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bstract

The structure and kinetics of the crystallization reaction of amorphous Te51.3As45.7Cu3 were studied under nonisothermal conditions using
canning electron microscopy (SEM) and differential scanning calorimetry (DSC). Two exothermic changes were reported. Five isoconversional
ethods, of Kissinger–Akahira–Sunose (KAS), Flynn–Wall–Ozawa (FWO), Tang, Starink, and Vyazovkin, were used to determine the variation of

he activation energy for crystallization with temperature, E�(T). The results show that the activation energy for crystallization associated with the

rst peak first decreases with increasing temperature and then increases. Different behaviour was observed for the second peak, where an increase
f E� with temperature followed by a decrease. The effect of heating rate on the reaction model, g(α), was also different for the two crystallization
eaks.

2008 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, there has been a growing interest in amor-
hous semiconductors, especially those known as chalcogenide
lasses. This is due to the fact that some amorphous materials
how certain unusual switching properties that could be impor-
ant in modern technological applications such as switching,
lectrophotography, and memory devices.

Structural studies of chalcogenide glasses are important in
etermining their transport mechanisms, thermal stability and
ractical applications. Different techniques have been used to
tudy the structure of chalcogenide glasses, such as scanning
lectron microscopy (SEM), X-ray diffraction (XRD) and differ-
ntial scanning calorimetry (DSC) [1–3]. On the other hand, the
se of isoconversion methods (model-free) is a trustworthy way
f obtaining reliable and consistent kinetic information from
oth nonisothermal and isothermal data. It can also help to reveal

he complexity of multiple reactions due to the dependencies of
ctivation energy on the extent of conversion.

∗ Corresponding author. Tel.: +966 4822 6462; fax: +966 4823 3727.
E-mail address: aaljoraid@taibahu.edu.sa (A.A. Joraid).

1 On leave from Physics Department, Assiut University, Assiut, Egypt.
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Our recent works with chalcogenide glasses resulted in
sing isoconversion methods as a reliable way for the cal-
ulation of activation energies [1,2,4]. This paper is intended
o study the crystallization kinetics of a system contain-
ng two peaks. The activation energies of crystallization of
e51.3As45.7Cu3 chalcogenide glass associated to the two
eaks were calculated by means of nonisothermal techniques.
he effect of annealing on the structure was investigated by
EM.

The system Te–As–Cu attracted considerable attention in the
ast because of the fact that addition of d-elements, such as Cu,
o the chalcogenide glasses causes significant changes in their
roperties. This may reflect positively on their technological
pplications.

. Experimental

.1. Sample preparation

Bulk material was prepared by the well-established melt-

uench technique. High purity (99.999%) Te, As and Cu in
ppropriate atomic percentage proportions were weighed and
ealed in a quartz glass ampoule under a vacuum of 10−4 Torr.
he contents were heated to about 1250 K for 36 h. During the

mailto:aaljoraid@taibahu.edu.sa
dx.doi.org/10.1016/j.tca.2008.02.010
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for the binary crystalline phase Cu–As is the presence of
the peak at 2θ = 43.62◦ which could be attributed to Cu5As2
[JCPDS file 21-0279] and the peaks at 2θ = 50.15◦, 52.61◦ and
Fig. 1. EDX results of the chalcogenide Te51.3As45.7Cu3.

elt process, the tube was frequently shaken to homogenize the
esulting alloy.

.2. Instrumentation

DSC experiments were performed using Shimadzu DSC-60
nstrument, with a temperature accuracy of ±0.1 K under dry
itrogen supplied at a rate of 35 ml min−1. The samples, 2–3 mg,
ere encapsulated in standard aluminum pans. Nonisothermal
SC curves were obtained at selected heating rates between 3

nd 99 K min−1. The temperature and enthalpy calibrations were
hecked with indium (Tm = 429.75 K, �Hm = 28.55 J g−1) as a
tandard material supplied by Shimadzu.

