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bstract

The dependence of crystallization process on the particle size was studied for the pseudobinary chalcogenide glass (GeS2)0.1(Sb2S3)0.9. Crys-
allization of Sb2S3 component was studied under isothermal and non-isothermal conditions using DSC. The strong dependence of crystallization
rocess on the particle size was observed. With the increase of particle size the crystallization temperature range shifts to higher temperatures. This

as observed for both isothermal and non-isothermal conditions. The activation energy of the process is for isothermal experiments higher than

or non-isothermal experiments. The crystallization process was for all the samples described using autocatalytical model. Corresponding kinetic
arameters are for crystallization under isothermal conditions lower than for non-isothermal crystallization.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Influence of the particle size of amorphous material on devit-
ification process was studied by several authors, the DSC
differential scanning calorimetry) or DTA (differential thermal
nalysis) techniques appear to be very suitable for this task. The
esults are published for silicate glasses [1–6], fluoride glasses
7–10], borate glasses [11,12], phosphate glasses [13], glasses
ontaining waste material [14,15] and also chalcogenide glasses
16–18]. In most cases was the crystallization process studied
nder non-isothermal conditions and only several works report
o influence on the temperature range position, size or shape of
he crystallization peak [1,3,7,16–19]. The majority of reported
rystallization data were strongly influenced by particle size of
riginal (amorphous) material. The temperature shift of the crys-
allization peak for changing particle size is interpreted as a
onsequence of differences in heat transfer conditions as well

s due to different number of nuclei. This is a plausible inter-
retation in the case when the peak is shifted to the higher
emperatures with increasing particle size [1,10,11,13,20–23]
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tical model

ut also the non-systematic shift in temperature with increasing
article size was observed [2,9,14,24], even more complicated
ehavior was reported for some glass [25]. In some systems
rystallization processes for which the peak position in temper-
ture is not dependent on particle size can be observed, there
s virtually no shift [1,3,7,16–19]. But in all these published
esults the crystallization peak was shifted to higher tempera-
ures with increasing heating rate. The kinetic analysis of these
xperiments shows that the activation energy of studied crys-
allization processes E can be correlated to the particle size of
rigin amorphous material. Several reports show that there is no
ifference in the value of activation energy for different parti-
le size [4,10,18,20] (the changes are about 1% related to the
inimum reported value of E for individual published results).
ore reports can be found where E increases with increasing

article size [3,6,9,26] (the increase is from 7% to 15% related
o the minimum value of E for individual published results) as
ell as there are many results where activation energy decreases
ith increasing particle size [2,5,7,8,12,15,21,24] (the decrease

s from 7% to 290% related to the minimum values of E for

ndividual published results). In some systems obvious mini-

um or maximum in the particle size dependence of E was
bserved [11,25]. On the basis of all these published results no
onclusion can be made that for some class of glasses (silicate,
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hosphate, fluoride, borate, etc.) is the dependence of crystal-
ization peak temperature or activation energy on particle size
hifted to higher or lower values.

This work contributes to the published results on the
nfluence of the particle size of amorphous material on the
rystallization process. A simple pseudobinary chalcogenide
ystem (GeS2)0.1(Sb2S3)0.9 was chosen. It has been reported
16] that for system As–Sb–Se the particle size of glass has no
nfluence on the crystallization peak shape and its position in
emperature scale. The same result was observed for glasses of
omposition As2SeTe2 [17] and As2Se3 [18]. But our previous
ata on crystallization in the (GeS2)0.2(Sb2S3)0.8 glass showed
hat not only the peak position in temperature scale is changing
ith particle size but also change the value of activation energy

nd the kinetic parameters describing observed crystallization
27]. The difference in kinetic parameters between crystal-
ization of bulk and powder sample was published also for the
GeS2)0.3(Sb2S3)0.7 glass [28].

