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Abstract Kinetic analysis of the crystallization process in
Biy(As>S3)o and Big(As;S3)o4 glasses was performed
based on DSC curves recorded under non-isothermal
measurement conditions. Samples were thermally treated at
different heating rates in the temperature range 300-770 K.
The activation energy of crystallization E and the pre-
exponential factor K, are determined by the Kissinger
method and the characteristic crystallization parameters
m and n of investigated glasses by the Matusita method.
For both crystallization processes the glass with 4 at.% of
Bi is characterized by the mechanism of volume nucle-
ation, which is manifested in the form of two-dimensional
growth at the first crystallization process, and as three-
dimensional at the second one. On the other hand, in the
sample with 6 at.% Bi, the average value of the parameter
m is close to one, which indicates one-dimensional crystal
growth. Compatibility of the values of the parameters
m and n suggests that this sample has a large number of
crystallization centers, which do not increase significantly
during the thermal treatment.
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Introduction

Doping of chalcogenide glasses with metal atoms with the
aim of improving their physical characteristics influences
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significantly their electronic structure in the sense of
inducing new defect states, which may also be reflected on
the dominant type of conductivity exhibited by the given
glass [1, 2].

The investigation of electric properties of the system
Bi,(As>S3)100_x showed a significant increase of its con-
ductivity with the increase in the content of dopant atom [3].
The reason for this lies in the fact that the introduction of Bi
into the amorphous matrix results in an increased number of
defect states in the optical gap and thus in an increased
number of possible hoppings of electric charge carriers [4, 5].
However, X-ray measurements have shown that in the
glasses with x = 8 and 10 at.% Bi exist crystalline centers
incorporated into the matrix [6] and that such a structure
could also be responsible for the registered increase in the
conductivity of the samples with higher Bi contents.

Hence, the knowledge of crystallization kinetics is of
essential importance for the realization of the process of
controlled microcrystallization in chalcogenide glasses
aimed at the preparation of uniformly distributed micro-
crystals in the amorphous matrix. The crystallization study
in amorphous materials by differential scanning calorime-
try has been widely discussed in literature [7, 8].

This study presents the results of the kinetic analysis of a
crystallization processes in the glasses with 4 and 6 at.% Bi
aimed at the determination of parameters indicating the
mechanism and dimensionality of the crystallization pro-
cess as well as the tendency to crystallization of the
investigated glasses.

Experimental

Samples encompassed by the kinetic analysis of crystalli-
zation processes belong to the system Bi,(AsS3)100_x- The
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procedure of cascade heating to a temperature of 800 °C
and annealing in air was applied to prepare glasses with
different contents of Bi (x = 0.5, 2, 4, 6, 8, and 10 at.%),
and, because of the specific features characterizing the
amorphous phase, the compositions with x = 4 and 6 at.%
Bi were selected for the analysis. Measurements were
carried out at DSC Mettler Toledo 822 instrument in the
temperature range 300-770 K. With the aim of performing
the kinetic analysis of the process, the investigated glasses
were treated at four different heating rates.

Results and discussion

A detailed analysis of glasses of the investigated system
indicated the absence of the crystallization peak with the
samples without and with small contents of Bi [6]. On the
other hand, our earlier investigations have showed that in
the case of samples that are richer in Bi (x = 8 and 10
at.%) the absence of the crystallization peak on DSC
curves is a consequence of the presence of crystallization
centers already at room temperature (Fig. 1) [6]. In the case
of samples with smaller Bi content, crystallization centers
occur only after annealing. Thus, doping of the As—S glass
system with bismuth atoms in a relatively small range of
mass contents influences remarkably its tendency to
crystallization.
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Fig. 1 XRD spectra of the glasses Bi,(As,S3)100_x
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Figures 2 and 3 show the DSC curves for the glasses
Bis(As»S3)9¢ and Big(As>S3)o4 recorded at the different
heating rates f5.

Their complete interpretation, indicating the existence
of different complex effects, was given in relation to the
determination of the corresponding thermal parameters [6].
Because of the observed temperature overlapping of the
processes of crystallization and melting, thermal treatment
of the glasses with lower Bi contents was carried out at
lower heating rates. A careful analysis of the DSC curves
registered for the sample with 4 at.% Bi indicates the
existence of a crystallization processes in the temperature
interval of 510-560 K (Fig. 2), which are at lower heating
rates observed as two peaks (1 and 2), which enabled
analysis of the crystallization process of the glass
Bis(As,S;3)06 in two stages. The inset of Fig. 2 shows the
enlarged segment A of the DSC curve registered at the
heating rate f = 5 K/min in the temperature interval of the
occurrence of the two-stage crystallization process. On the
other hand, samples with 6 at.% Bi were heated at higher
rates with the aim of increasing the enthalpic relaxation
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Fig. 2 DSC curves for the glass Bis(As,S3)9¢ recorded at different
heating rates
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Fig. 3 DSC for the glass Big(As,S3)94 recorded at different heating
rates
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peak because of the impossibility of reading the parameter
T, at lower rates of thermal treatment.