The structure of the samples was examined using a Shi-
adzu XRD-6000 X-ray diffractometer using Cu K� radiation

λ = 1.5418 Å). The X-ray tube voltage and current were 40 kV
nd 30 mA, respectively.

The surface microstructure was revealed by SEM (Shimadzu
uperscan SSX-550), and the composition of the alloy was
hecked by EDX.

. Results and discussion

.1. Structural study

Qualitative and quantitative calculations were performed
sing the EDX technique accomplished with SEM from the
isplayed characteristic X-ray pattern. The results obtained are
hown in Fig. 1. The atomic percentage ratios of Te, As and Cu
ere found to be 51.3%, 45.7% and 3.0%, respectively.
DSC measurements were conducted on a sample of

e51.3As45.7Cu3 by heating from room temperature to about
00 K, at heating rates of 3–99 K min−1. Fig. 2 shows a typical
hape of the obtained results.
The transformation from the amorphous to the crystalline
tate was investigated by X-ray diffraction measurements per-
ormed on samples annealed under isothermal condition. The
s-prepared sample was amorphous, as shown in Fig. 3a.

F
a

ig. 2. Typical DSC trace of the chalcogenide Te51.3As45.7Cu3 heated at a con-
tant rate of 30 K min−1. The selected stages of annealing temperature for SEM
re shown.

nnealing at various temperatures, (Ta), (463, 478 and 518 K)
or 15 min increases the sharpness of the lines, indicating
rain growth. The presence of a (1 1 2) as a main peak at
θ = 29.67◦ could be attributed to As2Te3 [JCPDS file 75-
470]. There is a gradual phase change as the temperature
oes up (Fig. 3b and c), but a remarkable change occurred at
nnealing temperature of 518 K where the peak at 2θ = 30.93◦
early disappeared as indicated in Fig. 3d. The two binary
rystalline phases Cu–Te and Cu–As with broad composition
anges were recognized at high temperature. For examples of
hese phases the presence of the two peaks at 2θ = 27.2◦ and
7.55◦ which could be attributed to Cu13Te7 [JCPDS file 36-
255]. Also the occurrence of the two peaks at 2θ = 38.66◦
nd 45.89◦ which could be attributed to Cu4Te3 and Cu2Te,
espectively [JCPDS files 42-1253 and 45-1279]. An evidence
ig. 3. The XRD patterns of the as-prepared sample and of the annealed samples
t different annealing temperatures, Ta.
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ig. 4. SEM micrograph of Te51.3As45.7Cu3 as prepared in bulk specimen,
3000.

3.53◦ which could be attributed to Cu9.5As4 [JCPDS file 21-
280].

Two exothermic changes were observed: the first one (P1)
as between 455 and 500 K for a heating rate of 3–99 K min−1,

nd the second (P2) from 495 to 542 K for the same heating
ate rage. The change in morphology under isothermal anneal-
ng was recorded by SEM. The morphology of Te51.3As45.7Cu3
ecovered for the as prepared bulk specimen is shown in Fig. 4.
he micrograph shows the conchoidal contours, which indicate

he glassy state. Fig. 5a–f show the effect of heat treatment on
he Te51.3As45.7Cu3 chalcogenide under nitrogen flow. Fig. 5a
hows an SEM micrograph of the Te51.3As45.7Cu3 sample
fter annealing for 15 min at 433 K. The micrograph indicates
hat the glass structure is still unchanged, but with some dis-
ortion. This distortion dramatically increases as temperature
ncreases, accompanied by the beginning of crystallization as
hown in Fig. 5b for a sample annealed at 463 K for 15 min.
y increasing the annealing temperature to 478 K for 15 min,

he crystalline morphology covered the specimen surface and
xtended into the bulk material as shown in Fig. 5c. The micro-
raph shows that the crystals have a three-dimensional stack
rrangement. As evidenced from Fig. 5d, another phase of
rystallization started to developed for the sample annealed
t 508 K for the same annealing time. Increasing the anneal-
ng temperature to 523 K was accompanied by growth of the
rystalline phase, in the form of fine elongated strings as
hown in Fig. 5e. These strings form branches and start at cen-
ers that are randomly distributed in the medium as shown in
ig. 5f for sample annealed at 538 K for 15 min. The crystalline
orphology is homogenous and covers the specimen surface

ompletely.