. Kinetic analysis

The DSC is a very common technique for studying several
rocesses. The kinetic equation of DSC curve can be described
29] as:

= �HA e−E/RT f (α) (1)

here Φ is the heat flow, �H the enthalpy change of the
rocess, A the pre-exponential factor, E the activation energy
f the process, R the universal gas constant, T the temperature,
(α) the kinetic model and α is the conversion. The kinetic
nalysis was made and the model acceptable for description
f crystallization process was found using the characteristic
unctions y(α) and z(α) [28,30] defined as follows:

under non-isothermal conditions

y(α) = Φ eE/RT (2)

z(α) = ΦT 2 (3)

under isothermal conditions

y(α) = Φ (4)

z(α) = Φt (5)

where t is the time, other symbols are defined above. For the
practical reasons are the both functions normalized within
the 〈0, 1〉 range. The shape of characteristic functions and
the conversion corresponding to the maximum of the func-
tions, αM for y(α) and αinf

p for z(α), can be used to select the
kinetic model suitable for description of the studied process.
In the case of chalcogenide glasses the crystallization can
usually be described by using the nucleation-growth model
JMA(n)—Eq. (6), or by the autocatalytical model AC(M, N)
[29]—Eq. (7).
(α) = n(1 − α)[− ln(1 − α)]1−1/n (6)

(α) = αM(1 − α)N (7)

c
0
a
0

ca Acta 466 (2007) 13–21

The activation energy of the studied process is needed to cal-
ulate the characteristic functions and do the kinetic analysis.
t is believed that the value of E can be calculated without any
nowledge of the process mechanism although this approach
as criticised [21,31,32]. But while the value of E may depend
n the method, significant comparison may be achieved when
sing the same formula for evaluation [29]. The value of E for
oth isothermal and non-isothermal conditions can be calculated
sing the isoconversional method [33] where the slope of ln Φα

ependence on 1/Tα for the constant conversion corresponds to
E/R. The obtained value of E should not dependent on conver-

ion for the α range (0.3, 0.7). The most frequently used method
f E evaluation—the Kissinger method [34] is applicable only
or non-isothermal experiments where the temperature corre-
ponding to the maximum of peak Tp shifts with the heating rate
. The slope of the ln(β/T 2

p ) dependence on 1/Tp is equal to the
E/R. Very similar is the Ozawa method [35] where the slope

f the ln(β) dependence on 1/Tp is equal to −1.052E/R.
The parameter n of JMA model can be calculated from the

ependence of ln[−ln(1 − α)] on ln(t) or 1/T for isothermal and
on-isothermal conditions, respectively [28]. The conversion
orresponding to the maximum of y(α) function can be also
sed to determine the parameter n [28] as n = 1/[1 + ln(1 − αM)].
onversion αM can be also used to determine the parameters
f AC model, because M/N = αM/(1 − αM). When is known the
ctivation energy of the process and the conversion ratio then
he parameters of AC model and pre-exponential factor A can
e determined from the dependence [36]:

n

[
Φ exp

(
E

RT

)]
= ln(�HA) + N ln[αM/N (1 − α)] (8)

. Experimental

The pseudobinary glass (GeS2)0.1(Sb2S3)0.9 was prepared
rom pure elements. The adequate amounts of elements were
eighted into the quartz ampoule. The ampoule was then evac-
ated, sealed and put into the rocking furnace. The batched
mpoule was heated at 950 ◦C for 20 h. The amorphous mate-
ial was obtained when the ampoule was quickly pushed from
he furnace into the bath with water and ice. The amorphous
haracter of the prepared glass was confirmed by X-ray diffrac-
ion. The crystallization of Sb2S3 in (GeS2)0.1(Sb2S3)0.9 glassy

atrix was studied. The X-ray diffraction confirmed that the
rystalline form is Sb2S3 (stibnite) and the results of as prepared
nd crystallized (GeS2)0.1(Sb2S3)0.9 sample is shown in Fig. 1.
he crystallization measurements were performed on samples

