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Abstract 
This paper describes a simple form, the theory to determine the crystallization fraction during the 
phase transformation of a solid, at a constant heating rate, from data obtained by impedance 
spectroscopy, where the change of the applied alternating voltage and measured current are pro-
portional to the microstructural changes at the sample, corresponding to the volume fraction of a 
series layer model of two phases. To determine the volume fraction of each phase present in the 
sample, electrical data are obtained: conductivity and permittivity at DC, which are modeled by an 
electrical circuit composed by 2-RC, taking into that the permittivity and the occupied volume 
correspond to the filling fraction of each phase. By Cathodic Erosion or Sputtering, samples were 
obtained in film form of about 500 in thickness, composed of an alloy of Sb2Te3, in amorphous 
phase. To ensure the existence of the phase transformation in the sample, phase transition tests 
are performed by changes in: Reflection Optics, Electrical Resistivity and X-Ray Diffraction, show-
ing clearly the presence of such a transformation. In the final part of this work, it completely 
shows the experimental results, giving a clear and precise idea of the kinetics of phase transfor-
mation of Sb2Te3 alloy, by impedance spectroscopy technique, which proves to be a simple and 
practical calculation tool. 
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1. Introduction 
It is observed that any substance or material element when subjected to changes in temperature or pressure, is 
obtained different states or phases of the same material with the same chemical composition, called “Aggregate 
states of matter”. Currently, it is known that these aggregate states of matter are closely related to attraction or 
repulsion forces of the particles (molecules, atoms or ions) that constitute it, which are from those that occur na-
turally in our environment, to the Bose-Einstein condensate, Fermiones condensate, etc. with very specific 
properties and characteristics in each. 

Why a same substance can have different aggregation states under what conditions it takes, all the more, what 
are the mechanisms for carrying out such transformation, are always questions that have been raised and cur-
rently the kinetic theory is able to resolve. 

Specifically, phase transformation from a crystalline state to an amorphous state, and heterogeneous reactions 
in solid state, tend to be described through nucleation mechanisms and grain growth, while homogeneous reac-
tions could be conducted by diffusion processes. This means that the phase transformation is performed simul-
taneously on the entire array of the initial solid phase, without allowing the creation of an interface between 
them. 

This phase transformation is possible, if nucleation energy decreases so that the nuclei are too small, but they 
are in all material, allowing the initial phase behave unstably, and become instant. For the case where processing 
is carried out without change in the chemical composition of the amorphous structure, it is called “Controlled 
transformation Interface”, as occurs in the recrystallization, and some other processes. But in the case of change 
occurring in the composition of the final phase, the process will be controlled by diffusion and a clear example 
is the precipitin reactions by saturated solutions, requiring this process transport of atoms to long range, which is: 
entering and leaving the atoms of the growing region, allowing segregation of some element. 

These types of transformations constitute an important basis in fundamental research and in applied research. 
Because in many technological applications of solid state equipment, requiring materials that are thermally sta-
ble over time and of course in temperature fluctuations during its use, the amorphization and crystallization of 
alloys or also metal recrystallization during cooling work are only representative examples of this transforma-
tion type.The study presented here, has been used not only to describe a wide range of phase transformation in 
the solid state, but also in heterogeneous chemical reactions, such as, solid-gas decomposition, solid attack by 
acid, ammonia synthesis, petroleum cracking, oxidation of SO2 to SO3, etc. Besides, being able to be applied to 
other areas, such as, biology and environment, it takes into account the theory of mechanisms and concept of 
universals. 

The experimental procedures employed for the study of the kinetics of solid phase transformation, are often a 
limiting factor, because they are to be laborious. However, the increasing use of different techniques has helped 
simplify and obtain useful data with the use of thermal analytical methods or simple electrical, as the one pre-
sented in this work. These methods are certainly useful tools, long as correctly used in the analysis of experi-
mental data, for this reason, many mathematical calculations have been proposed, and are based on the kinetic 
theory of phase transformation and with totally different assumptions. 

