=RTp�: �12�

The maximum crystallization rate is found by
making dx2/dt2� 0, thus obtaining the relationship

dx
dt

����
p

� mEb�1ÿ xp�=RT 2
p : �13�

Eqs. (12) and (13) have been deduced taking a
su�ciently limited range of temperature (such as
the range of crystallization peaks in DSC experi-
ments) so that the fraction, 1/T2, can be considered
practically constant, and designating with the
subscript, p, the magnitudes corresponding to the
maximum crystallization rate. Relating the above-
mentioned equations and taking the logarithm
leads to the relationship

ln T 2
p =b

n
� �

� mE
R

1

Tp

� constant; �14�

which is a linear function, whose slope yields the
product, mE, of the process.

The use of Eq. (14) implies a previous knowl-
edge of the kinetic exponent, n, which can be ob-
tained taking the logarithm of Eq. (11), yielding

z � ln � ÿ ln�1ÿ x��
� ÿn lnbÿ mE=RT � lnC0 �15�

and representing z versus ln b at a speci®c tem-
perature. One method for determining the m is to
observe the change of n with reheating at the nu-
cleation temperature (slightly higher than the glass
transition temperature, Tg). If n does not change
with reheating, then the initial number of nuclei in
the specimen must be close to the one corre-
sponding to site saturation condition, and n � m.
If n decreases with reheating, then the initial
number of nuclei might be much lower. In this
case, m < n6m� 1 before reheating and n � m
after reheating.
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3. Experimental

The semiconducting Sb0:16As0:43Se0:41 glassy
was made from their components of 99.999 puri-
ty, which were pulverized to less than 64 lm,
mixed in adequate proportions, and introduced
into quartz ampoules. The ampoules were sub-
jected to an alternating process of ®lling and
evacuation of inert gas, to ensure the absence of
oxygen. This process ended with a ®nal evacua-
tion of up to 10ÿ2 N mÿ2, and sealing with an
oxyacetylene burner. The ampoules were put into
a furnace at around 1225 K for 24 h, turning at
1/3 rpm, to improve homogeneity of the molten
material, and then the ampoule was quenched in
water to avoid crystallization. The capsules con-
taining the samples were then put into a mixture
of hydro¯uoridic acid and hydrogen peroxide to
corrode the quartz and make it easier to extract
the alloy. The amorphous state of the material
was con®rmed by a di�ractometric X-ray scan
(Siemens D500), showing an absence of the peaks
which are characteristic of crystalline phases. The
homogeneity and composition of the samples were
veri®ed through scanning electron microscopy
(JSM-820). The calorimetric measurements were
carried out in a di�erential scanning calorimeter
(Perkin±Elmer DSC7) with an accuracy of �0.1
K, keeping a constant ¯ow of nitrogen to extract
the gases generated during the crystallization re-
actions, which, as is characteristic of chalcogenide
materials, corrode the DSC sensor equipment.
The calorimeter was calibrated, for each heating
rate, using the well-known melting temperatures
and melting enthalpies of zinc and indium sup-
plied with the instrument [22]. The analyzed
samples, were pulverized (particle size around 40
lm), crimped into aluminium pans, and their
masses were about 20 mg. An empty aluminium
pan was used as reference. The crystallization
experiments were carried out through continuous
heating at rates, b of 2, 4, 8, 16, 32 and 64 K
minÿ1. The glass transition temperature was con-
sidered as a temperature corresponding to the
in¯ection point of the lambda-like trace on the
DSC scan, as shown in Fig. 1. The crystallized
fraction, x, at any temperature T is given as
x � AT=A, where A is the total area of the exo-

therm between the temperature Ti, where the
crystallization is just beginning and the tempera-
ture Tf , where the crystallization is completed and
AT is the area between the initial temperature and
a generic temperature T, see Fig. 1. With the aim
of investigating the phases into which the samples
crystallize, di�ractograms of the material trans-
formed after the thermal treatment were obtained.
The experiments were performed with a di�rac-
tometer Philips (type PW 1830). The patterns
were run with Cu as target and Ni as ®lter
�k � 1:542 �A� at 40 kV and 40 mA, with a scan-
ning speed of 0.1° sÿ1.

