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Abstract 

For the stoichiometric NC2S 3 glass (G 16) non-steady-state crystal nucleation was found for 
temperatures lower than 600 °C. For the nucleation range similar nucleation frequencies (I) were 
observed on using either double-stage or single-stage heating schedules. The interfacial energy (c~) 
and pre-exponential factor in the nucleation expression were determined using I, q (viscosity), 
and calculated AG (free energy driving force) values estimated independently. A reasonable value 
of 193 mJ m -2 was obtained for a but the pre-exponential factor was much greater than 
predicted by theory. 
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1. Introduction 

Glass ceramics are obtained by the controlled crystallisation of glasses [1]. Studies of 
crystal nucleation and growth kinetics in glasses are impor tant  in the unders tanding of 
glass ceramic formation and because of the relatively slow molecular  rearrangements  
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and diffusion, these processes can be conveniently studied in glass-forming systems [2]. 
Glass ceramic formation in the soda-lime silica system [3 5] has previously been 
studied because of the relatively inexpensive raw materials required to prepare the 
glasses and also as a result of the high volume crystal nucleation rates in the 
compositions NazO-2CaO.3 SiO2 (NC2 $3) and 2Na20.1 CaO.3 SiO 2 (N 2 CS3). The 
influence of water content [6] and of platinum [7, 8] additions on the rates and 
mechanisms of crystal nucleation and growth in (NCzS3) glasses have been previously 
determined. Several groups [9, 10] have recently investigated these glasses with the 
DTA technique and from analysis of their kinetics, the activation energy for crystalliza- 
tion, E c, was estimated to range from about 300 to 370 kJ mole-  1. Further, from such 
analysis [10] it was possible to estimate the crystal nucleation vs. temperature curve, 
which agrees reasonably well with our measured crystal nucleation rates for NCzS 3 

glasses [4, 6, 8, 11, 12]. 
In the present paper an-analysis is made of the steady-state crystal nucleation for the 

stoichiometric NC2S 3 glass. The effects of changing the base composition on the crystal 
nucleation (preliminary results presented in Refs. [2, 11, 12]) and growth kinetics [4] 
will be given in later publications. 

2. Experimental 

The glasses were prepared from analytical reagent grade carbonates of sodium and 
calcium and for most of the melts (except G 16) silica sand containing 0.009 wt% total 
iron oxides and 0.05 wt% alumina impurities was used. Glass G 16 was prepared with 
a higher purity SiO 2 (Sil-quartz) in order to check the possible effects of the trace 
elements on nucleation and growth rates. Melting was carried out in Pt 2% Rh 
crucibles in an electric furnace at 1400°C for 5h in air (including stirring with 
a platinum blade for 2 h). All glasses were melted using a similar operating schedule. 
After melting, the glass was pressed between steel plates to obtain a fast quench and to 
avoid surface crystallization. 

The nucleation rates were determined from the number of particles (spherulites) per 
unit volume (N~,) in heat-treated glass samples. Sections cut through the samples were 
ground, polished, lightly etched in dilute HF solution, and examined by reflected light 
microscopy (OM) and scanning electron microscopy (SEM). Further experimental 
details are given elsewhere [4, 6, 11, 13]. N~ was determined from 

N o = (2/7r) N A ( 1/b) (1) 

where N A is the number of particle intersections per unit area and ( 1 / b )  is the mean 
value of the reciprocals of the measured diameters for all circular intersections [13, 14]. 
For constant particle size a simpler equation 

N v = N a / b  (2) 

was used where b is the largest circular cross-section diameter. The nucleation rates 
were obtained from the N v values for samples heated for a series of times at the 
nucleation temperature. After nucleation further heat treatment was carried out at 
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a higher temperature (about 730°C) for a short time (usually only a few minutes and 
depending on the nucleation treatment) to grow the crystals to sizes observable with the 
optical microscope. This procedure is referred to as the double-stage (DS) heat 
treatment [2, 13]. A single-stage treatment was used for determinations of nucleation 
rates with the scanning electron microscope (SEM). 