.2. Kinetic study

The purpose of this study was to examine the crystallization
inetics and the effect of temperature on the activation energy

f Te51.3As45.7Cu3 chalcogenide glass by means of nonisother-
al techniques. Model-free isoconversion methods are the most

eliable methods for the calculation of the activation energy of
hermally activated reactions [4–13]. A large number of isocon-
a Acta 470 (2008) 98–104

ersion methods have been conducted for polymer materials, but
nly a few for studies on chalcogenide glasses.

The assumption that the transformation rate of a solid-state
eaction in isothermal conditions is the product of two functions,
ne dependent on the temperature, T, and the other dependent on
he conversion fraction, α, can be generally described by [4–13]:

dα

dt
= k(T ) f (α), (1)

here k(T) is the reaction rate constant, f(α) is the reaction
odel, and α is the conversion fraction that represents the vol-

me of the crystallized fraction.
Under nonisothermal conditions with a constant heating rate

f β = dT/dt, the kinetic equation combined with the Arrhenius
pproach to the temperature function of the reaction rate constant
ay be rewritten as:

dα

dT
= A

β
exp

(
− E

RT

)
f (α), (2)

here A (s−1) is the pre-exponential (frequency) factor, E
kJ mol−1) is the activation energy, and R is the universal gas
onstant.

This equation can be integrated by separation of variables
8,13,14]:

α

0

dα

f (α)
=A

β

∫ T

T0

exp

(
− E

RT

)
dT ≈ AE

βR

∫ T

0

exp (−y)

y2 dy,

(3)

here T0 is the initial temperature, y = E/RT and T is the tem-
erature at an equivalent (fixed) state of transformation. The
ntegral on the right-hand side is usually called the temperature
ntegral, P(y), and does not have analytical solution.

(y) =
∞∫
yf

exp (−y)

y2 dy. (4)

To solve the temperature integral, several approximations
ere introduced. In general, all of these approximations lead

o a direct isoconversion method in the form of:

n

(
β

T k

)
= C − E

RT
. (5)

For each degree of the conversion fraction, α, a corresponding
αi and heating rate are used to plot ln(βi/T k

αi) against 1/Tαi. The
ctivation energy, Eα, is then determined from the regression
lope.

However, the most popular models used for calculation of
ctivation energy are:

- The Kissinger–Akahira–Sunose (KAS) method [15–17],

which takes the form:

ln

(
βi

T 2
αi

)
= CK(α) − Eα

RTαi

. (6)
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ig. 5. SEM micrograph of Te51.3As45.7Cu3 annealed for 15 min at different tem
t 478 K, ×3000; (d) annealed at 508 K; ×3000; (e) annealed at 523 K, ×3000;

- The Flynn–Wall–Ozawa (FWO) method, suggested indepen-
dently by Flynn and Wall [18] and Ozawa [19]. This method
is given by:

ln βi = CW(α) − 1.0518
Eα

RTαi

. (7)

- The Tang method. A more precise formula for the tempera-
ture integral has been suggested by Tang et al. [20], which

can be put in the form:

ln

(
βi

T 1.894661
αi

)
= CT(α) − 1.00145033

Eα

RTαi

. (8)
t
[
a

res. (a) Annealed at 433 K, ×1000; (b) annealed at 463 K, ×3000; (c) annealed
nealed at 538 K, ×1000.

- The Starink method [8,13], another new method, which is
given by:

ln

(
βi

T 1.92
αi

)
= CS(α) − 1.0008

Eα

RTαi

. (9)
A second way of extracting the same information is by using
he advanced isoconversional method developed by Vyazovkin
21,22]. This method is a nonisothermal method that utilizes
n accurate approximation of temperature integral, P(y), which
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multi-step kinetics reaction.

