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The crystallization processes of G%S~_x glasses were studied by means of heat flux DSC. It 
was shown that germanium disulphide crystallizes at' x~< 1/3. On the other hand~ a higher 
germanium content (x > 1/3) led to the crystallization of both GeS 2 and CareS. Kinetic analysis of 
the processes of crystallization of the studied glasses was performed using the Arrhenius rate 
constant and the !~estfik-Berggren kinetic model. The kinetic parameters were calculated through 
non-linear regression of the experimental DSC curves. 

The Ge~St_x glasses are still of interest for both scientific and technological 
reasons. In recent years, considerable attention has been devoted for example, to 
studies of the glass-forming processes [1-3], and the optical properties in theregions 
of the short [4, 5] and the long [6] wavelength edges in these glasses. Less attention. 
has been paid to study of  the crystallization processes in GexS~-x glasses. The 
crystallization of glassy GeS2 has been studied for instance, in [7, 8]. In the former 
paper the effective activation energy under non-isothermal conditions was 
estimated. In the latter paper, the gest/tk-Berggren and the Johnson-Mehl-Avrami 
kinetic models were tested for a quantitative desorption of the crystallization 
process. The linear rate of crystal growth of a-GeS2 on the reheating of  GexSt -x 
glasses was studied in [9]. 

In the present paper, our attention is mainly focused on a phenomenological 
quantitative description of the crystallization kinetics of G%SI _~ glasses, where 
0.33~<x~<0.40. The aim of the work is to propose a kinetic model which 
consistently fits the experimental non-isothermal DSC curves and which ~ is 
invariant with respect to the temperature program. 
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Experimental 

The studied glasses of composition GexSx _~ were prepared in a conventional 
way described elsewhere [10]. The crystallization kinetics of these glasses was studied 
by using the microcomputer-based Perkin-Elmer DTA-1700 system operating in 
the heat flux DSC mode. For the acquisition and processing of the experimental 
data a PE 3600 computer was used. 

Due to the high reactivity of sulphide glasses with oxygen at elevated 
temperatures, all measurements were carried out with the samples placed in small 
evacuated quartz ampoules fitting into the platinum measuring cups. Freshly 
prepared bulk fragments of Ge~Sx _x glasses (approx. 10 mg) were used for the 
measurements. 

Kinetic parameter calculations 

The kinetic analysis of the processes of crystallization of GexS ~ _~ glasses was 
performed with the rate equation in the following form: 

= A exp (E/RT)f(e) (1) 

where f(~)  is a kinetic model of the crystallization process. In this paper, 
application of the ~estfik-Berggren model [11] is proposed, i.e. f ( e )  = ~m(1 -~)". 
The kinetic parameters A, m, n and E were calculated by non-linear regression 
(Gauss-Newton method) of the experimental DSC data [8]. The kinetic analysis 
was performed for at least five different scanning rates, and thus at least five sets of 
kinetic parameters were obtained. The results presented here were calculated as 
averages of these parameters. The confidence limits were estimated in the 

customary way. 

Results and discussion 

The DSC curves of the GexSx _x glasses obtained at the scanning rate of 
10 deg rain- ~ are presented in Fig. 1. As concerns the crystallization processes, the 
studied glasses can be devided into two regions: 

(i) x ~ 2/3 
(ii) x >  1/3 

In region (i), the crystallization process can be described by using the following 
equation: 

GexS~ - x(gl,~s~ ~xGeS2( , )+  (1 - 3x) S (2) 
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Fig. ! Heat flux DSC curves of GexSI_ x glasses (10 mg) (scanning rate l0 deg min :1) 

It is not yet clear whether the sulphur remains in amorphous form after the 
devitrification of these glasses, or whether it crystallizes. It may be noted that 
crystalline sulphur has not been detected by X-ray diffraction analysis (XRDA). 
However, crystalline sulphur was found by means of  highly sensitive DSC [12] and 
d.c. conductivity [13] measurements in a sulphur-rich glass ( x -  0.2). Only one well- 
defined crystallization peak corresponding to Eq. (2) was observed for all 
composition in the region 1/3 ~< x ~< 0.3. The crystallization processes in the glasses 
with higher sulphur contents (x<0.3)  are too slow to be detected with the 
equipment used. 