n the form of bulk and powder to prove the influence of sur-
ace/volume ratio on crystallization process. Bulk samples were
repared as thin plates (thickness 0.85 mm) both side polished to
he optical quality with the maximum sample dimension 3 mm
to be able to be put in DSC crucible). The pieces of glass were
rushed to the powder which was divided according to the parti-

le size into eight fractions: under 0.02, 0.02–0.05, 0.05–0.125,
.125–0.18, 0.18–0.25, 0.25–0.3, 0.3–0.5 and 0.5–0.8 mm. The
verage particle size daver of each fraction (0.01, 0.035, 0.0875,
.1525, 0.215, 0.275, 0.4 and 0.65 mm, respectively) was used
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Fig. 2. The influence of surrounding atmosphere during preparation of powder
samples on the consequent crystallization. The DSC results for sample prepared
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ig. 1. X-ray diffraction pattern of as prepared and crystallized
GeS2)0.1(Sb2S3)0.9 glass.

hen plotting and analyzing the DSC data as a function of
article size, for the bulk sample is used the value 3 mm. The
owder fractions were prepared (from the very breaking of the
uartz ampoule till the weighting of sample into the DSC cru-
ibles) under the protective atmosphere of argon and stored in a
esiccator under argon atmosphere until used for the DSC mea-
urement. The influence of oxygen on the studied crystallization
rocess was tested when the powder with 0.02–0.05 mm parti-
le size was prepared also without the protective atmosphere
on air). The crystallization of Sb2S3 in (GeS2)0.1(Sb2S3)0.9
lassy matrix was studied under isothermal and non-isothermal
onditions using DSC Pyris 1 (measurements were done in
he atmosphere of nitrogen). No pre-nucleation treatment has
een used. All samples (bulk and each fraction of powder sam-
le) were heated from 100 to 380 ◦C with heating rates 2, 5,
, 10, 15, 20 and 30 K min−1. The temperature of isothermal
xperiments and the time of the isotherm were different for
ach particle size. Generally, during isothermal experiments the
sotherm temperature was in the range 266–310 ◦C and the time
eeded for crystallization ranged between 6 and 80 min. The
emperature range of isotherms was selected on the base of the
rystallization rate for each particle size. Below the minimum
emperature the rate was too slow and that above the maxi-

um temperature was too fast (crystallization started within few
econds after the sample reached the isotherm temperature) to
roduce a reasonable peak shape for experimental data analy-
is. The sample was heated to the temperature of isotherm with
eating rate 150 K min−1. The sample mass for the DSC exper-
ments was ca. 20 mg for bulk sample and 12 mg for powder
ample.

. Results
The crystallization of Sb2S3 in pseudobinary (GeS2)0.1
Sb2S3)0.9 glass was studied under isothermal and non-
sothermal conditions. The main attention is focused on the

g
t
s
o

nder protective atmosphere (Ar) and without it (O) are presented for heating
ates 2, 10 and 20 K min−1.

article size influence to crystallization behavior and its kinetic
escription.

The powder samples of (GeS2)0.1(Sb2S3)0.9 glass were pre-
ared under the protective atmosphere to prevent them from
dsorbing oxygen which would influence the studied crystal-
ization process. The fraction with 0.02–0.05 mm particle size
as prepared also without the protective atmosphere and the
on-isothermal measurements were performed. The comparison
f crystallization peaks is for both samples and various heating
ates shown in Fig. 2. The enthalpy change of crystallization is
55.0 ± 2.2 and −52.7 ± 2.2 J g−1 for powder prepared with-