The next section (Section 2) discussed the classical theory for calculating the phase transformation fraction, 
assuming certain conditions for simplification. Subsequently Section 3 presented a model capable of determin-
ing experimentally the kinetics of phase transformation, from the electrical conductivity measured in the differ-
ent samples through our equipment (Section 4), according to the geometric characteristics of the specimens. In 
section 5 of this paper, the results obtained are shown by alternative techniques, to confirm the existence of such 
phase transformation in the material compound Sb2Te3. Finally, the results obtained by Impedance Spectroscopy 
(IS) are shown and through them the crystallization fraction of the alloy is calculated, specifying in the graph 
obtained, nucleation, growth and saturation time during the phase transition. 

In this way, the kinetic exponent and the activation energy of the Sb2Te3, are calculated by a phase transition 
during a heterogeneous reaction in solid phase, as well as its classical interpretation of these results. 

2. Calculating the Phase Transformation Fraction 
The volume fraction of phase transformation (x), may be calculated by a different thermal history using experi-
mental techniques, such as: DSC (Differential scanning calorimetry), DTA (Differential thermal Analysis), elec-
trical resistivity, optical properties (reflection and transmission), hardness measurements, X-Ray Diffraction 
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(XRD), etc. Unfortunately both in theory and in practice the different models and methods for determining the 
kinetic parameters are far from being considered universal. Kinetic relationship developed independently by: 
Kolmogorov [1], John and Mehl [2], Avrami [3] and Yerofeev [4], leading to the famous Equation JMAYK, has 
been widely used not only to describe a variety of solid state transformations, but also in heterogeneous chemi-
cal reactions, such as solid-gas decomposition, among others. 

The kinetic Equation JMAYK is based on the concept of “Extended Volume”, which consists in generating a 
volume within a certain phase material, which take the new phase formed in the absence of any external effects 
and even phase overlaps transformed at adjacent locations, which means it is simply the ratio of the kinetic laws 
phase growth. 

A calculation of the kinetic Equation formulation JMAYK was done by Christian [5], which describes the 
time evolution of the crystalline volume x, in terms of the frequency of nucleation per unit volume Iv and the rate 
of crystal growth u, by the following equation: 

( )0 '
1 exp d '

mt t
v t

x g I ud tτ = −   
∫ ∫                               (1) 

where: g, is a geometric factor that depends on the shape of the crystal growth, t, is the induction time or incuba-
tion time and m is an integer or half integer which depends on the growth mechanism and dimensionality crystal. 

This Equation is valid under various thermal conditions, to such a degree that depends on the initial time for 
both Iv and for u, implicit time dependence of Iv[T(τ)] and u[T(θ)], may be included without further problem. 
Therefore, under isothermal conditions and assuming an Arrhenius type dependence for the nucleation and 
growth rates of grain, is obtained by: 
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                                (2) 

EN y EG, are energy nucleation and energy growth respectively, Bk  is the Boltzmann constant and T is the 
absolute temperature, substituting these values in Equation (1) and integrating, we obtain: 
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                     (3) 

This is the basic Equation for calculating the transformed volume fraction, redefining constants; we obtain the 
general relation for isothermal transformations proposed by Avrami. 

1
nKtx e−= −                                        (4) 

BE k T
oK K e−=                                      (5) 

E is the effective energy of the system, which may be calculate the activation energy which describes the 
crystallization process by: 

EQ
n

=                                          (6) 

n is the kinetic exponent defines the condition of phase transformation, which may be: polymorphic or diffu-
sion controlled [6]. 

The experimental procedures employed for the study of the kinetics of phase transformation were often a li-
miting factor, because the laborious that happen to be the calculation. However, the increase in the use of dif-
ferent techniques helped simplify and obtain useful data with the aid of thermo-analytical methods simple. 
These methods are certainly useful tools, as long as aptly used in the analysis of experimental data, for this rea-
son large number of mathematical calculations have been proposed based on transformation kinetics theory and 
totally different assumptions. 

The method presented in this paper is mainly based on the equations proposed by Avrami for isothermal 
transformations (4) and (5), assuming the heating rate Z is constant, i.e.: 



C. Rivera-Rodríguez et al. 
 

 
114 

0T T Zt= +                                        (7) 

where To is the initial temperature and Z = dx/dt, leaving completely determined by this effective energy system 
(E), now just need to calculate the kinetic exponent of the system (n). Ozawa [7] is determined by differentiating 
and then clears it of Equation (4), obtaining the following expression: 

( )1dIn In x
n

dInt
− −  =                                  (8) 

So then, for isothermal processes when plotting In[In(1 − x)] versus Int is obtained n, another option to calcu-
late the kinetic exponent of the system are the contributions made by Borchardt [8] and Pilotan [9], which in-
volve differentiation with respect to time in Equation (4), later determined by Augis and Bennett [10], which are 
not discussed in this work, but worth mentioning as an alternative form. 

