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Through isoconversional analysis of differential scanning calorimetry data, thermally induced processes
of glass transition and crystallization in Cux(As2Se3)100−x chalcogenide glasses (x =1, 5, 10, and
15 at.%) were investigated. The characteristic values of activation energy and its changes during the
processes were calculated using the advanced isoconversional method developed by S. Vyazovkin as well
as isoconversional forms of Kissinger and Moynihan relations. The results showed the variation of the
activation energy with the extent of conversion. The activation energy values are slightly changing with
the increase of Cu content from 1 to 5 at.%, while more significant changes are detected after a further
increase of Cu content up to 15 at.%. The crystallization processes of As2Se3 in composition with 1 at.%
of Cu and CuAsSe2 and Cu3AsSe4 in composition with 10 at.% of Cu were analyzed. Isoconversional
analysis showed that crystallization is a complex process and that the apparent activation energy of
crystallization of As2Se3 and CuAsSe2 structural units decreases with the extent of conversion increase.
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1. Introduction

Chalcogenide glasses, especially those doped with
certain elements (Ge, Cu, Ag, Sn, etc.), show very
significant and unique chemical and physical prop-
erties, primarily electrical and optical, which, even
today, make these materials attractive for scientific
research and different applications [1–5]. Opportu-
nities for the application of Cu-doped chalcogenide
glasses are wide-ranging due to the possibility of
programmed variations of the important thermal,
thermo-mechanical, optical, structural, and elec-
tronic properties of chalcogenide glasses, induced by
Cu introduction [6–11].

Glass transition and crystallization are very com-
plicated processes whose nature has not been fully
explained and is still the subject of current research
in different classes of glass materials [12–18]. During
the heating, glass alloys move from a region charac-
terized by a slow change of the properties with the
temperature to a glass transition region, in which
changes in the properties are more dynamic and
more significant. Due to the increase in temperature
and rapid decrease in viscosity, cooperative move-
ments of structural units are becoming more rapid,
and the relaxation time of the structure decreases.

Further increase in temperature increases the mo-
bility of structural elements, tending to transform
into a crystalline structure characterized by a min-
imum of potential energy.

Characteristic temperature and activation energy
are the two main parameters that characterize these
processes. The kinetics of glass transition and crys-
tallization processes is manifested through the de-
pendence of characteristic temperature (glass tran-
sition temperature Tg, onset Tonset, or peak tem-
perature Tp of the crystallization) on heating rate
β. The apparent activation energy (E) of such pro-
cesses can be determined from this dependence.
The dependence of E on the extent of conversion
α enables one to investigate the kinetics of the
processes, indicating that these are multi-step pro-
cesses. Knowledge of functional dependency E =
E(α) allows one to reliably predict the performance
of a material.

Using the models of Kissinger [19, 20] and Moyni-
han/Mahadevan [21, 22] on different defined glass
transition temperatures (in this paper, onset Tgo,
which represents the beginning of glass transition,
and endset Tge, which corresponds to the end of
this process), changes in glass transition activation
energy, Eg, throughout the process can be observed.
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The isoconversional values of the activation
energy can be calculated from the isoconversional
rate dependence on temperature, without knowing
the reaction model (“model-free” methods). Vya-
zovkin [23, 24] has developed the isoconversional
method, which enables the determination of the
apparent activation energy based on a series of
measurements conducted at different heating rates.
The value of Eα can be determined at any specific
value of the extent of conversion by a minimum of
the objective function Φ(Eα), defined as

Φ(Eα) =

n∑
i 6=j

n∑
j

I(Eα, Tα,i)βj
I(Eα, Tα,j)βi

= min, (1)

where n is the number of applied heating rates.
In (1), I(Eα, Tα,i) represents temperature integral

I(E, T ) =

T∫
0

dT exp

(
− E

RT

)
. (2)

The activation energy changes during the
glass transition/crystallization can also be de-
termined by using the isoconversional forms
(change of temperatures with the heating rate
at constant α) of Kissinger [19, 20] and Moyni-
han/Mahadevan [21, 22] relations, respectively,

d ln(βi/T
2
α,i)

d(1/Tα,i)
= −Eα

R
(3)

and

d ln(βi)

d(1/Tα,i)
= −Eα

R
. (4)

The objective of the research presented in this
study is to investigate the changes in the appar-
ent activation energy of glass transition and crystal-
lization processes by applying isoconversional anal-
ysis and to provide a deeper insight into these pro-
cesses, their nature, and the possibilities of control-
ling them. The aim is also to determine the influ-
ence of Cu content on investigated parameters and
the correlation of kinetic parameters with struc-
tural changes, as well as to validate the results ob-
tained by non-isoconversional and non-isothermal
approaches [25].