ut and under the protective atmosphere, respectively. Within
rror limits is the value for both samples the same. But it is
lear that the crystallization process may be quite different—the
eak for sample prepared under argon atmosphere is higher and
arrower than that for the sample prepared without the protec-
ive atmosphere. More complicated crystallization process in
he case of the sample prepared without the protective atmo-
phere can be deduced from the shape of the DSC peak and
ven better from the y(α) and z(α) functions, especially for
eating rate 2 K min−1. The difference is probably caused by
he oxygen presence on the surface of the sample prepared on
ir. One could suppose that oxygen increases the number of
uclei on the surface so the crystallization process should be
aster and observed at lower temperature compared to the sam-
le prepared under Ar atmosphere. But as can be seen in Fig. 2
his is not the case. Živković et al. [37] studied the influence
f oxygen on crystalline Sb2S3 and observed two exother-
ic effects in temperature range 283–478 and 595–610 ◦C.
uthors predicated them to the transformation of Sb2S3 to
bO2. The temperature range of the first observed effect over-

aps the region of Sb2S3 crystallization in (GeS2)0.1(Sb2S3)0.9

lass and may influence the observed process. Therefore, all
he powder samples were prepared under the protective atmo-
phere of argon to prevent possible influence of oxygen on
bserved crystallization process. The surface/volume ratio in
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Table 1
The values of the enthalpy change �H during isothermal (iso) and non-isothermal (non-iso) crystallization and of its activation energy (kJ mol−1) determined by
isoconversional, Kissinger and Ozawa method for bulk and powder samples with different particle size

Sample (mm) −�H (J g−1) Isoconversional Kissinger Ozawa

Iso Non-iso Iso Non-iso

Bulk 50.2 ± 4.4 61.9 ± 1.3 280 ± 30 279 ± 8 253 ± 5 251 ± 5
0.5–0.8 59.0 ± 0.6 61.1 ± 1.8 277 ± 11 275 ± 21 260 ± 8 256 ± 7
0.3–0.5 57.7 ± 1.3 60.1 ± 1.9 292 ± 2 271 ± 9 266 ± 4 262 ± 3
0.25–0.3 58.3 ± 1.4 59.4 ± 3.0 289 ± 3 286 ± 13 264 ± 8 260 ± 8
0.18–0.25 56.8 ± 0.2 57.3 ± 2.3 300 ± 2 287 ± 10 260 ± 5 256 ± 4
0.125–0.18 55.3 ± 1.2 57.0 ± 2.3 302 ± 4 268 ± 9 241 ± 9 238 ± 8
0.05–0.125 54.9 ± 0.6 57.2 ± 1.9 304 ± 3 291 ± 13 266 ± 11 262 ± 11
0 304
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lished by Švadlák et al. [38] (Fig. 5A in their work) for the
(GeS2)0.2(Sb2S3)0.8 glass were observed at the surface of the
fully crystallized sample.
.02–0.05 52.7 ± 1.3 56.3 ± 1.5
nder 0.02 52.9 ± 0.6 54.6 ± 1.4

ulk samples was not so high compared to powder samples, so
he bulk samples were prepared without the protective atmo-
phere.

The crystallization of Sb2S3 in our glass was under
on-isothermal conditions observed in the temperature range
70–345 ◦C for all studied samples and all heating rates. The
emperatures of isotherms were approximately in the tempera-
ure range where the crystallization for heating rate 2 K min−1

as observed for the corresponding particle size. The val-
es of enthalpy change of crystallization are summarized in
able 1. The variation of �H with particle size under both

sothermal and non-isothermal conditions is shown in Fig. 3.
he value of �H increases with increasing particle size but

or bulk sample measured under isothermal conditions is the
nthalpy change almost the same as that for the finest pow-
ers.

The samples were after the DSC measurement examined
y optical microscope (Fig. 4). The samples for the particle

ize from under 0.02 mm to 0.05–0.125 mm were compact hav-
ng the shape of the DSC crucible. For larger particle size
p to 0.3–0.5 mm the sample also imitated the crucible shape
ut the mass was less compact with the free space increas-

ig. 3. The particle size dependence of crystallization enthalpy change for
sothermal and non-isothermal conditions.