3. Electrical Method for Studying the Kinetics of Phase Transformation 
Phase transformation from the electrical standpoint, results in changes in conductivity of the material, showing 
an increase due to the transformation of the amorphous phase to the crystalline phase or decreased in the case of 
contrary transformation of the crystalline phase to the amorphous phase. So, using this technique presents a me-
thod used to completely determine the kinetics of phase transformation of a solid material. 

This model to determine the kinetics of phase transformation from the conductivity was proposed by Mott and 
Davis [12], based on an Arrhenius dependence, where involved conduction terms through extended states, con-
ductivity for tunneling effect and conductivity for impurities in the material, model applied which is shown to be 
a simple, fast and accurate for the study of phase transformation. However, this model does not provide infor-
mation on the material microstructure such as grain boundary volume, dielectric constant, etc. 

On the other hand, the Impedance Spectroscopy (IS) used by Ross [13], usually applied in electrochemistry 
and polycrystalline structures, shown to be a viable technique as it has been applied in the study of structural 
transformations of amorphous solid materials [14]. The impedance that is by definition a complex quantity 
which depends on the frequency (ω), is determined from the ratio of the applied alternating voltage and the 
measured current: 

( ) ( )
( )

iV
Z Z e

I
θω

ω
ω

= =                                 (9) 

The results obtained by IS, include transport processes at the molecular level in the sample and fundamental 
processes such as: oxidation-reduction phenomena, grain boundary, defects, corrosion, porosity, etc. This is be-
cause studies to determine electrical properties in heterogeneous medium, dates from the late XIX, develop-
ments proposed by Maxwell [15], which to date have been arduously studied and refined by several authors. 

Impedance spectra obtained in the complex plane in two phase materials mixed, may be related to equivalent 
circuits with different methods, corresponding to this geometry of the material in thin film form. The conductiv-
ity and/or the capacitance of polycrystalline materials can be completely determined from this methodology, 
with the sole condition of having efficient ohmic contacts, optimal metals like gold, silver, aluminum or copper 
in the latter case, on the surface of the sample to be studied [16], for the purpose of ensure reliable measure-
ments on structures present. 

So then, the volume fraction of the two phase present in the material x1 and x2, may be shown theoretically to 
calculate the in series layer model, Figure 1. The total thickness for this model to present each is proportional to 
the volume fraction of each phase. 

Respectively, conductivity and resistivity for this model are given by: 

1 2

1 2

1

t

x x
ψ ψ ψ

= +                                      (10) 

1 1 2 2t x xρ ρ ρ= +                                     (11) 

Layer model serial to the contacts is equivalent to a circuit composed of two series RC, as shown in the fol-
lowing Figure 2. 
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Figure 1. Layer model serial for two phases. 

 

 
Figure 2. Serial circuit composed. 

 
Calculating the values for each of the components, extensive conductive to the volume (g1 and g2), and capa-

citive (C1 and C2), according to the model, are given by: 

1 2
1 2

1 2

1 2
1 2

1 2

g g
x x

C C
x x

σ σ

ε ε

= =

= =
                                  (12) 

where: σ1, σ2, ε1 and ε2, are defined as DC conductivity and permittivity of each phase respectively, graphs of 
impedance spectra for this model takes the form of semi-circles with diameters defined by 1/g1 and 1/g2 for each 
phase, while the time constants are given by T1 = C1/g1 and T2 = C2/g2, with different values for the capacitances 
fully employed in each of them. 

The acquisition of resistivity values and therefore electrical conductivity of the material as a function of tem-
perature and time, developed in practice from samples with planar geometry, as shown in the diagram in figure 
below, Figure 3. 

The electrical resistivity for this type of geometry is determined by the following Equation: 

( )*V S F d
I d

ρ =                                    (13) 

It may be observed in this model, that the resistivity or conductivity of the phases present are very simple to 
determine, because all values are experimentally known or easily measured, except F(d) which is a geometrical 
correction factor. However, this calculation is based on not very real assumptions, mainly in the current distribu-
tion in a heterogeneous medium. Bruggeman [16] presented a model which considers a contained volume in a 
uniform dielectric medium polarized, Figure 4, with an effective conductivity σm, which was reformulated and 
applied for inhomogeneous media by Garlnad and Tanner [17]. 

