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Abstract 

The Cuo.osGeo.~aTeo.v4 bulk glass was prepared by the melt quenching technique. 
Differential thermal analyses were performed at different heating rates. Crystallization 
occurs in two stages at peak• temperatures of 484.8 and 492.8K (at 8Kmin-X), with 
enthalpies AH~-0.19 and AH2--0.10kJmol -~. The crystallization mechanism was ex- 
amined through analysis of the data under non-isothermal conditions and the activation 
energies for crystal growth were also evaluated. The results indicate that surface nucleation 
occurs in the first stage, and bulk nucleation with three-dimensional growth dominates in 
the second. The values of the activation energies obtained by this method and by the 
Kissinge r method have been compared and it has been observed that the values obtained 
are in agreement only when the quotient m / n  -- 1. 

INTRODUCTION 

Chalcogenide glasses are a class of materials that are easily produced in 
the amorphous  state by the technique of melt  quenching; they exhibit  many 
useful properties.  . . . . .  

The crystallization kinetics of amorphous  alloys have been intensively 
studied using the Johnson-Meh l - -Avrami -Ero feev  theoretical model  [1-5]  
which, al though developed for isothermal processes, can be applied, under  
certain conditions, to continuous heating experiments  [6]. 

Studies of kinetics are always connected with the concept of  activation 
energy for crystallization, w h i c h  is defined as the energy t h a t  m u s t b e  
reached by the atoms to transfer them from t h e  amorphous  state to t h e  
crystalline state. Crystallization phenomena  are associated with nucleat ion 
and growth processes, and consequently,  separate activation energies must 
be identified with the individual nucleation and growth steps in a 
transformation.  However ,  they have usually been combined  .with an 
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ac t iva t ion  ene rgy  represen ta t ive  of the overall  crystall ization process 
[7-12]. 

T h e  presen t  work is, concerned  with the study of the crystall ization 
kinetics and the eva lua t ion  of the act ivation energy for crystal growth  for 
CUo.osOeo.,aTe0n4 chalcogenide  glass by using the non- i so thermal  me thod  
proposed  by Matus i ta  and Sakka  [13]. 

E X P E R I M E N T A L  

Q u e n c h e d  samples  were  p repa red  by melt ing weighed amoun t s  of the 
e lements  (5N puri ty)  in evacuated ,  sealed quar tz  ampoules .  The  mol ten  
alloys were  held at 1373 K for 72 hours  in a ro tary  furnace  to ensure  
homogenei ty ,  and were  subsequent ly  •quenched in liquid ni t rogen.  The  
amorphous  state of the quenched  sample was checked  by X-ray diffraction, 
using a Siemens D500 au tomat ic  powder  diffractometer .  

T h e  calor imetr ic  m e a s u r e m e n t s  were  carr ied out  in a Rigaku  Thermof lex  
DSC,  using sample weights  of about  20 rag, in a luminium pans which were 
crimped.  A n  empty  a lumin ium capsule was used as a reference.  

The  crystallizing exper iments  were  carr ied out  by cont inuous  heat ing  at 
ra tes  of 2, 4, 8, 16 and 32 K min -~ and a filtered flow of inert  gas was 
main ta ined  at 60 ml min -1. The  ins t rument  was cal ibra ted using the melt ing 
peaks  for the pure  e lements  tin, indium and lead, suppl ied with the device. 