2. Experiment

The investigated glasses of the Cux(As2Se3)100−x
composition, for x =0, 1, 5, 10, and 15 at.%, were
synthesized from elementary components (99.999%
purity) by the cascade heating method [26]. The
melts were air-quenched from the maximum tem-
perature of synthesis. X-ray diffraction (XRD) and
polarization microscopy methods were used for con-
firmation of the amorphous structure of the ob-
tained samples.

In order to measure the caloric effects of the phase
transformation and to study the glass transition
and crystallization kinetics under non-isothermal

Fig. 1. DSC curves of the Cu1(As2Se3)99 chalco-
genide glass, at different heating rates: (1) 2 K/min,
(2) 5 K/min, (3) 7.5 K/min, and (4) 10 K/min.

Fig. 2. DSC curves of chalcogenide glasses from
the Cux(As2Se3)100−x system: (1) 1 at.%, (2)
5 at.%, (3) 10 at.%, and (4) 15 at.% (at heating
rate of 5 K/min).

conditions, Mettler Toledo DSC822e with a temper-
ature accuracy of ±0.2 K was used. Measurements
were carried out from 300–773 K, with 50 ml/min of
nitrogen flow. Bulk glass samples (weight ∼ 15 mg)
sealed in the 40 µl aluminum pans were thermally
treated at different heating rates (2, 5, 7.5, 10, 20,
and 30 K/min). The analysis of the glass transi-
tion and crystallization, deconvolution of a com-
plex peak, and determination of the characteristic
temperatures were done using the supporting STAR
Software.

XRD measurements were conducted on Rigaku
MiniFlex 600 instrument in an angle interval
of 20–90◦.

3. Results and discussion

The differential scanning calorimetry (DSC)
curves of the Cu1(As2Se3)99 chalcogenide glass,
recorded at different heating rates, are presented
in Fig. 1 as an example.

Figure 2 shows DSC curves for all the investi-
gated compositions from the Cux(As2Se3)100−x sys-
tem, obtained at a heating rate of 5 K/min, confirm-
ing that they are markedly dependent on the glass
composition.
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Fig. 3. Dependence of ln(T 2
ge/βi) on 1/Tge of the

investigated Cux(As2Se3)100−x glasses.

TABLE I

Values of apparent activation energy calculated for
onset [27] and endset glass transition temperatures
according to Kissinger and Moynihan models.

x [at.%]
Kissinger [kJ/mol] Moynihan [kJ/mol]
Ego [27] Ege Ego [27] Ege

1 266(21) 223(11) 273(21) 231(11)
5 311(15) 230(28) 318(15) 238(28)
10 319(36) 211(16) 327(36) 218(16)
15 288(10) 210(16) 296(10) 217(16)

As can be seen in Figs. 1 and 2, three effects oc-
curred throughout the applied heating treatment of
glasses from the investigated system. An endother-
mic effect which occurs at about 450 K, corresponds
to the glass transition process.

3.1. Glass transition

In order to assess if there is a change in apparent
activation energy during the glass transition pro-
cess, by using the standard relations of Moynihan
and Kissinger for endset glass transition tempera-
ture, Tge (the end of the process), values of this
parameter were determined, and results were com-
pared with results obtained for onset glass transi-
tion temperature, Tgo (the beginning of the pro-
cess) [27]. Figures 3 and 4 present the dependence
of ln(T 2

ge/βi) and ln(βi) on 1/Tge for all investigated
samples. The values of apparent activation energies
Ege are presented in Table I.