A trend of shifting of the range of crystallization and
melting to higher temperature with increase in the heating
rate was registered with both glasses, which is a common
phenomenon observed in the thermal treatment of chalco-
genide glasses. At the same time, with the increase in the
heating rate, the endothermic peaks of melting of crystal-
line phases in the glass Big(As,S3)94 tend to merge into one
peak. This can be explained by the small difference in the
melting temperatures of the crystalline centers AsS and
As,S; identified on the diffractograms of the annealed
sample (Fig. 1). Identification of some crystalline centers
was made by comparison with diffraction data files [9].

The crystallization process plays a significant role in the
determination of the stability of a material and assessment
of its practical application. The activation energy of crys-
tallization E can be reduced to the contribution of the
activation energy of crystal growth Eg [10, 11]:

m
=~ —F 1
" £ (1)

where n and m are the parameters whose ratio is deter-
mined by the behavior of the nucleation process during the
sample heating. The determination of these parameters is
of a great importance for the understanding of the process
of crystallization as it indicates the mechanism and
dimensionality of the crystal growth.

The Kissinger method [12] is based on the calculation of
the activation energy E and of the pre-exponential factor
Ky. This method describes kinetic parameters in a satis-
factory way in a wide range of heating rates f (<100 K/
min) in the cases of both homogeneous and heterogeneous
reactions of crystallization by the relation:

T? E E
In (;) =1In (RK0> + RT, (2)

where T, is the temperature corresponding to the maximum
of the enthalpy change and R is the universal gas constant.
Kisinger equation is frequently used in literature [13, 14]
for determining the activation energy of glasses.
Graphical presentation of the dependence described by
Eq. 2 for the investigated glasses is given in Fig. 4, and the
corresponding quantities in Table 1. For the glass
Biy(AsyS3)96, the Kissinger method was applied on the
crystallization peaks 1 and 2 (Fig. 2). A lower value of the
activation energy for the glasses with higher Bi content is
in agreement with the conclusion on the enhanced tendency
to crystallization of Bi-doped glasses, derived on the basis
of the DSC recordings for the investigated system [6].
The characteristic parameters of crystallization m and
n were also determined by the method of Matusita et al.
[15-17], based on the analysis of the overall temperature
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Fig. 4 Dependence of the function ln(Tg/ln/?) on 1/T, for the glasses
Bi(A$253)100—x

Table 1 Parameters of the Kissinger analysis of glasses of the system
Bi.(As253)100-x

x/at.% E/kJ mol™! Ko/s™!

4 271 + 3 (peak 1) 9.822 x 107
317 £ 5 (peak 2) 2.998 x 10%

6 228 4+ 2 4.882 x 10"

interval in which the process of material crystallization
takes place.
The Matusita—Sakka relation is of the form [15]:

E
In[—In(1 — )] = —nlnp — 1.052% + const. (3)

where y is the degree of crystallization at the corresponding
temperature and FE is the activation energy of
crystallization.

The order of reaction n was calculated from the slope of
the linear dependence of In(—In(1 — y)) = f(Inf}) for the
selected temperature by the Ozawa method [18, 19].

Figure 5 illustrates the mentioned functional depen-
dence for the investigated glasses. When concerning the
glasses with lower Bi contents, it is necessary to emphasize
that this method could be applied only for the temperature
region of crystallization of peak 1 (Fig. 2) since the narrow
temperature intervals of the appearance of the crystalliza-
tion peak 2 for this glass do not overlap at the different
heating rates.

Values of the parameter n (Table 2) indicate the dif-
ferent mechanisms by which the crystallization process
takes place. In a glass with a lower Bi content the first
crystallization process is realized as volume nucleation,
whereas with the glasses richer in Bi crystallization pro-
ceeds from the surface to the bulk. Also, a decreasing trend
of the parameter n with increase in temperature of the first
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Fig. 5 Dependence of the function In(—In(1 — %)) on Inf for the
glasses Bi,(As>S3)100_x