Viscosity (17) data were obtained with a penetration viscometer and a beam-bending 
apparatus at lower temperatures and with a rotating cylinder viscometer at higher 
temperatures [4, 6]. The equipment was calibrated with a standard glass (NBS 710) 
which has a known viscosity-temperature relationship. 

DTA (differential thermal analysis) runs were carried out, in air, in a Standata 625 
(UK) apparatus at 10°C rain 1 heating rate using powdered ~-A120 3 as reference. By 
measuring the areas under the peaks and calibrating the analyser with AR NaC1 and 
AR NaF, the heats of crystallization (AH c at To) and of melting (AHf at Tin) were 
estimated. The materials for examination were crushed in a percussion mortar and 
ground in an agate mortar  to 300 B.S. mesh size. 

3. Results 

3.1. Glass Compositions 

The glass compositions used are listed in Table 1. The wet chemical analysis (W.A.) 
for glasses G2 and G16 indicates that they are close in composition. These glasses were 
characterized by electron probe microanalysis (EPMA). In Table 1 it can be observed 
that a similar trend is obtained for the nominal compositions and those determined by 
EPMA. 

3.2. Nucleation rates viscosity, and DTA data 

The nucleation kinetics for G16 were analysed from optical micrographs of samples 
subjected to double-stage (DS) heat treatments. In addition, the number of crystals 

Table 1 
Nominal (N) oxide compositions (in mol %). Values between square brackets correspond to wet chemical 
analysis [W.A.]. Between round brackets are EPMA results (E) 

Glass code Type of value Na20 CaO SiO z 

G2 N 16.66 33.33 50.00 
W.A. [16.3] [33.1] [50.6] 

G16 N 16.66 33.33 50.00 
W.A. [16.06] [33.21] [50.73] 
E (16.1) (33.2) 

G17 N 16.66 33.33 50.00 
E (15.9) (33.3) 
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produced after a single nucleation stage (SS) nucleation and growth heat treatment 
were measured using SEM. As in the case of the optical microscopy determinations, 
random cross-sectional planes of the etched glass samples were analysed to obtain N~ 
(see above). The number of crystals per unit volume are shown in Figs. 1 and 2 as 
a function of time for different nucleation temperatures. The steady-state nucleation 
rates and "approximated" nucleation rates (N,,/t for t equal to 40 min) determined from 
optical microscopy and from the SEM analysis are presented in Fig. 3 and Table 2. 

Appreciable non-steady-state nucleation is present at lower temperatures (Fig. 1). 
The slopes of the linear part of the plots (at longer times) give the steady-state 
nucleation rates (Io), and the intercepts (to) with the time axis are related to the induction 
times. Both Io and t o, were determined from least square analysis of the linear region of 
the plots. Appreciable intercepts occur at 607°C ( to=17min)  and at 585°C 
(t o = 37 min). The steady-state nucleation rates show a maximum (logloI o -~ 11.652) at 
about 605°C. It is interesting to compare the steady-state values with the approximated 
rates calculated from N,,/t where t = 40 min is the nucleation time. From Fig. 3 the 
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Fig. 1. Crystal nucleation densities (N~) vs. time at T - 5 8 5 ° C  (I) and T =  607<~C ( x )  for glass G16, 
double-stage (DS) treatments (growth at 730°C) using optical microscopy. Error bars represent 10% relative 
uncertainty (AN,,/N~ × 100 - 10%). 
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Fig. 2. Crystal nucleation densities (N~,) vs. time for glass G 16; 620°C (e), 63T'C (A), 655°C ( x ): double-stage 
(DS) treatments using optical microscopy. 620°C (©), 632°C (A), 655°C (+): single-stage (SS) treatments 
(using SEM). 

agreement  between bo th  is good  for tempera tures  higher than abou t  610°C. The lower 
the nucleat ion tempera ture ,  below 610°C, the greater  is the underes t imat ion in I o using 
N~,/t(t = 4 0 m i n )  and this effect is directly related to non-s teady-s ta te  nucleat ion 
behaviour .  The nucleat ion curve (N  j r ,  t = 40 min) for G 2 (given in [4] and [ 11]) nearly 
coincides with that  for G 16 (Fig. 3), which confirms the close chemical composi t ion  of 
the glasses (see Table  1). 

