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For the alloy of eutectic composition in the quasibinary GeSe2-Sb2Sea system the heat 
capacities of the glass, undercooled and stable liquid and crystalline phases have been measured 
using differential scanning calorimetry. Enthalpy, entropy and Gibbs free energy differences of 
vitreous and crystalline forms have been deduced for this alloy. The kinetic parameters of 
crystallization for glasses of nearby composition have been obtained by continuous heating 
experiments. The effective activation energy obtained has a value that accounts for the activation 
energy for nucleation calculated using simple nucleation theory formulae. 

The phase diagram and glass forming region of  the GeSe2-Sb2Se 3 system are 
known [1-3]. The eutectic composition and temperature are respectively 
57.5 mol % GeSe 2 and 7574- 1 K. The glass forming region extends from 35 to 
98 mol % GeSe2. In this paper w e report on the determination of the heat capacity 
of a liquid, glassy and crystalline alloy of the eutectic composition of this system and 
also of the activation energy of crystallization of glasses of nearby composition. The 
nominal composition of these glasses is shown in Table 1. The residual values of  
thermodynamic quantities of the eutectic glass with respect to the crystalline stable 
phases are determined. 

Talfle 1 Apparent activation energy for crystallization of 
(GeSe2)x(Sb2Se3) 1o0- x 

x E, kJ (g.at) -1 

40 208 + 6 
50 209 + 6 
55 228 + 6 
60 187+6 
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Experimental 

Bulk glasses were prepared by melting weighed amounts of elemental Ge, Sb and 
Se of 5N purity in evacuated and sealed quartz ampoules. The molten alloys were 
held at 1275 K for 12 h and constantly agitated to ensure homogeneity; 
subsequently they were quenched in air at room temperature. For the eutectic 
composition glass, melting and controlled quenching of the sample was performed 
directly in the calorimeter, because the critical coolirlg rate needed to avoid the 
crystallization of the melt is rather low compared to the maximum controlled 
cooling rate available in the DSC apparatus. 

Calorimetric measurements were carried out in a Perkin-Elmer DSC 2 under 
pure argon atmosphere. The error in heat capacity measurement was 4% using a 
synthetic sapphire standard for calibration. The accuracy of the temperature 
measurements was within 4-0.5 deg. 

Results and discussion 

Thermodynamic characterization of eutectic alloy 

On heating the glass, the glass transition occurs at 540 K and the sample does not 
recrystallize if the heating rate is higher than 20 deg min-1, that is, it passes 
continuously from undercooled liquid to stable liquid. However, crystallization 
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may be achieved on annealing the sample at temperature in the range 600-700 K. 
Figure 1 shows the heat capacity versus temperature for glass, undercooled and stable 
liquid and crystalline phases. In this figure are presented the heat capacity results on 
heating at a constant rate of 40 deg min-1 of glasses obtained at cooling rates 
ranging from 2.5 to 40 deg min- 1. There is a peak in the heat capacity at the glass 
transition which rises on lowering the cooling rate. A similar phenomenon is observed 
in other chalcogenide glasses [4-45]. The general behaviour of the heat capacity versus 
temperature on heating the glass is in agreement with that observed by other 
authors [6]. 

From the heat capacity determination the enthalpy and entropy values for glass, 
undercooled and stable liquid and crystalline phases have been calculeted relative to 
the stable liquid at the melting temperature Tin. These results are shown in Figs 2 and 
3. The residual enthalpyand entropy (at 450 K) of the as-quenched glass with respect 
to the crystallized sample are respectively 2.2 kJ (g- at)- 1 and 1.9 J (g" at)- 1 deg- 1. 
The residual entropy obtained is of the same order of magnitude as those reported for 
other chalcogenide glasses [7]. 

The heat capacity measurements enables also the determination of the Gibbs free 
energy difference AG between undercooled liquid and crystalline solids. Figure 4 
shows the value of AG obtained from experimental results. 

Kinetic studies o f  crystallization 

The high stability of the eutectic composition glass against crystallization prevents 
the crystallization kinetics study~ This study has been done on nearby compositions 
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Fig. 3 Plot of entropy for glass (g), undercooled and stable liquid (1) and crystalline phases (c) 
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of the GeSe2-Sb2Se3 system. Experiments with constant heating rate were recorded 
from room temperature up to the temperature above the crystallization exotherm at 
scan rates ranging from 1.25 to 80 deg rain-~. 

