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Abstract: Ternary Se85Cd8Zn7 chalcogenide glass was prepared by melt quenching 
technique. Experimental measurements by differential scanning calorimeter (DSC) are used 
for studying crystallization behavior of this glass under non-isothermal conditions. DSC 
curves show well defined endothermic and exothermic peaks at glass transition (Tg) and 
crystallization peak (Tc) temperatures. The Tc dependence on the heating rate (β) is utilized 
in the determination of the crystallization activation energy (Ec) and the Avrami exponent 
(n). These crystallization parameters were deduced using Kissinger, Takhor, Augis-Bennett 
and Ozawa-Matusita methods. The theoretical derivations of these methods were discussed 
in this work. The resulting values of Ec obtained from the different methods agree good 
with each other and the obtained value of Avrami exponent (n = 0.87) indicated that the 
crystal growth in Se85Cd8Zn7 glass occurs in one dimension. 
Keywords: Chalcogenide glasses; Differential scanning calorimeter (DSC); Crystallization 

activation energy; Dimensionality of crystal growth. 
 

 
Introduction 

Over the past few decades, the unique 
properties of chalcogenide glasses (including 
selenium, tellurium, sulfur and their compounds) 
have encouraged researchers to understand the 
important processes proceeding in these 
materials for further development and search for 
new application possibilities. Crystallization (the 
process when glass in a metastable state is 
heated high enough for its structure to be able to 
"de-freeze" and transform into a more 
thermodynamically stable crystalline state) is 
one of the important processes in the field of 
chalcogenide glass. The most promising 
properties of chalcogenide glass, in its 
amorphous state, have been found to deteriorate 
drastically during crystallization. Therefore, 
studying and then understanding the 
crystallization mechanism to impede or control 
crystallization is a prerequisite for most of the 
applications, as stability against crystallization 
determines effective working limits [1]. Several 
attempts [2-8] are still made nowadays to 

investigate the crystallization kinetics of binary 
or multi-component chalcogenide systems. 

Studying the crystallization kinetics can be 
carried out by two basic methods: isothermal and 
non-isothermal. In the isothermal method, the 
sample is brought quickly to a fixed temperature 
above the glass transition temperature (Tg) and 
the heat evolved during the crystallization 
process at this constant temperature is recorded 
as a function of time. In the non-isothermal 
method, the sample is heated at a fixed rate (β) 
and the heat evolved is recorded as a function of 
temperature. Non-isothermal measurements 
using a constant heating rate are more commonly 
used because of their several advantages, such as 
the quick performance and the rapid information 
they provide on the transformation temperatures, 
like glass transition temperature (Tg) and 
crystallization temperature (Tc) [9]. Differential 
scanning caliometry (DSC) is an extremely 
popular method for studying non-isothermal 
transformation kinetics. The appeal of this 
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method is simplicity and flexibility in the 
selection of heating (cooling) rates. 
Crystallization kinetics (under non-isothermal 
conditions) can always be analyzed by the 
determination of crystallization activation energy 
(Ec) and the dimensionality of crystal growth 
(m). 

Zinc selenide (ZnSe) has unique physical 
properties, such as wide optical energy band gap, 
high refractive index and low optical absorption 
in the visible and infrared spectral regions. 
Therefore, it has several potential applications, 
such as blue light emitting diodes, photodiodes, 
thin film transistors and Cr-doped ZnSe laser 
[10]. On the other hand, cadmium selenide 
(CdSe) is widely preferred in fabrication of solar 
cells, photodetectors, light emitting diodes and 
other opto-electronic devices owing to its high 
photosensitive behavior [11]. According to the 
author’s knowledge, no work has been 
conducted to study crystallization behavior of 
Se-based ternary chalcogenide glasses 
containing both Cd and Zn as dopant materials. 
Therefore, this work aims to investigate, using 
differential scanning calorimeter, the 
crystallization kinetics of the ternary Se85Cd8Zn7 
chalcogenide glass under non-isothermal 
conditions. The dependence of the crystallization 
peak temperature (Tc) on heating rate (β) will be 
used for the calculation of the crystallization 
activation energy of Se85Cd8Zn7 glass, using 
different theoretical methods which will be 
discussed in this work. This further will be used 
for determining the dimensionality of crystal 
growth.  