The SEM results are also plotted in Figs. 2 and 3 and the agreement  of the 
s teady-state  rates f rom the single-stage (SS) me thod  with the double-s tage (DS) me thod  
is good (see Table  2). However ,  the number of crystals obta ined with the SEM is never 
larger than  the number  obta ined  f rom the DS method;  the values only become 
comparab l e  at the higher nucleat ion tempera tures  (i.e. at  abou t  655°C and higher). The  
lower number  of particles determined by the SEM results, as will be demons t ra ted  
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Fig. 3. Steady-state nucleation rates 1 o (o) and approximated nucleation rates (+)  after 40 min using (N~./t) 
where t = 40 min. for glass G 16 as a function of temperature (optical microscope values); SEM values are also 
plotted ( x ). Viscosity curves according to Fulcher parameters (Table 3) for glasses G 16 (C)) and G 17 ( © ). 

Table 2 
Nucleation densities for glass GI 6 

Experimental 
technique 

T/°C Steady state nucleation 
rate innuclei/(m 3s 1) 

Approximated nucleation Intercept with 
rate after 40min in nuclei/ time axis 
(m - 3 s - 1) (see text)/min 

I o x 10 11 logxolo ( I=  N jr) x loglol 
10-11 

Double stage heat 585 3.204 11.506 
treatment (OM) 607 4.374 11.641 

620 2.722 11.435 
632 1.263 11.101 
655 0.121 10.081 

Single stage heat 620 2.162 11.335 
treatment (SEM) 632 1.167 11.067 

655 0.178 10.251 

0.833 10.921 37.48 
2.542 I 1.405 17.08 
2.271 11.356 7.02 
1.167 11.067 4.24 
0.271 10.433 - 50.8 

sho r t l y ,  f r o m  the  ve ry  s m a l l  size of  t he  c ry s t a l s  for  a t yp i ca l  n u c l e a t i o n  t i m e  o f  100 min .  

T h e  s m a l l e r  t he  c rys ta l s ,  t h e  m o r e  di f f icul t  t h e y  a re  to  d e t e c t  by  S E M  in  a r a n d o m  

c r o s s - s e c t i o n a l  p l a n e  t h r o u g h  t he  s p e c i m e n .  In  fac t  a t  t h e  h i g h e r  t e m p e r a t u r e s ,  w h e r e  

t he  c ry s t a l  g r o w t h  r a t e s  a re  h ighe r ,  b o t h  m e t h o d s  g ive  s i m i l a r  resul ts .  T h e  re su l t s  

sugges t  t h a t  t h e r e  is a s y s t e m a t i c  e r r o r  in  t he  m e a s u r e d  N v d e t e r m i n e d  by  t he  S E M ,  

w h i c h  a t  a g i v e n  t e m p e r a t u r e  is fa i r ly  c o n s t a n t  w i t h  h e a t  t r e a t m e n t  t ime.  
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From nucleation theory the size of the critical nucleus increases with increasing 
temperature. Hence, critical nuclei at the lower (nucleation) temperatures (570 to 
690°C) are smaller than the critical size at the upper (growth) temperatures (720 to 
730 °C) and should dissolve when the temperature is raised to the growth temperature. 
In fact, during the nucleation treatment the nuclei 9row to appreciable sizes and can 
exceed the critical size at the growth temperature. The crystal size vs time plots indicate 
appreciable incubation effects up to 640 °C. For temperatures of 620, 632 and 655 °C 
and after times of, respectively, 25, 19 and 0 min the growth rates reach constant values 
of 0.028, 0.065 and 0.240p.m min 1. Thus, for a nucleation time of 100 min the 
corresponding radii expected for the nuclei first formed are 2.11 ~tm (=  (100 - 2 5 )  × 
0.028) at 620 °C, 5.2 jam at 631 °C and 24 ~tm at 655 °C. The size of the critical nuclei for 
glass G16 cannot be accurately calculated at this stage because the interfacial free 
energy, or, is not known (it will be determined from the steady state nucleation data 
later). The critical size assuming a spherical nucleus is approximately given by 