The dipole moment associated with this volume is determined by the following equation: 

1

1

3p
4 2

m
m

m

V E
σ σ

π σ σ
−

=
+

                              (14) 

Em The dipole moment associated with this volume is determined by the following equation of electric dis-
placement, we have: 

( )8 p 4 p2D E 4 P 4 P E
3 3 3

r r
m

n nE π π
π π= − = + − = +                  (15) 
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Figure 3. Planar geometry of the sample formfilm. 

 

 
Figure 4. Lorentz sphere into a polarized dielectric. 

 
nr is the number of regions per unit volume polarized, but distant points of the sphere have that the electric 

field approaches zero, then obtains; 
4 p

3
r

m
nE π

=  

Substituting this value in Equation (14) and rearranging terms, is obtained: 
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For the case of a two-phase system, Bruggeman [16] taking this Equation assumes that each phase comprising 
the region is symmetric. That is, the permittivity and the occupied volume correspond to the filling fraction of 
each phase, obtained: 

1 2
1 2

1 2

0
2 2

m m

m m

x xσ σ σ σ
σ σ σ σ

− −
+ =

+ +
                            (17) 

4. Experimental Development 
As an experimental test of theory development exposed in the previous sections of this work, focuses on deter-
mining the kinetics of phase transformation of a binary alloy stoichiometry, consisting of Sb2Te3, because it is 
one of most studied materials for possessing peculiar characteristics, mainly in optical memory technology of de 
phase change. 

The experimental work was developed in a “Work-Cell”, thermally and electrically isolated, and any other 
outside interference that could affect measurements of reflection and impedance of the sample, has a tempera-
ture control for isokinetic testing, as shown in the diagram of Figure 5. 

The calculation of the crystallization kinetics of the material by impedance spectroscopy was performed in 
amorphous thin film of Sb2Te3 on glass, with gold contacts made by sputtering at room temperature, with a pla-
nar structure as shown in Figure 3, 1.5 mm is the distance between the contacts, 3.1 mm the width and 500 nm 
in thickness samples for which different tests were performed, all with very similar characteristics; the heating 
was done at a constant rate of temperature of 5˚C/min. 

To determine the behavior of the resistivity as a function of temperature and time, it was used a “Cell 
four-probe”, which consists of four ohmic contacts equidistant collinear, as is seen in the schematic of Figure 6. 
The two outer tips are used for the passage of current and the other two internal tips are used to detect the in-
duced voltage [13]. 
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Figure 5. Diagram of the Work-Cell. 

 

 
Figure 6. Diagram of cell four-probe. 

 
This arrangement allows for data independently of the sample shape, including small resistivity regions in a 

matrix having different electrical properties, analysis of the electrostatic potential and the electric field distribu-
tion in the thin film, is easily calculated from values obtained experimentally, as the thin film thickness and 
geometrical dimensions of the sample. 

5. Experimental Results 
The following results show the optical and electrical behaviors of the Sb2Te3 as a function of temperature, where 
clearly a phase transition is observed, subsequently by X-Ray Diffraction results are corroborated these results. 

In a isokinetic process, changes in the optical reflection of a sample are clearly observed in the representative 
graph of Figure 7, where in an optical reflection behavior typical low, caused by the presence of the initial 
amorphous phase, which is maintained until 70˚C, subsequently microstructural changes occur due to oxide 
present in the material and y and around 80˚C a sudden increase is generated in the optical reflection of the ma-
terial, produced by the transition to the crystalline phase of the specimen. 

Similarly heating tests were conducted with samples of Sb2Te3 by four point probe cell, to determine the re-
sistivity of the specimen during the phase transition, at a heating constant rate of 5˚C/min, obtaining resistivity 
measurements versus temperature and time. 

The electrical resistivity measurements are very sensitive to micro-structural changes of the material, as seen 
in Figure 8. It shows a slight decrease from room temperature to 70˚C, due to the presence of impurities in the 
amorphous phase of Sb2Te3 samples. Subsequently, a drastic decrease of 107 to 104 Ohms in the temperature 
range 70˚C to 90˚C, result of the phase transformation from amorphous to crystalline. Thereafter, the resistivity 
is almost constant. 