4. Results

The DSC curve for sample obtained at a heat-
ing rate of 16 K minÿ1 and plotted in Fig. 1 make
it possible to determine the glass transition tem-
perature, Tg � 483:2� 2:1 K, the extrapolated
onset crystallization temperature, Tc � 580:4� 2:5
K, and the peak temperature of crystallization,
Tp � 600:2� 2:6 K. This DSC trace shows the
typical glass±crystal transformation. The DSC
data for the di�erent heating rates, b, quoted in
Section 3, show Tgs, Tcs, and Tps which increase
with increasing b, a property which has been
reported in the literature [23].

Fig. 1. Typical DSC trace of Sb0:16As0:43Se0:41 glassy alloy at a

heating rate of 16 K minÿ1. The hatched area shows AT , the

area between Ti and T.
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4.1. The crystallization

The kinetic analysis of the crystallization reac-
tions is related to the knowledge of the reaction
rate constant, K, as a function of the temperature.
In the present work it is assumed that the constant,
K, has an Arrhenius type temperature dependence.
Bearing in mind this assumption and that the nu-
cleation frequency is practically constant, as sup-
posed in this work, the overall e�ective activation
energy is related to the activation energy for
crystal growth by the ratio m/n. From this point of
view, and considering that in most crystallization
processes E� RT , the crystallization kinetics of
the alloy Sb0:16As0:43Se0:41 may be analyzed
according to the appropriate approximation
described in Section 2.

With the aim of analyzing the above-mentioned
kinetics, the variation intervals of the magnitudes
described by the thermograms for the di�erent
heating rates quoted in Section 3 are obtained and
given in Table 1, where Ti and Tp are the tem-
peratures at which crystallization begins and that
corresponding to the maximum crystallization
rate, respectively, and DT is the width of the
crystallization peak. The crystallization enthalpy,
DH, is also determined for each of the heating
rates. The crystallization rates corresponding to
the di�erent scans are represented in Fig. 2. We
observe that �dx=dt�ps increase in the same pro-
portion as the heating rate, a property which has
been discussed in the literature [23].

For the purpose of correctly applying the pre-
ceding theory, the material was reheated up to 516
K (a temperature slightly higher than Tg) for 1 h to
form a larger number of nuclei. We ascertained by

X-ray di�raction that no crystalline peaks were
detected after the annealing. From the experi-
mental data the plots of z � ln �ÿ ln�1ÿ x�� versus
ln b at di�erent speci®c temperatures has been
drawn, both for the as-quenched glass and for the
reheated glass. We observed that the correlation
coe�cients of the corresponding straight regres-
sion lines were a maximum for a given tempera-
ture, which was considered as the most adequate
one for the calculation of parameter n. Fig. 3 shows
the relation between z and ln b for as-quenched
glass at 590.1 K and reheated glass at 580.2 K.
According to Eq. (15), the slopes of these functions
give the ns, and we found that n � 1:8� 0:3 for the
as-quenched glass and n � 0:9� 0:1 for the re-
heated glass. Allowing for experimental error,
these ns are close to 2 and 1, respectively. These ns
indicate that the reheating has produced new nu-
clei, and therefore m � 1, that is, the crystal par-
ticles grow one dimensionally.

Once the crystallization mechanism is known,
according to Eq. (14) it is possible to draw the
plots in Fig. 4, which show the variation of
ln�T 2

p =b
n� versus 1/Tp. The slopes of the obtained

functions by least squares ®tting to data of
ln�T 2

p =b
n� and 1/Tp give the activation energy for

crystallization process: 34:0� 1:2 kcal molÿ1 for

Table 1

Variation intervals of the characteristic temperatures and en-

thalpies of the crystallization process of alloy Sb0:16As0:43Se0:41

for di�erent heating rates

Parameters Experimental

As-quenched Reheated

Tg (K) 469±493 468±495

Ti (K) 540±584 519±549

Tp (K) 566±625 554±608

DT (K) 52±99 71±131

DH (mcal mgÿ1) 8±11 8±10

Fig. 2. Crystallization rate versus temperature of the exother-

mal peak at di�erent heating rates.
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the reheated glass, and 65:2� 1:8 kcal molÿ1 for
the as-quenched glass. On the other hand, taking
the logarithm of Eq. (11) we obtain the expression

lnb � ÿm
n

E
RT
ÿ 1

n
ln � ÿ ln 1� ÿ x��

� constant; �16�

which permits representation of ln b versus 1/T for
a speci®c volume fraction crystallized, and E being
the activation energy of the transformation. Fig. 5
shows the relation between ln b and the reciprocal
temperature at which x reaches 0.3 and 0.7.
According to Eq. (16) this plot should give the Es,
for as-quenched glass and for reheated glass, which
are shown in Table 2. Finally, assuming that the
volume fraction crystallized at Tp is practically the
same irrespective of b, and using Eq. (16) we
obtain the activation energies, which are also given
in Table 2.