Table 2 Parameters of the Matusita—Sakka relation

Bis(As;S3)os 1 mE/K) mol ™' m mEfey mol! nY
Peak 1 2.24 (30) 657 (8) 242 263 (5) 227
587 (7) 2.16 233 (5)
221 (31) 428 (6) 1.58 209 (6)
1.99 (38) 461 (6) 1.70
Peak 2 750 (4) 237 293 (7) 3.41
898 (5) 2.83 223 (5)
884 (8) 279 218 (5)
804 (7) 2.54
Big(As>S3)0s  0.90 (13) 270 (7) 1.18 244 (3) 0.85
0.78 (5) 202 (4) 0.89
0.81 (8) 175 (10) 0.77 245 (2)
184 (3) 0.81 246 (3)

crystallization process in the glass Bis(As,S3)g¢ indicates a
lower rate of nucleation and, most probably, is a conse-
quence of the fact that the process of creating new crys-
tallization centers in the material attains saturation, as
mentioned in the literature [20].

The parameter mE, in concordance with the Satava’s
model [17, 21], is obtained by fitting the functional
dependence In(—In(1 — y)) = f(1/T). The obtained results
are illustrated in Figs. 6 and 7. Figure 6 presents the
functional dependence In(—In(1 — y)) = f(1/7) based on
data for the first crystallization peak of glass Bis(As,S3)os.
The same procedure is applied for the second crystalliza-
tion peak and appropriate values are presented in Table 2.

In the case of the glass Bis(As,S3)9¢ certain deviation of
experimental points from the linear dependence is observed
only at high temperatures at which terminal phase of the
first crystallization process takes place, and can be
explained in terms of the mentioned saturation of
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Fig. 7 Dependence of the function In(—In(l1 — y)) on /T for the
glass Bi6(AS2S3)94

crystallization centers. This explanation is also supported
by the fact that the deviation is observed only at higher
heating rates.

The calculated values of parameter m are obtained by
dividing the quantity mE for particular heating rates with
the value of activation energy according to the Kissinger
method (Table 1) and they are presented in Table 2.

The value of mE/n was calculated from the slope of the
functional dependence In § = f(1/T) for the corresponding
crystalline fractions y, according to the modified Ozawa—
Chen method [14], which is for the investigated glasses
illustrated in Figs. 8 and 9. Figure 8 again presents the
results related to the first crystallization peak of glass
Bis(As>S5)96. The same calculation is done for the second
crystallization peak and corresponding values are presented
in Table 2.

The value of the reaction order n was also estimated by
calculation from the ratio of the quantities mE and mE/n
(n°!: Table 2). A very good agreement of the calculated
and experimental values was obtained for both samples.
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Fig. 8 Dependence of the function Inff on 1/T for the glass
Biy(As253)96
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Fig. 9 Dependence of the function Inff on 1/T for the glass
Big(As$253)04

The mean value of the parameter m close to unity for the
samples with 6 at.% Bi indicates the one-dimensional
growth of crystals. Also, the congruence of the values for
parameters m and n suggests that one deals with the case
denoted as “site saturation”, i.e., that the given sample
contained also a sufficiently large number of crystalline
centers before the thermal treatment, which does not
increase significantly during the heating. The deviations of
the parameters m and n from integer values as well as a
marked change of the value with the change in heating rate
is explained by the dependence of the rate of crystal growth
on time.

During the first crystallization process, this dependence
is of decreasing nature since it holds that m <n <m + 1
(considering mean values of both parameters). Both crys-
tallization processes are characterized by the volume
nucleation mechanism, where the first crystallization pro-
cess is characterized by the dominant two-dimensional and
the second one by three-dimensional crystal growth.

Conclusions

Kinetic analysis of the crystallization processes occurring
in the glasses Biy(As>S3)9¢ and Big(AsyS3)94 Was carried
out based on the DSC curves recorded under non-isother-
mal conditions. With increase in heating rate the areas of
crystallization and melting shift to higher temperatures and
there are two crystallization processes in the glasses with
lower Bi content. The lower value of activation energy for
the crystallization process of glasses with higher Bi con-
tents is in agreement with the assumption on enhanced
tendency to crystallization of more Bi-doped glasses. The
deviations of the crystallization parameters m and n from
integer values for samples with lower Bi content as well as
the marked change of the values with the change in heating
rate is explained by the time dependence of the rate of
crystal growth in this composition. Both crystallization
processes in the glass with 4 at.% Bi are characterized by a
volume mechanism of nucleation, with a dominant two-
dimensional crystal growth in the first and three-dimen-
sional in the second crystallization process. On the other
hand, the mean value of parameter m, which is close to
unity for the sample with 6 at.% Bi, indicates one-dimen-
sional crystal growth, whereas the correspondence between
values of parameters m and n suggests that the given
sample possessed a sufficiently large number of crystalli-
zation centers before the thermal treatment which does not
increase significantly during the heating.
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