For any of the investigated glass compositions,
there is a decrease in the value of activation energy
Eg throughout the glass transition process, pointing
out that this is not a single-step process. Values of
Ege indicate that for compositions with 1 and 5 at.%
of Cu, there are no significant changes in this pa-
rameter, while compositions with 10 and 15 at.% Cu
have slightly lower values. It should be noted that

Fig. 4. Dependence of ln(βi) on 1/Tge of the in-
vestigated Cux(As2Se3)100−x glasses.

Fig. 5. Extent of conversion dependence on tem-
perature of the Cu1(As2Se3)99 glass at different
heating rates.

the Ego exhibits somewhat different behavior [27],
but the values of this parameter were determined
with significant uncertainty, so the effect of Cu in-
troduction on the Ego could not be accurately ana-
lyzed.

The isoconversional Vyazovkin model (with the
Gorbachev approximation) was used for further
analysis of the variation in the Eg and a better
understanding of the glass transition process. Iso-
conversional analysis was also performed by us-
ing the isoconversional forms of the Kissinger and
Moynihan equations (see (3) and (4)). Isoconver-
sional methods can be applied to the DSC data on
a glass transition after the determination of an ex-
tent of conversion, α. As DSC measures a change
in heat during the process, α is evaluated as a ra-
tio of the current heat change to the total heat of
the whole process. The obtained results indicated
that the process of glass transition occurs in par-
allel with the effect of overheating. The depen-
dence of the extent of conversion on temperature
for Cu1(As2Se3)99 glass at different heating rates
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Fig. 6. Apparent glass transition activation en-
ergy Eg dependence on extent of conversion of the
Cu1(As2Se3)99 glass.

Fig. 7. Apparent glass transition activation en-
ergy Eg dependence on extent of conversion of the
Cux(As2Se3)100−x glasses.

are presented in Fig. 5. The results of the applica-
tion of the isoconversional models to this particular
glass are presented in Fig. 6.

The results evidently show a decrease in the acti-
vation energy of the glass transition, indicating that
it is a complex process. The value of Eg decreased
from 292(13) to 205(16) kJ/mol in the composition
with 1 at.% of Cu. This decrease is a consequence of
the increase in the available volume during heating,
which enables freer cooperative movements of struc-
tural units. Activation energy values themselves (of
the order of several hundred kJ) indicate coopera-
tive movements. Generally, structural units of the
glass matrix can move cooperatively or freely in
a non-cooperative manner. While glass relaxes to-
wards the equilibrium supercooled liquid structure,
both cooperative and non-cooperative motions take
place during the process. These two kinds of motion
have markedly different dependencies of the relax-
ation time on temperature, and the kinetics of re-
laxation is dominated by the fastest process. Also, it
can be observed that the values obtained by apply-

ing the Kissinger and Vyazovkin models are almost
the same as those reported for other chalcogenide
systems [27–30]. The activation energy changes dur-
ing the glass transition process for samples with dif-
ferent Cu content are shown in Fig. 7.

Comparison with the results from the classical
analysis showed a very good agreement. Composi-
tions with 1 and 5 at.% of Cu are characterized
by almost the same values of Eg. Glasses with 10
and 15 at.% Cu have slightly lower values of Eg.
The decrease in activation energy with increasing
Cu content indicates greater thermodynamic sta-
bility and easier movements of structural units in
the compound. Cu introduction causes changes in
the kinetic parameters of the amorphous matrix.
The change in the trend of the apparent activation
energy dependence on the Cu content in the glass
composition can be explained by the dominant for-
mation of the structural units in which Cu coordina-
tion is higher. The situation becomes more complex
due to the fact that Cu, by forming units with As
and Se, binds more Se, thus shifting the glass ma-
trix to the area which is richer in As (from ratio
2:3), yielding the formation of new structural units,
probably As4Se4. As4Se4 molecular species can ex-
ist as ethylene-like polymerized units in addition to
forming cage-like molecules [31]. Also, the formation
of the As4Se3 units may be expected.