F
0

± 3 340 ± 36 309 ± 26 303 ± 25
± 4 369 ± 57 311 ± 7 305 ± 6

ng with increasing particle size. The sample with particle size
.5–0.8 mm remained in the form of separate pieces—even
fter the crystallization. The crystals similar to that pub-
ig. 4. Samples after isothermal DSC experiment for the particle size: (A)
.05–0.125 mm and (B) 0.25–0.3 mm.



P. Pustková et al. / Thermochimica Acta 466 (2007) 13–21 17

Fig. 5. The particle size dependence of activation energy of the crystallization
process determined for isothermal (isoconversional method) and non-isothermal
(Kissinger method) conditions.

Fig. 6. Characteristic functions y(α) and z(α) for non-isothermal crystallization
of powder with particle size under 0.02 mm.
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ig. 7. The particle size dependence of the conversion corresponding to the
aximum of y(α) and z(α) functions (αM and αinf

p ) for crystallization under
sothermal and non-isothermal conditions.

. Discussion

The crystallization of Sb2S3 in pseudobinary (GeS2)0.1
Sb2S3)0.9 glass was studied by DSC under isothermal and non-
sothermal conditions with samples in the form of the bulk and of
he powder divided into eight fractions according to the particle
ize. In most glasses the crystallization proceeds by internal and
urface mechanisms simultaneously and competitively [22]. Our
im was to clarify if in the case of chalcogenide GeS2–Sb2S3
lass both these mechanisms are equivalent for both fine powder
nd bulk. Isothermal and non-isothermal experiments were per-
ormed for all the samples to compare the potential differences.
t is believed that the techniques of isothermal analysis are in
ost cases more definite though the non-isothermal thermoana-

ytical techniques have several advantages (faster proceeding,
ider temperature range compared to the isothermal experi-
ents) [39].

The illustration of the DSC curves for isothermal and non-

sothermal crystallization and selected particle sizes is shown in
ig. 10. As can be seen for non-isothermal crystallization the

emperature of the peak maximum is shifted to higher tempera-
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Fig. 8. The dependence of the conversion αinf
p on αM for (A) isothermal and (B)
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on-isothermal conditions. The area of JMA model applicability is suggested.
he solid curves guide the eye in direction of change from the fraction under
.02 mm to the bulk sample.

ures with higher heating rates. For each heating rate the Tp value
ncreases with increasing particle size. Up to the 0.05–0.125 mm
raction the increase is higher than for the other (larger) particle
izes. One explanation of the Tp shift with particle size can be
hat the crushing of the bulk to the powder can influence the
ubsequent crystallization process. There are some reports on
he mechanical treatment influence on the crystallization behav-
or [40,41] but usually an intensive ball-milling was applied.
hornburg [17] observed no significant influence of powder
ample preparation by crushing on the crystallization process
n As2SeTe2 glass. The dependence of Tp on the particle size
as almost the same trend for all used heating rates. The dif-
erence in Tp between bulk and particle size below 0.02 mm is
5, 28 and 32 ◦C for heating rates 2, 10 and 30 K min−1, respec-
ively. This probably means that even during slow heating, the
umber of nuclei in the sample is not very different compared

o high-heating rates. It appears that the sample was nucleated
whether on the surface or volume) before any heating treatment
as applied. In the case that the sample was fully nucleated
efore inserting in DSC the Tp shift with particle size would

p

c
m

ig. 9. The particle size dependence of parameters M and N of the autocatalytical
odel describing the crystallization process for (A) isothermal and (B) non-

sothermal conditions.