The fraction ofcrystaUized material ot, at given time, t, and the transformation rate 
dot 

- -  at the same time were determined from the DSC curve according to the method 
dt 
described previously [8]. To explain the crystallization we assume a transformation 
rate given by 

d~/dt = k(T)f(~) 

where k ( T )  is the rate constant andf(0t) is a function which reflects the mechanism of 
crystallization. For a fixed value of or, the plot of In (dot/d0 versus 1/T obtained at 
different heating rates showed that k ( T )  is given by the Arrhenius equation: 

k ( T )  = k o exp ( -  E/RT)  

An example of such behaviour, for ct = 0.3 is presented in Fig. 5. The values deduced 
for the effective activation energy, E, are given in Table 1. 

For simple nucleation theory [9-10] the activation energy for nucleation E,, is 
expected to be E n "~ (AHm)a/(AGc) 2, where AGc is the Gib0s free energy difference 
between the undercooled liquid and the crystalline phases at the onset of 
crystallization. From Fig. 4 a value ofAG~ = 1.2 kJ (g. at)-  ~ may be estimated for a 
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Fig. 5 Plots of  d~/dt, in logarithmic form, versus I /T  for a fixed 
(GeSe2)x(Sb2Se3)loo_ x samples with x: 40 (1), 50 (2), 55 (3), 60 (4) 
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temperature o f  570 K. This gives a value of E. = 200 kJ (g.at)-1. Although the 
preceding calculation of E. is very approximate it accounts nicely well for the values 
give n in Table 1 for the effective activation energy. Morphological studies and 
microscopic examinations of the crystalline nuclei and their growth velocity are 
needed to further understand the crystallization mechanism. 

Conclusions 

Heat capacity measueements around the glass transition for glasses obtained at 
different cooling rates have shown that there is a peak at the upper part of glass 
transition that increases on decreasing cooling rate. ~ 

Due to the high resistance to crystallize of the eutectic composition it has been 
possible to measure the heat capacity of the undercooled liquid in all the range of 
temperatures between glass transition and melting. 

The enthalpy and entropy of the glass, undercooled and stable liquid and 
crystalline phases have been calculated relative to the stable liquid at the melting 
temperature. 

The Gibbs free energy difference between undercooled liquid and crystalline 
phases at the onset of crystallization accounts for the effective activation energy of 
crystallization obtained for nearby composition glasses. 

This research was supported by the Comisi6n Asesora de Investigaci6n Cientifica y T6cnica (CAICYT) 
project no. 759-84 which is gratefully acknowledged. 
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Zusammenfassung - -  Die W/irmekapazit/iten von Glas, unterkiihlter und stabiler Fliissigkeit und 
kristallinen Phasen yon Mischungen der eutektischen Zusammensetzung des quasibin~iren Systems 
GeSe2-Sb2Se 3 werden mittels DSC gemessen. Aus den Ergebnissen werden Enthalpie, Entropie und" 
freie Enthalp_ie der glasartigen und kristallinen Formen dieser Mischung abgeleitet. Die kinetischen 

Parameter der Kristallisation von Glfisern benachbarter  Zusammensetzungen wurden durch 
temperaturprogrammierte Untersuchungen ermittelt. Die erhaltenen effektiven Aktivierungsenergien 
entsprechen dem fiir die Keimbildung nach einfachen theoretischen Formeln,berechneten Wert. 

Pe3mMe - -  MeTOjlOM )IilqbdpepeHUrla.rlbHOfi cranupy~otuefi xa.aopnuerpHH onpe~IeaeHu rermoeurocxrt  

cTerdioo6paaHofi qba3u, nepcoxaaa~aeanofi a ycTofi'IaaOfi x~rtarocrH, a Taxxe xpncTa_~nqecrnx dpa3 
~aa cn~aaa 3BTerTvlqecroro COCTana a xaaaH6~Iaapaofi CrlCTeMe GeSeE-SbzSe 3 . ~],lla cTeICao6paaaofi 1~ 
rpHcTa.aaaqecrofi qbopM aToro cnaaaa onpe~leaenu H3MeHeHHa 3HTa.ahnaH, 3aTponmt a CaO60~O~ 
aneprHn FH66ca. HyTeM nenpepuanoro  narpeaa nozyaeau  rnl~exaaecrne napaMeTpu xpHcTa.aaH- 
3at0~rt CTeKOJI 6YlH3KOFO COCTaBa. FlohyqeHHaa 3~ClaegTHaUaa 3neprr~a arTnBaunn nMeaa 3Ha,~eHne 
nprmaroe ~aa 3Heprert arTHaattriH 06pa30Banaa UeHTpOa icprlcTa.aa~aanrm, BblqHc~enrIofi rt3 npocrofi 
TeopeTnqecrofi dpopMy~bl TeopHH o6pa3onaHHa UeHTpOB rpncraJt~HaauHn. 
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