The diffractograms of Figure 9 show the crystallization of the material, from the initial amorphous phase to 
the crystalline phase, corroborating the results obtained by optics reflection, and electrical resistivity of the ma-
terial. 

Formation of the crystalline structure is clearly observed: Trigonal-Hexagonal Scalenohedral pertaining to  
Sb2Te3 cristalline, are indicated by bars the position of the peaks associated with the structure, where it is seen 
that at temperatures above 130˚C, define more precisely the characteristic peaks of the material, this because the 
crystallization is produced, however, the high temperature conducive to the preferential crystallization along 
certain directions. 

6. Crystallization Kinetics of Sb2Te3 
To experimentally determine the phase transformation of the composite material of Sb2Te3, reflection  
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Figure 9. DRX Espectra of Sb2Te3. 

 
and impedance working cell were used , Figure 5, during isothermal heating runs using near the crystallization 
temperature of the material, that is: 60˚C, 65˚C and 68˚C. 

Impedance spectra versus time obtained experimentally, are shown in the graphs of Figure 10, at a constant 
temperature of 65˚C. Each of these values were adjusted by the equivalent circuit of two phases in series, Figure 
2, from which the resistance values were determined at different times at a given temperature and using Equa-
tion (13), the resistivity of the material was calculated during the process of crystallization and therefore the 
conductivity of the material. 

With electrical conductivity calculated, we proceeded to determine the crystal volume fraction by Bruggeman 
symmetric model for two phases, Equation (17), and total crystalline phase was taken to 100˚C, based on ap-
proximate form, on what observed in the graphs of Figures 7-9. 

The graph in Figure 11 shows the changes of the crystalline volume fraction versus time and clearly identifies: 
nucleation, growth and saturation time, during the phase transition of the sample. 

The process for determining the volume fraction of crystalline carried out similarly for the other temperatures, 
60˚C and 68˚C. Showing similar behavior to the already reported in the literature for Ohshima [11], where in the 
transformation of amorphous-crystal phase, is initially done using a known nucleation incubation time or induc-
tion time, and starting from which the crystalline phase is increased continuously to produce overlap between 
regions transformed and so interfere in the growth of the new phase, until reaching the saturation phase. 

The kinetic exponent of the phase transformation of Sb2Te3, is determined starting from the crystal volume 
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fraction and the time, Equation (8), which are plotted and are adjusted, as shown in the graphs of Figure 12. 
The kinetic exponent, calculated from a classical phase transformation behavior is linear, as it results in this 

sample of Sb2Te3 at different temperatures, the calculation of the average value is 2.03 ± 0.12. The effective 
energy calculated for the phase transformation of in the sample, is obtained from the Equation (5), differentiat-
ing with respect to (1/T): 

( )
d

d 1B

E InK
k T

= −                                     (18) 

The graph below, Figure 13, shows the values obtained for each of the temperatures, whom are adjusted by a 
line function to determine the slope and simultaneously the effective energy of the crystallization process. 

The value of the effective energy is: 4.2 ± 0.05 eV and the activation energy of describing the crystallization 
process is 2.06 ± 0.03 eV. 

7. Conclusions 
Crystallization kinetics, of the films of Sb2Te3 determined by the impedance spectroscopy techniques (IS), result 
in a value for the kinetic exponent of 2.03 ± 0.12 and an activation energy of 2.06 ± 0.03 eV, which correspond  
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Figure 10. Impedance spectra at 65˚C of Sb2Te3. 
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impedance technique. 

 
to the classical theory, a controlled grain growth by atomic diffusion, with decrease in the generation of nuclea-
tion sites in the final stage of the process. 

This method, unlike other models which is determined by the electric field but not by the mixture of material 
phases, which lead to problems of percolation effects, to increase the second phase within the initial phase con-
tinuous of the medium. However, an analysis of different models reported in literature [18], clearly shows that 
when a dominant phases, approximately 70% of the total material, the models of Maxwell-Warner or Brails-
ford-Hohnke, describe perfectly the system, but in case that the percolation effects generated during the phase 
transformation, the Bruggeman model is the most appropriate one to describe the process, which is our case. 
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