Fig. 9 displays the resulting E�(T) dependence, as obtained
from Eqs. (6)–(10). The values of E� for P1 are positive and
decrease with temperature for all methods used, which simply
ig. 6. The separation process for the first (P1) and second (P2) peaks by
aussian fit, at a constant heating rate of 3 K min−1.

eads to:

=
n∑

i=1

n∑
j �=i

I(Eα, Tαi)βj

I(Eα, Tαj)βi

, (10)

here n is the number of experiments carried out at different
eating rates. The activation energy can be determined at any
articular value of α by finding the value of E� which minimizes
he objective function Ω.

The temperature integral, I, was evaluated using an approxi-
ation suggested by Gorbachev [23]:

T

0
exp

(−E

RT

)
dT = RT 2

E + 2RT
exp

(−E

RT

)
, (11)

The aim of this article is the application of the isoconversional
ethods mentioned in Eqs. (6)–(10) to evaluate the activation

nergy for crystallization, E�(T), and to obtain the dependence
f E�(T) on α and T for all heating rates applied for the glass
lloy Te51.3As45.7Cu3.

The most widely used model in obtaining the activation
nergy for these glasses is the Johnson–Mehl–Avrami (JMA)
odel for nonisothermal kinetics [24]. This model implies that

he Avrami exponent, n, and the activation energy, E, should
e constant during the transformation process. Recent papers in
his field have shown that n and E are not necessarily constants,
ut show variation in different stages of the transformation
1,2,4,24].

The first step used in the calculation of the activation energy
or crystallization is the separation of the processes for the first
P1) and second (P2) peaks by Gaussian fit as shown in Fig. 6.
fter this, each peak was treated individually.
Hence, to obtain E, the Kissinger equations (Eq. (6)) was

sed on a conversion fraction of α = 0.5 at different heating
ates, βi. The plots of ln (βi/T 2

αi) against 103/T�i are shown in
ig. 7 for P1 and P2. It is evident that the data for P1, can be

tted in two regions leading to two different values of the activa-

ion energy for crystallization. This gives a good indication that
he crystallization reaction follows more than one mechanism
or the first peak. The results obtained for P1 gave 177 ± 4 for

F

v

a Acta 470 (2008) 98–104

< 25 K min−1 and 115 ± 4 kJ mol−1 for β > 25 K min−1. The
ata for P2, as shown in Fig. 7, indicate a single reaction process
hat gave a value of E equal to 151 ± 2.

According to the JMA transformation equation, Ligero et
l. [25] found the activation energy of crystallization for the
lloy Te45As50Cu5 to be equal to 203.15 and 240.8 kJ mol−1 for
he first and second peak, respectively. By using the Kissinger’s
quation, Vazquez et al. [26] obtained a value of 222.85 kJ mol−1

or E for the composition Te45As45Cu10. Via isothermal study of
he glass compound Te45As20Cu35, Wahab et al. [27] obtained a
alue of 50.7 kJ mol−1 for the first peak. While the second peak
ave two distinct values of activation energy for crystallization,
or crystallized fraction α < 0.17, they obtained a value for E
f 218.6 kJ mol−1, and for α = 0.17–0.99, the value of E was
2 kJ mol−1.

To evaluate the activation energy for crystallization, E�(T),
he isoconversional methods mentioned in Eqs. (6)–(10) were
sed on the overall crystallization data to obtain the dependence
f E�(T) onα for all heating rates. By replacingαwith the respec-
ive temperature interval, the dependencies of E� on temperature
an be obtained [1].