3.2. Crystallization

The exothermic effect of crystallization of in-
dividual structural units in the glass after the
glass transition peak can be observed (tempera-
ture from 520–615 K). Sample with 1 at.% of Cu
exhibits only one crystallization and one melting
peak, and, as already discussed, those processes cor-
respond to the As2Se3 structural unit [25]. In the
Cu5(As2Se3)95 and Cu10(As2Se3)90 glasses, crys-
tallization of As2Se3 also takes place, the share of
which rapidly declines with the increase of the ap-
plied heating rate. The increase of Cu content in in-
vestigated glass alloys triggers the crystallization of
two other structural units, i.e., CuAsSe2 (at a lower
temperature of crystallization) and Cu3AsSe4. En-
dothermic effects corresponding to the melting of
CuAsSe2 crystal units occur with the further in-
crease in temperature.

The ternary system Cu–As–Se is a complex sys-
tem in which a long list of candidates for possible
crystallizing species can be expected, as indicated
by the detailed analysis of phase equilibrium in this
system [32] and the phase diagram of the Cu2Se-
As2Se3 system [33].

In order to determine the phases present, sam-
ples, annealed according to results from DSC
measurements at three temperatures (555, 620,
and 750 K), were characterized by using XRD.
Figure 8 shows the XRD peaks of the annealed
Cu15(As2Se3)85 glass sample. In this case, identifi-
cation is significantly more difficult since both units,
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Fig. 8. XRD pattern of Cu15(As2Se3)85 glass after
annealing at (1) 555 K, (2) 620 K, and (3) 750 K.

Fig. 9. Deconvolution of crystallization and melt-
ing peak of the As2Se3 structural unit in the
Cu1(As2Se3)99 glass at heating rate of 10 K/min:
(1) original DSC curve, (2) peak of crystallization,
3) melting peak.

CuAsSe2 and Cu3AsSe4, have a crystal structure
close to sphalerite, and their diffraction patterns
are very similar. Due to small distortions from the
sphalerite structure, peak splitting into doublets
occurs. This is somewhat more pronounced with
the Cu3AsSe4 unit [34]. The complex shape of the
peaks and the small change in the position of the
maximum at different temperatures (inserted figure
in Fig. 8) indicate that it is still a diffractogram of
a mixture of two units, i.e., these peaks are a con-
sequence of overlapping peaks of individual compo-
nents. The maxima of the CuAsSe2 structural unit
are at slightly lower angle values. A slight shift in
the position of the maximum at higher heating tem-
peratures indicates that then the Cu3AsSe4 struc-
tural unit dominates.

The performed XRD analysis clearly showed that
the structural units are CuAsSe2 and Cu3AsSe4,
and therefore that the second exothermic peak from
the DSC measurements does not correspond to the
Cu2Se unit, as previously stated in [25] without di-
rect experimental confirmation. The crystallization
kinetic parameters determined in [25] actually de-
scribe and correspond to the crystallization of the
Cu3AsSe4 structural unit.

Fig. 10. Extent of crystallization conversion of the
As2Se3 structural unit as a function of temperature
in the Cu1(As2Se3)99 glass.

The introduction of Cu enables crystallization
of the As2Se3 structural unit at lower tempera-
tures in comparison with composition without Cu,
where mechanically induced defects and a num-
ber of stress-induced defects are crystallization cen-
ters [25]. In glass alloy with 1 at.% of Cu, the crys-
tallization peak is partially overlapped by melting
at a heating rate of 10 K/min, so a deconvolution
of peaks was performed (Fig. 9).

The crystallization processes of CuAsSe2 and
Cu3AsSe4 structural units are also overlapped, so
for the purpose of analysis, deconvolution of these
peaks was done. A peak separation on obtained
curves, up to the degree that enables the identifi-
cation of peak shape, is needed because the crys-
tallization peaks do not have mathematically de-
fined functional dependence. The peak shape de-
pends on the mechanism of nucleation and crys-
tal growth. Isoconversional analysis was performed
on these units only for Cu10(As2Se3)90 by us-
ing the isoconversional form of Kissinger (see (3))
and Moynihan (see (4)) equations, as well as the
Vyazovkin model (see (1)) with the Gorbachev
approximation). Figure 10 shows the dependence
of the extent of conversion on temperature for
As2Se3 in the composition with 1 at.% of Cu as
an example.