ot be so high. The dominant mechanism of crystallization (sur-
ace or internal) was determined on the base of Tp dependence
f particle size [1,11]. On the other hand, according to Ray et
l. [22] this information is not sufficient to provide this inter-
retation (they observed that the value of Tp increased with
he particle size whether the main crystallization mechanism
as surface or internal). The shape of crystallization peaks for
ifferent particle sizes is shown in Fig. 10. It is published for
on-isothermal experiments that the sharp peak means that the
nternal crystallization is dominant and broad peak signalizes the
ominant surface crystallization [22,24]. This is opposite to our
wn results. The surface/volume ratio decreases with increasing
article size. Therefore, the surface mechanism should more
nfluence the small particles where the crystallization peak is
harp compared to larger particle size. The interpretation of
eak shape and dominant crystallization mechanism has been
roposed for silicate glasses but it seems to be not valid for
halcogenide glass. The particle size dependence of the activa-
ion energy can be used to estimate the mechanism of the studied

rocess.

It is believed that the value of activation energy E can be cal-
ulated without any other information about the crystallization
echanism although some authors have still some doubts about
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Table 2
The parameters M and N of the autocatalytical model and values of pre-exponential factor describing the isothermal (iso) and non-isothermal (non-iso) crystallization
for bulk and powder samples with different particle size

Sample (mm) M N ln(A) (s−1)

Iso Non-iso Iso Non-iso Iso Non-iso

Bulk 0.13 ± 0.03 0.48 ± 0.15 0.54 ± 0.14 0.84 ± 0.11 52.5 ± 0.2 47.7 ± 0.2
0.5–0.8 0.20 ± 0.03 0.21 ± 0.02 0.73 ± 0.08 0.94 ± 0.07 53.0 ± 0.1 49.5 ± 0.1
0.3–0.5 0.34 ± 0.06 0.51 ± 0.05 0.88 ± 0.07 1.04 ± 0.07 56.9 ± 0.1 51.7 ± 0.1
0.25–0.3 0.37 ± 0.04 0.47 ± 0.05 0.81 ± 0.04 0.95 ± 0.05 56.5 ± 0.1 51.5 ± 0.1
0.18–0.25 0.50 ± 0.08 0.68 ± 0.06 0.88 ± 0.05 1.02 ± 0.06 59.3 ± 0.1 51.1 ± 0.1
0.125–0.18 0.51 ± 0.06 0.57 ± 0.09 0.80 ± 0.03 0.88 ± 0.03 59.9 ± 0.1 47.2 ± 0.1
0.05–0.125 0.65 ± 0.05 0.76 ± 0.06 0.79 ±
0.02–0.05 0.62 ± 0.06 0.78 ± 0.04 0.74 ±
Under 0.02 0.67 ± 0.03 0.73 ± 0.15 0.65 ±

Fig. 10. Experimental (points) and calculated (lines) data for (A) isothermal
and (B) non-isothermal crystallization and particle sizes (from top to bottom):
under 0.02, 0.18–0.25 and 0.5–0.8 mm. The temperatures of isotherms (◦C) and
heating rates (K min−1) are inserted. The lines are calculated for parameters
summarized in Table 2.
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0.04 0.92 ± 0.03 60.6 ± 0.1 52.9 ± 0.1
0.04 0.86 ± 0.04 61.2 ± 0.1 62.6 ± 0.2
0.06 0.80 ± 0.11 62.9 ± 0.1 63.6 ± 0.2

his presumption [10,21]. The value of E can be determined
rom the crystallization exotherm measured either isothermally
r non-isothermally. Several thermoanalytical methods [29,32]
ave been used to analyze the non-isothermal crystallization
ata but all these methods based on the formal theory of
sothermal transformation kinetics [29]. Despite the criticism the
on-isothermal experiments are preferred over the isothermal
xperiments and are frequently used to study the crystallization
inetics of glasses. The reason is that the non-isothermal experi-
ents are less time consuming and the analysis of experimental

ata is less complicated. The values of E for non-isothermal
rystallization were calculated according to the Kissinger and
zawa methods [34,35] and are summarized in Table 1. For both