Theoretical Basis 
The general Johnson-Mehl-Avrami (JMA) 

equation for solid state transformation can be 
used to describe the kinetics of crystallization for 
many amorphous materials [12]. This equation is 
based upon the following assumptions [13]: (1) 
the system is in a quasi-equilibrium state and the 
rate at which the atoms leave the initial state is 
so small that the energy distribution of the initial 
state is undisturbed, (2) the rate is not diffusion 
limited and (3) the crystallization mechanism is 
of a nucleation and growth type, (4) nucleation is 
spatially random and (5) the process takes place 
under isothermal conditions. JMA equation 
describes the time evolution of the overall 
crystallinity. According to these assumptions, the 
fraction X of the material that crystallized after a 
time t can be written as [14-17]:  

1 exp[ ( ) ]nX K t   ;          (1) 

where n is the Avrami exponent that reflects the 
details of crystal growth. K is the effective 
overall reaction rate (including both nucleation 
and growth), which is actually a measure of the 
rate of crystallization and usually assigned 
Arrhenius temperature dependence: 

0 exp( )cEK K
R T

  .           (2) 

 Here, K0, a frequency factor, indicates the 
number of attempts to overcome the energy 
barrier and Ec is the activation energy for 
crystallization. Based on JMA equation, different 
authors [18-23] have developed different 
methods to study the crystallization process by 
calculating the crystallization activation energy 
Ec and the order of crystallization n. 

Kissinger Method 
This method is most widely used in analyzing 

crystallization data obtained from DSC 
measurements. In non-isothermal DSC 
experiments, at a constant heating rate β (= 
dT/dt), the sample temperature T changes 
linearly with time according to the relation: 

tTT i  ;             (3) 

where Ti is the temperature at the beginning of 
the experiment which is usually equal to room 
temperature. 

The derivative of K with respect to time can 
be obtained from Eqs. (2) and (3) as follows: 

K
RT

E
dt
dT

dT
dK

dt
dK c 




















 2


.          (4) 

Eq. (1) can be differentiated as: 

)1]()/([)( 1 XtdtdKKKtn
dt
dX n   .       (5) 

Substituting Eq. (4) in Eq. (5), we get:  

)1](1[1 XttnK
dt
dX nn    ;           (6) 

where )/( 2RTEc  . 

According to Kissinger [18], the term αt can 
be neglected in comparison to unity 
( 1)/( 2 RTEc ), and then Eq. (6) becomes: 
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1)1(  nntnKX
dt
dX

  .          (7) 

If we express t in terms of X from Eq. (1), the 
crystallization rate dX/dt can be written as: 

)1( XAnK
dt
dX

  ;           (8) 

where A = [– ln (1 – X)] (n-1)/n. 

Using Eqs. (4) and (8), the second derivative 
d2X /dt2 = 0 at the crystallization peak 
temperature Tc, then Kissinger showed that [18]: 

C
RT
E

T c

c

c









2ln    .          (9) 

 This equation is used to calculate the 
activation energy of crystallization by plotting 
ln(β /Tc

2) versus 1/Tc. 

Takhor Method 
Takhor [22] suggested a method which makes 

the assumption of ignoring the time dependence 
of K in the second differentiation. Assuming that 
K ≠ K (t), the differentiation of Eq. (7) with 
respect to time yields: 

])1[(2
2

2
nnnn tnKntnK

dt
Xd

   .       (10) 

The maximum rate of crystallization occurs at 
peak crystallization temperature Tc and time tp, 
where d2X /dt2 = 0, and if we convert the value 
of tp to temperature Tc from Eq. (3), we get [24]: 

c

c
ic RT

nE
n
nKTTnn 



1

ln)ln(ln 0 . (11) 

With the assumption that )ln( ic TTn  is a 
function which changes more slowly with 
heating rate than cT/1 , we get:  

R
E

Td
d c

c


)/1(

ln   .         (12) 

On this basis, the slope of ln  versus 

cT/1 should yield the crystallization activation 
energy cE . 

Augis-Bennett Method 
The standard method of Augis and Bennet 

gives more exact results for deducing the 
crystallization parameters when the 

crystallization appears at a temperature much 
higher than the initial one ( ic TT  ). Based on 
substituting KTu  in Eq. (6), we get:  

)1](1[1 XtnKuX
dt
dX n    .       (13) 

Since KTKu   and using Eq. (4), one 
obtains:  

)1(1 XuunX n             (14) 

and 

)1()]1()([ 22 XnunnuuuuX nn   . 
(15) 

X'' = d2X /dt2 = 0 at crystallization peak 
temperature Tc, where the maximum rate of 
crystallization occurs. This gives:  

0)1()( 2  nnuuuu n  .        (16) 

From substituting KTu   and tTT i   
in JMA equation, one can find that: 
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.        (18) 