T H E O R E T I C A L  B A C K G R O U N D  

For  non- iso thermal  crystall ization, the volume fraction x of crystals 
precipi ta ted in a glass hea ted  at cons tan t  ra te /3  is shown [13] to be re la ted  
to the activation energy  for crystal growth E th rough  the expression.  

m E  
l n [ - l n ( 1  - -x) ]  -- - n  In/3 - 1 . 0 5 2 - ~ +  cons tant  (1) 

where  n and m are  constants  having values be tween  1 and 4, depend ing  on 
the morphology  of the  growth.  The  values of n and m for the various 
crystall ization mechanisms  are  listed in Table  1. W h e n  nuclei  fo rmed during 

• T A B L E  1 

Values  of  n and m for  var ious  crystal l izat ion mechan i sms  

M e c h a n i s m  n m 

Bulk  nuclea t ion  
Th ree -d imens iona l  g rowth  
Two-d imens iona l  growth  
One-d imens iona l  g rowth  

Surface  nuclea t ion  

4 3 
3 2 
2 1 
1 1 
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the heating at constant  rate are dominant ,  n is equal to m + 1, and when 
nuclei formed during any previous heat t rea tment  prior to thermal  analysis 
are dominan t ,  n is equal to m.  

It is possible to evaluate In [ - ln (1  - x ) ]  as a function of In/3 at any fixed 
tempera ture .  As  indicated by the expression (I) ,  n is obtained as the slope 
of the resulting straight line. 

In order  to obtain the activation energy, eq. (1) is rewrit ten as 

E 1 
In/3 -- 1.052 m i n [ - l n ( 1  - x)] + constant (2) 

n R T  n 

Thus the plot In/3 against 1 / T ,  where T is the t empera ture  at which the 
crystal volume fraction reaches a specific value, gives a straight line and the 
slope supplies the value of 1.052 m E / n R .  

The activation energy can be obtained when the ratio m / n  is known. One  
way for determining m / n  is t o  observe the change of n with the annealing. If 
n does not change with the previous heat  t rea tment ,  a large number  of 
nuclei exist a lready in the as-quenched glass and n = m.  If n decreases with 
the reheating,  the nuclei are produced in the prior heat t rea tment  and 
n = m + 1 before  reheating,  and n = m after reheating. 

R E S U L T S  A N D  D I S C U S S I O N  

Figure 1 shows the DSC dynamic scan obtained by continuous heating at 
a rate of 8 K min-I  under  a dry He  a tmosphere ,  for a sample of 20.3 mg Of 
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Fig. 1. DSC record ,  at a heat ing ra te  of  8 K m i n - ' ,  showing the two Unresolved exotherms.  
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Fig. 2. Theoret ical  overlapping peaks resolution at a heating rate of  8 K min- '  

as -quenched  alloy. The  D S C  record exhibits  two unreso lved exotherms.  In 
order to resolve  the overlapping peaks,  a numerical  m e t h o d  d e v e l o p e d  by 
Ligero et al. [14] was used that provides  two associated theoretical  
funct ions  ( A T F )  which satisfactorily describe both crystall ization reactions.  
F igure  2 shows  the exper imental  D S C  curves super imposed  on the A T F  
given by the said m e t h o d  for a heat ing rate of  8 K rain -t.  The  crystalliz- 
ation kinetics are studied taking the data derived from the m e n t i o n e d  
A T F  as the experimental  data. 

• Crystall ization •proceeds by at least two  steps as revealed by the two 
exo therms  occurring a t  peak temperatures  as shown in Table  2 for the 
different heat ing rates. The  averaged enthalpies  of  transformation derived 
from the areas under the e x o t h e r m  are 0.19 and 0.10 kJ mol  -t respectively.  

Figure 3 •shows the relation b e t w e e n  l n [ - l n ( 1 - x ) ]  and In/3 for 

T A B L E  2 .: 

Peak temperature T. (K) at different heating rates 

/3 (K r a i n " )  . . . . .  Stage 1. Stage 2 

2 
4 

' .8 ~ 

1 6  
3 2  

477.5 
480.9 
484.8 
490.0 
496'2 

485.5 
487.7 
492.8 
496.4 
502.6 

. H  
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Fig. 3. Plot of l n [ - l n ( l  - x)] versus In 13 for as-quenched (O) and reheated  ( 0 )  samples. 