hese methods the obtained values for non-isothermal crystal-
ization are very close with low error limits—with the exception
f the 0.02–0.05 mm fraction. The activation energy of the
rocess for isothermal and non-isothermal conditions can be
alculated by the isoconversional method. These values of E
Table 1) for both isothermal and non-isothermal crystallization
re close for bulk and larger particle size. But for smaller parti-
le sizes and non-isothermal conditions the calculated value of
strongly depended on the conversion so the isoconversional
ethod should not be used for these fractions. That is why we

sed the value of E calculated by isoconversional method for
sothermal crystallization and values calculated by Kissinger

ethod for non-isothermal crystallization in our further kinetic
nalysis. These values of E and their dependence on particle
ize are illustrated in Fig. 5. For the isothermal crystallization
he activation energy slightly decreases with increasing parti-
le size and for 0.5–0.8 mm and bulk is already similar. In the
ase of non-isothermal crystallization there is a minimum of E
resent at the 0.125–0.18 mm fraction and then for larger particle
ize the value of E remains similar. It can be found in litera-
ures that the values of E determined using non-isothermal DSC
r DTA experiments are close to the activation energy of the
rystal growth EG [2,9] or activation energy of viscous flow Eη

10,21,23]. For chalcogenide As2Se3 glass Henderson and Ast
18] found that Eη is close to the activation energy of nucleation

N. For (GeS2)0.1(Sb2S3)0.9 glass the viscosity measurements
nd direct measurement of crystal growth were performed. The
alue of activation energy of crystal growth was determined
s EG = 405 ± 7 kJ mol−1 [42]. The activation energy of vis-
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ous flow is Eη = 513 ± 8 kJ mol−1 measured in the temperature
ange 207–259 ◦C [43]. In comparison with the activation energy
or the bulk sample are both these values significantly higher.
he value of E for bulk sample and crystallization studied
nder non-isothermal conditions can be for (GeS2)0.1(Sb2S3)0.9
lass compared with composition (GeS2)0.2(Sb2S3)0.8 [27] and
GeS2)0.3(Sb2S3)0.7 [28]. The value of activation energy is for
GeS2)0.1(Sb2S3)0.9 glass higher than for the other compositions
s well as are the values of EG and Eη [42,43].

The suitable kinetic model for description of the studied
rocess was chosen on the base of the characteristic functions
(α) and z(α) which were calculated from experimental data
ccording to Eqs. (2)–(5). The illustration of the shape of these
unctions is depicted in Fig. 6 for non-isothermal crystalliza-
ion. Shape of both these functions is the same for lower heating
ates but is different for heating rates 20 and 30 K min−1. This
eans that the mechanism of the process is changed for these

igh-heating rates. As the particle size increases the difference
etween lower and higher heating rates slightly decreases but
ith increasing particle size increases the dispersion of the

urves for the appropriate size (the curves do not overlap in
he whole range of conversion). In the case of isothermal crys-
allization is the shape of both characteristic functions the same
or all isotherm temperatures for each particle size but there also
ccurs increase of the dispersion of the curves with increasing
article size. The curvature of y(α) function is more asymmet-
ic with increasing particle size and conversion corresponding
o the maximum of this function is also apparently shifted with
ncreasing particle size for both isothermal and non-isothermal
rystallization. In the case of function z(α) there is also shift
n the conversion corresponding to the maximum of this func-
ion but it is not so large and the function itself is also not so
symmetric. The particle size dependence of the conversion cor-
esponding to the maximum of both characteristic functions for
sothermal and non-isothermal crystallization is shown in Fig. 7.
ecrease of the αM and αinf

p values can be observed with increas-
ng particle size up to the 0.5–0.8 and 0.3–0.5 mm fraction,
espectively, then for larger particle sizes the values increase
gain. This dependence on particle size is the same for isother-
al and non-isothermal crystallization. This could imply some

hanges of the crystallization mechanism but for both charac-
eristic functions the change occurs at slightly different particle
izes. The correspondence of αM and αinf