 The last term in Eq. (18) above was omitted 
in the original derivation of Augis and Bennet 
[21], and this equation can be simplified as:  

2uu   .          (19) 

Substituting for u' and u'' from Eqs. (17) and 
(19) into Eq. (16) gives: 

2

1
1 










t

tnnu n




.         (20) 

Eq. (20) is discussed in light of the possible 
values of αt and the relation between the 
temperatures T and Ti. The term αt can be 
expressed by substituting the value of 

cERT /2   in Eq. (3) as [25]:  








 
T
T

RT
Et ic 1  .         (21) 
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When αt << 1 and the temperature T is 
slightly higher than Ti ( 1)/( RTEc ), we can 
neglect the term αt and Eq. (20) leads directly to 
Kissinger equation. Besides, when αt >>1 and T 
>>Ti, then 1)/( RTEc , the right hand side of 
Eq. (20) approaches unity and this gives 

1nu and hence 1u . Therefore, we can write: 

 1exp)( 0 






 











ic

c

c
p

TT
RT
EKKtu . 

(22) 

This equation can be written in logarithmic 
form as: 

0lnln K
RT
E

TT c

c

ic










   .       (23) 

Finally, in the case of ( ic TT  ), this 
equation can be approximated as: 

0lnln K
RT
E

T c

c

c








  .          (24) 

The activation energy Ec can be evaluated 
from the slope of the plot of ln (β /Tc) as a 
function of 1/Tc. 

Determination of Avrami Exponent (n) 
Avrami exponent (n) can be simply found 

from the original JMA equation. Substituting the 
value of t from Eq. (3) in the JMA equation (Eq. 
(1)) and rearranging we get:  

( )1 exp
n

iK T TX


  
    

   
.        (25) 

By taking the double logarithm of the above 
equation, one can find that:  

n
d

Xd



ln

)]1ln(ln[
.         (26) 

 This relation was derived individually by 
Ozawa [19, 20] and Matusita et al. [21]. 
According to this relation, Avrami exponent (n) 
can be evaluated by plotting ln[–ln(1–X)] as a 
function of lnβ at a constant temperature T. The 
fraction X crystallized at any temperature T is 
given as X = AT/A, where A is the total area of 
the exothermic peak between the temperature T1 
where crystallization just begins and the 
temperature T2 where crystallization is 
completed and AT is the area between T1 and a 

given temperature T as shown in Fig. 1. For as-
quenched glass containing no preexisting nuclei, 
the dimensionality of crystal growth (m) is equal 
to (n ─ 1) and m will be 1 if n is less than 2, 
whereas for a glass containing a sufficiently 
large number of nuclei, which might occur due 
to annealing of the as-quenched glass, m = n. In 
this work, as-quenched samples are studied, then 
the value of m is taken as m = n ─ 1 [23]. 

 
FIG. 1. A typical DSC exothermic peak indicating the 

estimation of the fraction X crystallized at any 
temperature T. 

Material Preparation and 
Experimental Technique  

Se85Cd8Zn7 glass was prepared by melt 
quenching technique. High purity (5N) Se, Cd 
and Zn in appropriate atomic weight percentage 
(at. wt %) proportions were weighed into a 
quartz ampoule and sealed at a vacuum of 10−5 
Torr. The ampoules were then heated at 900 ◦C 
for about 15 h with continuous rotation to 
facilitate the homogenization of the sample. The 
molten sample was rapidly quenched in ice-
cooled water to produce a glassy state. The ingot 
of the so-produced glassy sample was taken out 
of the ampoule by breaking the ampoule and 
then grinding the sample gently in a mortar and 
pestle to obtain a powder form. About 10 mg of 
the powder samples were capsulated in 
aluminum pan and subjected to the differential 
scanning calorimeter (NETZSCH DSC 200 F3) 
at five heating rates (5, 10, 15, 20 and 25 K/min) 
in the temperature range from room temperature 
to about 750K. The temperature accuracy of this 
equipment is ± 0.1K. The DSC equipment is 
calibrated prior to measurements, using high 
purity standard Pb, Sn and In with well-known 
melting points. The operation of a differential 
scanning calorimeter is based on the 
measurement of the thermal response of an 
unknown specimen as compared with a standard 
when the two are uniformly heated. A typical 
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differential scanning calorimeter consists of two 
sealed pans; a sample pan and an empty 
reference pan. These pans are often covered by 
or composed of aluminum, which acts as a 
radiation shield. The two pans are uniformly 
heated, or cooled, while the heat flow difference 
between the two is monitored. 