r(T)  = 2a VmTm/AHf (T  m --  T) (3) 

where a, V m, T m and AHf are the interfacial free energy (J m 2), the molar volume of the 
crystal phase (m3), the melting temperature (K) and the heat of fusion (J mole-l) ,  
respectively. Assuming that changes in er and V m with temperature are negligible, the 
ratio r(730 °C)/r(620 °C) may be calculated as 1.20. Then, if as an estimate a value of 
10/~ is taken [ 13] for the critical radius at 620 °C, the critical radius at 730 °C, is about 
12/~. Consequently, the great majority of the crystals should have reached larger sizes 
than the critical size corresponding to the growth temperature before the second-stage 
treatment. A second assumption in the DS method is that the nucleation rate at the 
growth temperature is negligible and this clearly holds for the present glasses. 

Electron micrographs of G16 heated at 632°C for 92 min reveal nearly perfect 
spherical morphology. However, for the same glass heated at lower temperatures, for 
example at T = 620 °C for 75 min, the crystals have a more polyhedral shape. The 
NC2S 3 crystals contain bands which were tentatively assigned to planar imperfections 
like stacking faults [7]. The origin of such faults was related [7] to the volume change 
associated to the polymorphic crystal phase transition (rhombohedral high form to 
hexagonal low form) at around 475 °C. That is, the crystals are nucleated and grown at 
temperatures higher than 475 °C where the stable phase is the rhombohedral high form 
and subsequently cooled through the transition temperature and are obtained the 
hexagonal low form phase. 

Viscosity data for G 16 was obtained between 570 and 650 °C. The Fulcher equa- 
tion was fitted to the low temperature data for G 16 and to the high temperature 
range data of the glass G2; here it was assumed that the viscosities of G16 and G2 
were close at high temperatures [4, 11]. The corresponding Fulcher parameters are 
listed in Table 3 and the associated viscosity curve for G16 is shown in Fig. 3 
together with the curve for GI7. From the Fulcher equations for glasses G2, G16 and 
G17, the temperatures corresponding to log~o r/= 12 (It/] in Pas) are obtained 
at 565, 570 and 566°C, respectively. G16 is slightly more viscous than either G2 or G17 
at low temperatures; however, the difference in the log~o ~l values is never larger than 
about 0.3. 
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Table 3 
Fulcher parameters (log~ 0 r /= A + B/'(T To) for the different glasses 

Glass code Fulcher )arameters 

A B To,/~C 

Temperature,,"C at 
which loglo q = 12 

G2 - 4 . 8 6  4893 274 564 
Gl6  - 4 . 3 7  4225 312 570 
G17 - 4 . 4 4  4339 302 566 

The DTA traces for G2, G16 and G17 are similar. For instance for glass G2, for the 
heating cycle, DTA gives [4, 11] an endothermic dip at 579 °C (DTA Tg, defined as 
shown schematically in Fig. 4), an exothermic crystallization peak at about 700 °C and 
an endothermic melting peak at 1291 °C. On the cooling cycle, after crystallization, the 
polymorphic crystal phase transition is also detected for each glass (rhombohedral high 
form to hexagonal low form) at around 475 °C. The DTA Tg values (see Table 4) show 

AT ENDOTHERMI[ L ~  I I ~  Cooling 
n 
u 

. " "  II 

' \ / i I ' ~ L . _ - /  I 
I I I 
~ I I I I 

'1 ',"-/, , , , ', , 
I I t i 13100 I I I I I 

,g~79 602 670 700 733 1 2 3 s ,  ~19SllO9 ~79 ~6~ 
T ( 'C){Arbi t rary Scale) 1313 ~70 

Fig. 4. DTA trace for glass G2 (300mg); reference material A120 3 (300mg); AT sensitivity 100pV full 
scale-deflection; heating and/or cooling rate 10°C m i n t .  