The results of these analyses, which show the
dependence of apparent activation energy of crys-
tallization, Ec, on the extent of conversion, are
shown in Figs. 11–13. The obtained data clearly
show a change in the activation energy Ec, indi-
cating that crystallization is also a complex pro-
cess. The obtained values are in good correlation
with the values obtained by using non-isothermal
and non-isoconversion models [25].

Processes such as molecular rearrangements,
which include rotation, bending, and breaking of
existing bonds, take place during crystal growth.
Considering that the activation energy quantifies
the ease of molecular rearrangement, it can be
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Fig. 11. Apparent activation energy of crystalliza-
tion Ec of the As2Se3 structural unit as a function
of extent of conversion in the Cu1(As2Se3)99 glass.

Fig. 12. Apparent activation energy of crystalliza-
tion Ec of the CuAsSe2 structural unit as a function
of extent of conversion in the Cu10(As2Se3)90 glass.

concluded that in the investigated glasses, these
processes most easily occurred in the case of As2Se3
structural units, with Ec of 96(11) kJ/mol for
α = 0.5. Earlier analysis [25] indicates that crystal-
lization takes place via volume nucleation and three-
dimensional growth with a variable number of nu-
cleation centers. Centers of nucleation are formed
during the crystallization process. Values of Ec
for structural units CuAsSe2 and Cu3AsSe4 at the
same value of α were 172(15) and 281(12) kJ/mol,
respectively. The crystallizations of CuAsSe2 and
Cu3AsSe4 are shifted to the lower temperature re-
gion.

According to previous investigations [25],
Cu10(As2Se3)90 glass alloy contained a sufficiently
large number of nucleation centers before the
experiment, and their number did not increase
significantly during the crystal growth. Crystal-
lization is characterized by volume nucleation with
a constant number of nuclei. The activation energy
refers mostly to crystal growth.

Fig. 13. Apparent activation energy of crystalliza-
tion Ec of the Cu3AsSe4 structural unit as a func-
tion of extent of conversion in the Cu10(As2Se3)90
glass.

Isoconversional analysis showed that the appar-
ent activation energy of crystallization of As2Se3
and CuAsSe2 structural units decreases with an in-
crease in the extent of transformation. For the
Cu3AsSe4 structural unit, the apparent activation
energy initially increases for small values of the
extent of transformation and then shows a slight
decreasing tendency. This indicates that the crys-
tallization of Cu3AsSe4 was initially hindered by
the incomplete crystallization of the CuAsSe2 struc-
tural unit.

4. Conclusions

Isoconversional analysis was used to analyze
thermally induced processes of glass transition
and crystallization in glass alloys from the
Cux(As2Se3)100−x system for x =0, 1, 5, 10, and
15 at.%. By applying the Kissinger and Moyni-
han models to the onset and endset glass transi-
tion temperature, variation of Eg with temperature
was observed. This variation of Eg was additionally
studied using the Vyazovkin isoconversional model
as well as isoconversional forms of Kissinger and
Moynihan equations, and previously noticed non-
linear decrease was attributed to a complex pro-
cess. The values of the activation energy indicate
that the structural units move cooperatively, and
their motion becomes easier with the extent of con-
version increase. The decrease in activation energy
with increasing Cu content, from about 250 kJ/mol
at the extent of conversion of 50 % for 1 and 5 at.%
of Cu content to 231 kJ/mol for composition with
15 at.% at the same values of the extent of con-
version, indicates greater thermodynamic stability.
The obtained results refer that Cu is actively in-
corporated into the glass matrix by forming units
with selenium and arsenic (binding more Se), caus-
ing changes in the glass structure.
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Isoconversional analysis of the crystallizations of
As2Se3, CuAsSe2, and Cu3AsSe4 was done, show-
ing that these are complex processes with ap-
parent activation energies of 96(11), 172(15), and
271(12) kJ/mol, respectively, at α = 0.5. Crystal-
lization is easiest to perform in the case of As2Se3.
Unlike As2Se3 and CuAsSe2, in the case of the
Cu3AsSe4 structural unit, the activation energy
during the crystallization initially increased and
then slightly decreased as a result of the unfinished
crystallization of CuAsSe2.
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