Results and Discussion 
Typical DSC curves of Se85Cd8Zn7 glass at 

five different heating rates (5, 10, 15, 20 and 25 
K/min) are shown in Fig.2. Two characteristic 
phenomena are evident in these DSC curves in 
the temperature range of investigation. The first 
one (endothermic peak) corresponds to the glass 
transition region and is represented by the glass 
transition temperature (Tg). The second one 
(exothermic peak) corresponds to the 
crystallization region and is represented by the 
crystallization peak temperature (Tc). At this 
temperature (Tc), the crystallization rate reaches 
two-thirds of its value [4]. The appearance of 

single glass transition peak and single 
crystallization peak confirms that the glassy 
sample under investigation is homogeneous. 
Both Tg and Tc have been defined [1, 9] as the 
temperatures which correspond to the 
intersection of two linear portions adjoining the 
transition elbow of the DSC traces in the 
endothermic and exothermic directions, 
respectively. The values of Tg and Tc at all 
heating rates are given in Table 1. From this 
table, one can notice that both Tc and Tg of the 
studied samples are much higher than room 
temperature. Thus, one can expect that the 
studied sample may remain stable in its 
amorphous and crystalline phases at room 
temperature. In addition, the temperature 
difference (Tc ─ Tg) is large. This is an advantage 
of the studied glass, as it is essential to prevent 
self-transition between the two amorphous and 
crystalline phases, making it attractive for optical 
recording applications [26].  
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FIG. 2. Typical DSC curves for Se85Cd8Zn7 glass at five different heating rates (5, 10, 15, 20 and 25 K/min). 

 

TABLE. 1. The values of Tg and Tc of the studied glass at different heating rates 

Tc (K) Tg (K) Heating rate 
(K/min) 

495.0 377.2 5 
496.2 385.7 10 
496.9 390.1  15  
497.4 394.0  20 
497.9 396.5 25 
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The crystallization kinetics of the studied 
glass were analyzed by calculating the 
crystallization activation energy (Ec) and Avrami 
exponent (n) which is related to the 
dimensionality of crystal growth (m). These 
parameters were calculated from the dependence 
of the crystallization peak temperature (Tc) on 
heating rate (β) according to the theoretical 
methods discussed in Section 2. Firstly, 
according to Eq. (9), which was derived by 
Kissinger, the data of )/ln( 2

cT  versus 

)/10( 3
cT  for Se85Cd8Zn7 glass is fitted to linear 

function by least square fitting as shown in Fig. 
3. From the slope of this fit, the value of the 

activation energy (Ec) is obtained to be (1143 ± 
24) kJ/mol. Secondly, Ec was determined using 
Takhor method according to Eq. (12). In this 
method, the activation energy is evaluated from 
the slope of the least square fitting of the plot of 

ln  versus )/10( 3
cT  which is shown in Fig. 4. 

The value of Ec deduced by this method is (1151 
± 24) kJ/mol. Finally, Ec was calculated using 
Augis and Bennett approximation method as 
given in Eq. (24). Fig. 5 shows the plot of 

)/ln( cT  against )/10( 3
cT  and from the slope of 

the straight line of the least square fitting of all 
points, the value of Ec is obtained to be (1147 ± 
24) kJ/mol.  
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FIG. 3. Plot of )/ln( 2

cT  vs. )/10( 3
cT for Se85Cd8Zn7 glass (solid line is least-square fit to Kissinger relation 

(Eq. 9)). 
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FIG. 4. Plot of ln   vs. 3(10 / )cT  for Se85Cd8Zn7 glass (solid line is least-square fit to Takhor relation (Eq. 12)). 
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FIG. 5. Plot of )/ln( cT vs. )/10( 3

cT  for Se85Cd8Zn7 glass (solid line is least-square fit to Augis and Bennett 
approximation relation (Eq. 24)). 

The above Ec values, obtained from the three 
methods, are well consistent with each other. 
However, Augis and Bennet method gives more 
exact results for deducing Ec value when the 
crystallization appears often at a temperature 
which is much higher than the initial one Tc>>Ti. 
It was shown [27] that this method can be 
applied, not only in the case Tc >> Ti, but also 
when Tc > Ti ; that is, when the two temperatures 
differ by about 10%. Besides, the crystallization 
activation energy is an indication of the speed of 
rate of crystallization which is useful to 
characterize the glass for optical recording and 
other applications [28]. It is clear that the value 
of Ec of Se85Cd8Zn7 glass, which is required to 
complete the crystallization process, is higher 
than that of similar glasses. This could be 
explained on the basis of bond formation in the 
complex matrices.  