Table 4 
DTA data and fixed growth rates for the different compositions 

Glass code AHc/(kJ mole ~) AHf/(kJ mole 1) DTA Tg/°C Tm/°C Growth rates at 
675 C/(pmmin ~) 

G2 53.2_+2.8 86.3+4.3 579 1291 0.58 
G16 56.5 _+ 3.0 86.2 _+ 4.2 582.5 
G17 578 
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similar trends to those quoted for temperatures at which loglo r/is 12. The heats of 
crystallization (AHc), and fusion (AH 0 are listed in Table 4 and within experimental 
error the values for G16 are the same as that obtained for G2 [4, 11]. 

4. Discussion 

4.1. Theoretical considerations 

According to classical theory the crystal nucleation rate may be written as [2, 4, 15] : 

W* 
- ~ - /  (4) 

where AG O is the kinetic free energy barrier per mole, W* is the thermodynamic free 
energy barrier to nucleation per mole, k and h are the Boltzmann and Planck constants 
and R is the gas constant. For a spherical nucleus 

W* = 167ra 3 V2m/3 AG 2 (5) 

where AG is the bulk free energy change per mole in the transformation, a the interfacial 
free energy per unit area and V m is the molar volume of the crystal phase. A, the 
pre-exponential factor is, to a good approximation, given by 

A = n~,kT/h (6) 

where n~. is the number of formula units per unit volume of liquid. If the diffusion 
coefficient 

/ AGo~ 
D= Ooexp t -  R~- ) (7) 

and the viscosity (q) are related through the Stokes-Einstein equation, Eq. (8) 

Dq = kT/3zm o (8) 

(a o is the effective atomic diameter) we obtain 

exp RT ] Do-3~aoDo q (9) 

Substituting back in Eq. (4) 

I t / - -  ~ .  ~ e x p | -  = A c r e x p  - (10) 
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where D O = y.~2 ~ (kT/h)22, v is the frequency for atomic transfer from the liquid to the 
crystal, 2 is the jump distance for diffusion, and we assume that 2 and ao are 
approximately equal. A c is given in terms of the pre-exponential factor A ~- n~,kT/h by 

Ah (11) 
Ac - 3 ~z23 T 

From Eq. (10) and the expression for W* it follows that a plot ofln(I~l /T)  vs. 1/AG2T 
should be linear, the slope and appropriate intercept enabling the interfacial energy 
6 and the pre-exponential factor to be calculated. 

Let us examine in more detail the meaning of Eq. (9). According to Oishi et al. [16] 
for soda-lime glasses the apparent activation enthalpy for diffusion (AHD) of oxygen 
increases rapidly in the transformation range. From Eq. (9) the same trend should be 
observed for AH,, the activation energy for the shear viscosity. For many systems the 
viscosities as a function of temperature are better described by a Fulcher equation than 
an Arrhenius equation with a constant activation enthalpy. By comparing q = qoexp 
[ A G , / R T ]  (where the free energy is AG~ = AH, - TAS, ,  AH, = [~,(AG,/T)/c?(1/T)] e, 
AS,  = [ -  gAG,/OT]p and also AG,, AH, and AS, are now considered as functions of 
temperature) with the Fulcher expression lOglo tl = A + B / ( T - -  T o) we obtain 

A N ,  = B ' R T 2 / ( T  - To) 2 (12) 

AS,  = B ' R T o / ( T -  To) 2 - A 'R + R lnr/o (13) 

aG,  = R T [ B ' / ( T -  To) + A ' -  In qo] (14) 

where A' = 2.30 A and B' = 2.30 B. It can be seen that AH, increases with decreasing T, 
For example with T o = 300 °C = 573 K, for T = 873, 853, 833 and 803 K the values 
AH, /B 'R  = T 2 / ( T -  To) 2 are 8.47, 9.28, 10.26 and 12.19, respectively. 