p changes with particle
ize for both isothermal and non-isothermal data implies that
sing non-isothermal measurements of crystallization do not
hange the αM and αinf

p values significantly. This is important
ecause the values αM and αinf

p can be used to determinate the
inetic model suitable for description of experimental data [30].
he dependence of αinf

p on αM is shown in Fig. 8 where the range
f JMA model applicability is suggested. From this dependence
t is evident that for both isothermal and non-isothermal crystal-
ization is the crystallization process different for 0.5–0.8 mm
owder and bulk compared to smaller particle sizes. Testing the

cceptability of kinetic model showed that for the sample in the
orm of powder JMA model should not be used, the bulk samples
re within the error limit close to the range of JMA model appli-
ability. In the case of isothermal crystallization the 0.5–0.8 mm

f
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raction seems to contain particles large enough to correlate with
he bulk sample as well as description using JMA model. This
s not observed for non-isothermal conditions where the bulk
nd 0.5–0.8 mm powder differ significantly. In this case can be
eflected the difference in heat transfer which has no significant
nfluence when the crystallization is studied under isothermal
onditions. The conversion corresponding to the maximum of
haracteristic functions fulfils the condition that 0 < αM < αinf

p
o the AC model can be used to describe the observed crys-
allization. The crystallization process was for all the studied
amples described by AC model (though the JMA model was
pplicable for the bulk sample) to provide the possibility to cor-
elate the particle size influence on AC model parameters. The
alue of αM is used to calculate the quotient of the parame-
ers of AC model and then the parameters can be calculated
ccording to Eq. (8). The value of pre-exponential factor A was
ecalculated to give the best fit of experimental data. The val-
es of AC parameters and pre-exponential factor for isothermal
nd non-isothermal conditions and different particle sizes are
ummarized in Table 2. The particle size influence on values of
arameter M and N for isothermal and non-isothermal condi-
ions is shown in Fig. 9. The illustration of the calculated lines
for parameters in Table 2) correspondence with the experimen-
al data is depicted in Fig. 10 for selected powder fractions.
he value of parameter M decreases with particle size while

he parameter N increases with increasing particle size up to
.3–0.5 mm fraction and then decreases for both isothermal and
on-isothermal data.

To conclude, from results based mainly on isothermal exper-
ments we can induce that the values of E, αM and αinf

p are
hanging with particle size in the whole range of particle sizes.
herefore, the surface mechanism of crystallization is probably
ominant for all sizes. The particles with 0.5–0.8 mm size seem
o be big enough and are practically corresponding to the bulk
ample under isothermal conditions.

. Conclusions

The crystallization of Sb2S3 in the (GeS2)0.1(Sb2S3)0.9 glass
as studied under isothermal and non-isothermal conditions.
ain interest was focused on the glass particle size influence

n crystallization process and its kinetic description. With the
ncreasing particle size of amorphous material are the crystal-
ization effects shifted to higher temperatures. The values of
ctivation energy and conversions corresponding to the max-
mum of characteristic functions are changing in the whole
ange of particle sizes. That probably means that the surface
echanism is the most significant one in the case of Sb2S3

rystallization in the (GeS2)0.1(Sb2S3)0.9 glass.
This work was supported by the project MSM 0021627501
rom the Ministry of Education, Youth and Sports of the Czech
epublic.
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E.B. Araújo, J. Phys. Chem. Solids 64 (2003) 27–30.
14] A.A. Francis, Mater. Res. Bull. 41 (2006) 1146–1154.
15] Y.J. Park, J. Heo, Ceram. Int. 28 (2002) 669–673.
16] S. Mahadevan, A. Giridhar, A.K. Singh, J. Non-Cryst. Solids 88 (1986)

11–34.
17] D.D. Thornburg, Mater. Res. Bull. 9 (1974) 1481–1486.
18] D.W. Henderson, D.G. Ast, J. Non-Cryst. Solids 64 (1984) 43–70.
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