as -quenched  glass and r e h e a t e d  glass at 4 5 3 K  d u r i n g  20 m i n u t e s .  
Accord ing  to  eqn.  (1), the  slope of  these lines gives the n value.  The  values  
of n are found  to be about  one  for the first s tage and  abou t  four  for the 
s econd  (see Tab le  3). It can be obse rved  tha t  the hea t  t r e a t m e n t  only affects 
the second  stage,  there fore  n can be t aken  to be equal  to m + 1 [13, 15], 
giving m a value of abou t  th ree  for  the  second stage. T h e  values  of m and n 
are shown in Tab le  4. F r o m  the results,  it can be conc luded  that  for the  first 

T A B L E  3 

Data on n for as-quenched and reheated samples 

As-quenched Reheated  at 453 K 

Stage 1 1.03 1.07 
Stage 2 4.16 3.21 

stage,  surface nuclea t ion  domina tes ,  while for second stage,  bulk  nuclea t ion  
with th ree -d imens iona l  g rowth  of crystals is very likely. 

F i g u r e 4  shows the  re la t ion be tween  In/3 and the reciprocal  t empera tu re ;  
the  slope of these  lines should  give the act ivat ion energies  for crystal g rowth  
in each stage.  Tim act ivat ion energ ies  thus ob ta ined  are  shown in Tab le  4. 

T A B L E  4 

Data on n, m and E for each crystallization stage 

Stage 1 Stage 2 

n 

E (kJ t o o l " )  

1.03 
1.03 

275.5 

4.16 
3.16 

358.6 
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Fig. 4. Plot of In/3 versus 1000/T; stage 1, O; stage 2, I"1. 

The  act ivat ion energies  of the overal l  crystal l izat ion events  Ec where  
d e t e r m i n e d  by Kissinger 's  peak  shift m e t h o d  [7] and the values ob ta ined  
were  281 .3kJ  mo1-1 for the first s tage and  311 .0kJmo1-1  for the second  
crystal l ization stage.  

It can be observed  that  the act ivat ion energy  Ec ob ta ined  by Kiss inger ' s  
m e t h o d  and the act ivat ion energy  for crystal g rowth  E,  differ by only abou t  
2% in the  first s tage of the crystall ization,  whereas  they differ by abou t  13% 
in the  second.  This  confirms that  the act ivat ion energies  ob ta ined  by 
m e t h o d s  der ived  f rom J M A  equa t ion  only give r easonab le  results  in those 
cases whe re  m/n = I [13, 15]. 

A l t h o u g h  it might  be expec ted  tha t  E (act ivat ion energy  for the crystal 
g rowth)  would  be less than  Ec (act ivat ion energy  for the overal l  
crystal l ization process) ,  for the pu rpose  of  this alloy, the value ob ta ined  for 

• n c o r r e s p o n d i n g  to the first peak  indicates  tha t  the annea l ing  did no t  cause 
the a p p e a r a n c e  of nuclei,  bu t  that  the  a s -quenched  mater ia l  a l ready 
conta ins  a sufficient number ,  so that  bo th  energies  c a n  b e  mutua l ly  
identif ied because  the crystall ization process  is basically a growth  of the  
pre-exis t ing nuclei.  It is not  possible to follow a similar  a r g u m e n t  for the  
crystal l izat ion represen t ing  the second peak  because ,  in accordance  with 
the r e a s o n i n g 0 u t l i n e d  in ...... the P r e v i o u s p a r a g r a p h ,  it is not  possible to der ive 
a r e l i ab l e  value for the ac t ivat ion•energy associa ted with global process,  to  
which t h e  va lue  ob ta ined  for E can be compared.•  Tak ing  as a basic the  
va lues  ob ta ined  for t h e  pa r ame te r s  m and n,  it can be s ta ted,  never the less ,  
that  the  the rma l  t r e a tmen t  has p rovoked ,  in the  case of the second peak ,  a n  

i n c r e a s e  in the density of the pre-exist ing nuclei  by which the change  in the  
p a r a m e t e r  n can be explained.  

: , ;  . , . • , . .  . 
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