We observe that the activation energies ob-
tained for as-quenched glass and for reheated glass
di�er which con®rms, together with the ns, that the

Fig. 5. Plot of lnb versus 103/T for the values of the volume

fraction crystallized equal to 0.3 and 0.7 (b in K sÿ1): d

as-quenched glass; s reheated glass.

Table 2

Activation energy obtained from the plot of lnb versus 1/T for

given values of the volume fraction crystallized

Volume fraction

crystallized

E (kcal molÿ1)

As-quenched

glass

Reheated

glass

0.3 62:7� 1:7 39:8� 1:0

0.7 60:8� 1:7 36:8� 1:3
xp 67:5� 2:4 36:1� 1:1

Fig. 3. Variation of ln �ÿ ln�1ÿ x�� with logarithm of heating

rate (b in K sÿ1): d as-quenched glass at 590.1 K; s reheated

glass at 580.2 K.

Fig. 4. Experimental plot of ln�T 2
p =b

n� versus 103/Tp and

straight regression lines of Sb0:16As0:43Se0:41 alloy (b in K sÿ1).
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annealing produces new nuclei. From the mean of
the kinetic exponent hni � 2, and according to the
Avrami theory of nucleation, we state that in the
crystallization reaction mechanism there is di�u-
sion-controlled growth. In addition, according to
the usual criteria [24,25] for the interpretation of n,
some observations relating to the morphology of
the growth can be worked out. In the glassy alloy
Sb0:16As0:43Se0:41 as-quenched there is a relatively
stable crystalline phase (hEi � 64 kcal molÿ1), with
an interior nucleation mechanism. According to
the literature [24], the phase may be due to an
initial growth of particles nucleated at constant
rate, since the mean of the kinetic exponent is
included in the interval 1.5±2.5.

5. Identi®cation of the crystalline phases

Taking into account the crystallization exo-
thermal peaks observed in the DSC data of the
Sb0:16As0:43Se0:41 sample we try to identify the
possible phases that crystallize during the thermal
treatment by means of XRD measurements. For
this purpose, in Fig. 6 we show the most relevant
portions of the di�ractometer tracings for the
as)quenched sample and for the annealed sample.
Fig. 6(A) has maxima observed in XRD of the
amorphous phase of the starting material at
di�raction angles �2h� between 20° and 60°. Based
on the di�ractogram of the transformed material
after the crystallization process (Fig. 6(B)) we
suggest the presence of crystallites of Sb2Se3 and
AsSe indicated with d and s, respectively, while

there remains also a residual amorphous phase.
The Sb2Se3 phase crystallizes in the orthorhombic
system with a unit cell de®ned by a � 11:633 �A
b � 11:78 �A and c � 3:895 �A [26].

6. Conclusions

Our theoretical method enables us to study the
evolution with time of the volume fraction crys-
tallized in materials involving nucleation and
crystal growth processes. This procedure assumes
an extended volume of transformed material and
random nucleation. Using these assumptions we
have obtained a general expression of the volume
fraction crystallized, as a function of temperature
in interior crystallization processes. We conclude
that the numerical factors, n and m depend on the
mechanism of nucleation and growth, and the di-
mensionality of the crystal. In addition we found
that, n � m� 1 for a quenched glass containing no
nuclei while n � m for a glass containing a large
number of nuclei. The kinetic parameters were
deduced based on a maximum crystallization rate.
For the alloy Sb0:16As0:43Se0:41, with and without
previous reheating, we establish that the reheating
causes the appearance of new nuclei. The proposed
method for the thermal analysis of this alloy has
given results in agreement with the properties of
the material under study. The value found for the
kinetic exponent of the as-quenched glass is con-
sistent with a mechanism of volume nucleation
and one-dimensional growth. Finally, we have
identi®ed the crystalline phases from the XRD

Fig. 6. (A) Di�ractogram of amorphous alloy Sb0:16As0:43Se0:41. (B) Di�raction peaks of alloy crystallized in DSC.
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pattern of the transformed material and suggest
the existence of crystallites of Sb2Se3 and AsSe
remaining in the amorphous matrix.
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