According to Schotmiller et al. [29], in 
amorphous Se, about 40% of the atoms have a 
ring structure (Se8) and 60% of the atoms are 
bonded as polymeric chains (–Se–Se–Se–). 
Strong covalent bonds exist between the atoms 
in the chains and rings, whereas the inter-
structural forces are weak bonds of Van der 
Waal’s type [30]. When Zn is incorporated to Se, 
the metallic Zn bonds dissolved in Se chains and 
the weaker Se–Se bonds (bond energy = 44.0 
kcal/mole) are replaced by the strong Se–Zn 
bonds (bond energy = 64.0 kcal/mole) [31]. In 
addition to Se–Zn heteronuclear bonds, Zn–Zn 
and Se–Se homonuclear bonds are expected to 
exist. Further, when Cd is added to the Se-Zn 

system, it forms bonds with Se (Se-Cd bond 
energy = 37.1 kcal/mole [9]), while the 
formation of Zn–Cd, Cd–Cd and Se–Zn–Cd can 
also exist in the same matrix. The extensive 
existence of heteronuclear and homonuclear 
bonds heavily cross-linked the ternary matrix 
structure and increased the steric hindrance, 
which play a dominant role in the glass 
configuration [32]. On the other hand, Pauling 
defined the electronegativity of an atom as its 
power to attract electrons to itself in the 
molecule [33]. When two elements of different 
electronegativity values combine to form an 
alloy, then the element of higher 
electronegativity attracts an electron pair more 
than the other elements and behaves as an anion. 
The other element will behave as a cation [34]. 
The values of electronegativity of Se, Cd and Zn 
are 2.4, 1.7, and 1.6, respectively. Therefore, Se 
behaves as an anion, while both of Zn and Cd 
(from the same IIB group) are considered as 
cations. The presence of Zn and Cd cations 
together can create a large number of unsaturated 
hydrogen - like bonds accompanied with Van der 
Waal’s bonds, substantially increasing the 
structural and thermal stability of the glass [35]. 
This is responsible for increasing the strength or 
rigidity of the lattice, which increases the 
tendency of the glass against crystallization and 
consequently the crystallization activation 
energy.  

The order of crystallization reaction (Avrami 
exponent) for Se85Cd8Zn7 glass was obtained 
using the method suggested by Ozawa and 
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Matusita. The plot of )]1ln(ln[ X  vs. ln  
for Se85Cd8Zn7 glass is shown in Fig. 6 at 
different temperatures (494K, 495K, 496K and 
497K). The average value of Avrami exponent n, 
obtained from the slopes of the fitted straight 
lines in Fig.6, comes out to be 0.87. Based on 
this value, the crystal growth in Se85Cd8Zn7 glass 
occurs in one dimension (or growth from surface 
nuclei). This value of Avrami exponent is non-
integer. A non-integer value of n indicates that 
two crystallization mechanisms were working 
during the amorphous–crystalline transformation 
[26, 36]. Lastly, it is worth to mention that some 
other thermal models [37-40] used in the study 
of the non-isothermal crystallization mechanism 

suggested that the values of n and Ec are not 
necessarily constant, but show variations in 
different stages of the transformation. The 
models used in this work are proposed for 
analyzing the non-isothermal crystallization 
kinetics, in the case of as-quenched glasses 
which contain a large number of nuclei, “site 
saturation”. This “site saturation” assumption is 
important for this process, where the 
crystallization rate is only defined by the 
temperature and shows little dependence on the 
thermal history, and then the variation in the 
values of the crystallization parameters (n and 
Ec) during all stages of transformation process is 
not expected [41].  
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FIG. 6. Plot of )]1ln(ln[ X vs. ln  for Se85Cd8Zn7 glass at different selected temperatures (solid lines are 

least-square fits to Ozawa-Matusita relation (Eq. 26)). 
 

Conclusions  
Crystallization kinetics for Se85Cd8Zn7 glass 

have been investigated using differential 
scanning calorimeter DSC under non-isothermal 
conditions. The obtained data has been analyzed 
by several theoretical methods. The following 
conclusions were drawn: 

1. The glassy alloy under investigation shows 
single glass transition region and single 
crystallization region, confirming the 
homogeneity of the glassy sample. 

2. The values of Ec obtained using the three 
different methods; Kissinger, Takhor and 
Augis-Bennett, are in good agreement with 
each other. Thus, one can use any of these 
methods to deduce the activation energy of 
crystallization.  

3. One-dimensional crystal growth occurs in 
Se85Cd8Zn7 glass, indicated by the estimated 
value of Avrami exponent (n = 0.87).  
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