Fig. 8 shows the dependence of E� on α, for P1 and P2
ransformations. The results were obtained by applying the five
soconversional methods (KAS, FWO, Tang, Starink and Vya-
ovkin) mentioned in Eqs. (6)–(10). The curves show that all
ethods leads to similar values of E�.
For P1 the results show that E� first increases with the extent

f conversion, α, then decreases rapidly, approximately lin-
arly in the conversion range of 0.1 ≤ α ≤ 0.75. At α > 0.75, E�

ncreases. Three regions were noticed for P2. First an increase of
� with α followed by a nearly constant value of E� in the range
f 0.3 ≤ α ≤ 0.6, and finally, E� decreases with α. The occur-
ence of the dependence of E� on the volume of the crystallized
raction instantly suggests that the data under study follow a
ig. 7. Experimental plot of first peak (P1) and second peak (P2) of ln (βi/T 2
α,i)

s. 103/T�,i and a straight regression lines for β = 3–99 K min−1 and α = 0.5.
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Table 1
Common solid-state reaction models used to describe the crystallization process

Model notation g(α) Mechanism

A1.5 [−ln(1 − α)]2/3 Avrami–Erofeev, n = 1.5
A2 [−ln(1 − α)]1/2 Avrami–Erofeev, n = 2
A3 [−ln(1 − α)]1/3 Avrami–Erofeev, n = 3
A4 [−ln(1 − α)]1/4 Avrami–Erofeev, n = 4
D1 �2 One-dimensional diffusion
D2 (1 − α)ln(1 − α) + α Two-dimensional diffusion
D3 [1−(1 − α)1/3]2 Three-dimensional diffusion

(Jander)
F1 −ln(1 − α) First-order reaction
F2 (1 − α)−1 − 1 Second-order reaction
P2 α1/2 Power law, n = 1/2
P3 α1/3 Power law, n = 1/3
P4 α1/4 Power law, n = 1/4
R1 α One-dimensional phase boundary

reaction
R2 1−(1 − α)1/2 Two-dimensional phase boundary

reaction
R

t
t
F
f
h

o
(
t
s
p
u

ig. 8. Dependence of the activation energy for crystallization, E�, on the vol-
me of the crystallized fraction, α, for P1 and P2.

ndicates that the crystallization rate increases with increasing
emperature. This behaviour demonstrates that the rate constant
f crystallization is, in fact, determined by the rates of two pro-
esses: nucleation and diffusion. Because these two mechanisms
re likely to have different activation energies, the effective acti-
ation energy of the transformation will vary with temperature
28]. This interpretation is based on the nucleation theory pro-
osed by Fisher and Turnbull [29]. According to this theory, the
emperature dependence of the crystallization rate, r, is given
y:

= r0exp

(−ED

kBT

)
exp

(−�F

kBT

)
, (12)

here r0 is the pre-exponential factor, kB is the Boltzmann con-
tant, ED is the activation energy for diffusion, and �F is the
aximum free energy necessary for nucleus formation.
This is also can be confirmed from the results of P1 shown

n Fig. 7, which clearly prove that the data in this graph can be

tted to Eq. (6) in two regions, leading to two different values
f the effective activation energy. However, the application of
qs. (6)–(10) on the P2 data indicates that P2 follows a different
inetics reaction model, as shown in Figs. 8 and 9. The fact

ig. 9. Dependence of the activation energy for crystallization, E�, on the tem-
erature for P1 and P2.

c
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g
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3 1−(1 − α)1/3 Three-dimensional phase
boundary reaction

hat E� is approximately constant (0.3 < α < 0.6) suggests that
he examined phase follows single-step kinetics. On other hand,
ig. 7 gives evidence for this assumption, since the fitted results
or P2 gave only one value of activation energy for complete
eating rate range applied.

This could be a case where, during heating, a sequence
f reactions occurs, starting with the formation of a phase
nucleation) at low temperature that is stable below a certain
emperature, TC1. This is followed by the formation of another
table phase (P1). As the temperature goes up, another stable
hase (P2) develops at TC2. Because the nucleation phase is
nstable, we only see the condition as:

Amorphous phase → first phase P1 (stable)

→ second phase P2 (stable)

Therefore, to describe the crystallization process more pre-
isely, and to distinguish which one of the several kinetic models
listed in Table 1) can be used for the process, it will be useful
o analyze the integral form of the reaction model, g(α), that is
ormally used to describe the kinetics of phase transformation
n solids [15,30,31]. One can rearrange Eq. (2) and integrate by
eparation of variables, obtaining the g(α) as:

(α) =
(

A

β

)∫ T

o

exp

(
− Eα

RT

)
dT. (13)

The temperature integral
(∫ T

0 exp(−E/RT ) dT
)

was deter-

ined using the Gorbachev approximation shown in Eq. (11).
he pre-exponential factor, A, was evaluated by using the so-
alled artificial isokinetic relationship (IKR) that occurs on

tting various reaction models to the same set of nonisothermal
inetic data.

n Aj = a + bEa,j. (14)
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[
[
[
[

[

[
[
[
[30] P.L. Lopez-Alemany, J. Vazquez, P. Villares, R. Jimenez-Garay, Mater.

Chem. Phys. 65 (2000) 150.
ig. 10. The variation of g(α) vs. α from model-free analysis (the solid line was
alculated from the various theoretical models listed in Table 1).

The subscript, j, refers to one of the possible reaction models
(α) assumed to described the process. Once the parameters a and

have been evaluated, the E� values are substituted for Ea,j in
q. (14) to estimate the corresponding ln A� values. Originally,

his procedure was proposed by Vyazovkin for estimating the
re-exponential factor in the isoconversional method [32,33].
nowing the value of the pr-exponential factor, A� and the acti-
ation energy, E�, one can reconstruct the reaction model, g(α)
umerically form Eq. (13).

The numerically reconstructed experimental kinetic function,
(α), calculated by using Eq. (13), is shown in Fig. 10 for both
eaks P1 and P2. The solid line was calculated according to
he models listed in Table 1. Comparison of the experimental
esults with those for the theoretical models can provide infor-
ation on how and when the reaction mechanism changes during

he course of transformation. Without a doubt, it is very clear
rom Fig. 10 that the reactions follow an Avrami–Erofeev mech-
nism in the (3–99 K min−1) heating rate ranges. On the other
and, the analysis clearly indicates a change in mechanism for
1 with a change in the heating rate, and this change was found

o take place at about β > 25 K min−1. This is very clear at the
ater stages of crystallization (α > 0.4). At a high heating rate
β > 25 K min−1) the model-free analysis closely follows A2,
ith a divergence toward A1.5 at later stage of crystallization

α > 0.8). On the other hand, at low heating rate (β > 25 K min−1)
he experimental results only follow A2 at the early stage of
rystallization (α < 0.3), and they come close to A3 at the later
tage (α > 0.8). This may give an indication that as the heat-
ng rate increases, the crystallization mechanism changes to a
ower exponent n. This behaviour may be ascribed to the rela-
ive contribution from nucleation and crystal growth. However,
s the crystallization process continues toward P2, nucleation
ay become less and may eventually stop, so that only crystal
rowth is observed. This may clarify the results of g(α) obtained
or P2, where there is no change in mechanism with a change in
he heating rate, and the model-free analysis almost follows A3,
ith a divergence toward A4 at the early stage of crystallization

[
[
[

a Acta 470 (2008) 98–104

α < 0.4), as shown in Fig. 10. This justification is supported by
he values of the activation energies obtained from Fig. 7. Also,
he SEM micrograph shown in Fig. 5c and f gives good proof of

echanism changes at different stages of crystallization.

. Conclusion

The structure and kinetics of crystallization of
e51.3As45.7Cu3 were investigated. The morphology of
pecimens annealed at selected stages of heat treatments for
5 min showed different crystalline structures. The activation
nergies of crystallization, E�(T), were estimated by applying
ve isoconversional methods, and were found to be strongly

emperature dependent. The results show a decrease followed
y an increase in the activation energy for crystallization with
ncreasing temperature for P1, while for P2, it is increases
ith increasing temperature then followed by a decrease. The

ntegral form of the reaction model, g(α), was found to change
ith heating rate for P1, while it was constant for P2. This
ehaviour can be explained in light of nucleation theory.
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