In region (ii), the crystallization process can be described by means of  the 
equation: 

Ge~SI - ~gl~) 4 (1  - 2x)GeS2r + ( 3 x -  1) GeS (3) 
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Fig. 2 Theoretical molar ratio of GeS/GeS 2 corresponding to the Eq. (3) (full line) and ratio of the 
integral intensities of the most intensive XRDA lines of these compounds (open circles) in 
completely crystallized GexSl_ ~ glasses 

We  observed mult iple  crystal l izat ion peaks  at  x > 0.4 (Fig. 1). In  agreement  with 

H r u b ~  [2], we found  tha t  the first peak  cor responds  to the crystal l izat ion peak  in the 
region 0.40 ~< x ~< 1/3. i t  is evident  (Fig. 2) tha t  the theoretical  mo la r  rat io  o f  GeS  
and GeS2 calculated according  to Eq. (3) agrees well.with the integral  intensity rat io  
o f  the mos t  intense X R D A  lines o f  these c o m p o u n d s  (i.e. dto4o) = 260.8 pm,  GeS,  
and  d(oo2 ) = 517.7 pm,  GeS2) in the comple te ly  crystall ized GexS 1 -x  glasses. Thus,  
the validi ty o f  Eq. (3) seems to be confirmed.  

The  kinetic pa rame te r s  were calculated by using the above  procedure  for  the 
0.40/> x~>0.33 glasses. These pa rame te r s  and  their confidence limits are listed in 
Table  1. 

Table 1 Kinetic parameters for GexS , -x glasses 

x m n E, kJ/mol In A, s- 1 

0.330 0.7 • 0.8• 2 1 5 •  23.1• 
0.333 0.8 • 0.9• 184• 20.0• 
0.3~ 0.7 • 0.9• 161• 20.5• 
0.3~ 0.9 • 1.1• 184• 27.0• 
0 . 3 8 0  0.82• 0.9• 212• 28.3• 
0 . 4 0 0  0.80• 1.1• 253• 35.6• 

The  resistance o f  the undercooled  liquid crystall izatiSn can be related to the 
act ivat ion energy o f  the crystal l izat ion process. T o  evaluate  the glass-forming 

tendency quali tat ively,  we used the relat ion f rom [2]: 

K,I = ( T , -  T , )I (T. -  T~) 
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where Tg, Tk and T,  are the temperatures of the glass transition, crystallization and 
melting, respectively. It can be seen from Fig. 3, where the compositional 
dependences of E and Kgl are compared, that both parameters show a minimum 
near the composition x=0.34. Thus, the region of low glass-forming tendency 
exists at around this composition. 
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Fig. 3 Composit ional  dependence of  the  activation energy of  the crystallization process and 
parameter  Kg l for G e x S l _  x glasses, 

Conclusions 

A series of experiments were carried out to describe the crystallization processes 
of GexS,-x glasses. Germanium disulphide GeS2 crystallized in these glasses at 
x<~l/3. Both GeS2 and ,GeS crystallize in the region 0.40~>x> 1/3 and these 
processes are represented by one well-defined crystallization peak. Two separate 
peaks, associated with the crystallization of GeS 2 and GeS, respectively, are 
observed at x > 0.40. 

The kinetic analysis was performed by using the Arrhenius rate constant and the 
~estfik-Berggren kinetic model. The calculated kinetic parameters are listed in 
Table 1. The minimum in the glass-forming ability lies near the composition 
x~0.34. 
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Zusammenfassung - -  Die Kristallisationsprozesse yon Gl/isern Ge~S~-x wurden durch Wgrmefluss--- 
DSC untersucht. Bei x ~<0,33 kristallisiert GeS z, w/ihrend bei h6herem Germaniumgehalt (x > 0,333) 

Kristallisation von GeS 2 und GeS eintritt. 
Ffir die kinetische Analyse des Kristallisationsprozessen wurden Arrhenius- 

Geschwindigkeitskonstanten und das gest~ik-Berggren-Modell verwendet. Die kinetischen Parameter 
wurden dutch nichtlineare Regression der experimentellen DSC-Kurven berechnet. 

Peams~e-- MeTOROM ~[CK Ten.~oBoro noTo~a Hayae8~ npoaecc~a KpncTa.~lHaaRm~ cTer~oo6pa3n~x 
G-c=S~ _~. l-Ioga3aHo, qTO B CTeKaax c x~< 1/3 ICpHCTa-rtng3yeTc~ ]Ltl[CyJ1M~H~ repMaHHa, a B cTeK~lax c 
6oJl~ BIdCOKHM co~epxa~HeM rep~aH~ (x> l /3 )  - -  KpHcTaJIJIH3YIOTCg Kar cy~pH~, Talc H 
~lcyJn,dl~H]I repMaHnfl. KRHeTHqCCKHfi alia.rill3 npoHec..~.~ KpHCTaJLrIH3aHHH B H3yqeHHbIX CTeILIIaX 61dSI 
HpoBe]][eH Ha OCHO]~ KOHL"FaHTId CKOpOG~H appcHHyCOSCgoro THHa HIr, HHeTHq~[~KOfi Mo~eJ1H IllccTaga- 
F~prrpcHa. KHHeTH~IecKne napaMeTpe 6~nH BI~ItiHVJIeHId Ha OCHOBe HeJIHHeh'~rlOFO peFpeC.~HOnHOFO 

anayln3a 3KcIIepHMeHTa.qbHHX KpHBblX ,[lICK. 
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