Let us examine the variation of AG, with T. From Eq. (14) we have: 

d A a , _  [ B , R T o / ( T _ T o ) 2 _ A , R + R l n t l o ]  (15) 
dT  

Clearly, for T approaching T O the derivative is negative showing that AG, increases with 
decreasing temperature. However, for the temperature range of interest, say from 750 to 
950K, the variation of AG, is not obvious because of the A ' R -  R lnqo term. Using 
typical values for the Fulcher constants (A = - 4 ,  B = 4 x 10 3 and 
T o = 300 °C = 573 K) at T = 850 K the first term between brackets in Eq. (15) is - 69 R. 
A reasonable estimate of r/o appears to be about 10 -6 on the basis of the analysis of 
Litovitz and Macedo [17] for B20 3 glass (see also [20] for other glasses). The second 
term (R[ln ~ / -  A']) in Eq. (15) then becomes + 4.6 R. Therefore the activation J?ee 
energy for viscosity should increase as T decreases. From Eq. (9) the activation free 
energies for diffusion and viscosity should follow a similar trend with falling tempera- 
ture. Furthermore, the diffusion coefficients calculated from Eq. (9) agree with the 
measured values to within an order of magnitude. Hence it appears that the approxi- 
mations involved in the derivation of Eq. (9) are reasonable. 
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4.2. Glass G16 

For glass G16 the steady state Io and approximated nucleation rates N,, for 40 min 
(using the values read from the continuous curves in Fig. 3 and the data in Table 2) were 
employed together with the viscosity data (Table 3) to test Eq. (10). 

The AG values previously calculated for G2 [4, 11] were used due to the very similar 
thermal properties of both glasses (see Table 4). The In [Irl/T] vs 1lAG 2 T plots are 
shown in Fig. 5. All the steady state values are on a good straight line, giving cr as 
191 mJm 2 and loglo A as 103.5. The straight line indicates good agreement with the 
theory over the temperature range considered assuming a constant a independent of 
temperature but allowing AG D to increase with decreasing temperature in accordance 
with the viscosity. However, as observed previously for G2 [4, 11] the pre-exponential 
factor is too large when compared with the theoretical value (loglo A -~ 40.9). It should 
be noticed that the values for a and loglo A for G16 are somewhat higher than those 
previously obtained for G2 (or = 180 mJ m - 2; lOglo A = 90). This is probably because of 
the small difference in composition between G 16 and G2. 

Fig. 5 also shows that the approximate nucleation rates (using the N~. for 40 min) only 
fall on the straight line above 605 °C. This emphasizes the importance of using the 
steady state nucleation rates in these plots. 

I~~.  (o) Io; (o} I=Nv/f, f=4Omin. 
z,5- 

I :nT3£ i ; q:NnTas 
_ A f t  : Jmol~i; T :'K 

A 

I--- 

e.- z,0 
¢ -  

35 

1.20 1.25 130 

(1/&G2T) x 10 t2 

Fig. 5. Ln(lr//T) as a function of (1 /AG 2 T) for glass O16. 
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It is interesting to compare the present result with the a calculated from the em- 
pirical equation obtained by Matusita and Tashiro [18] in analysing alkali disilicate 
glasses: 

a = 0.45 ~ (16) 
" ' A  

where N A is Avogadro's  number, Ps is the solid density (2.80g cm 3 for crystalline 
NC2S3) and M is the molecular weight (354.42 g for NC2S3). The value a is 193 mJ m 2 
which compares well with the value for G16 but is higher than that obtained 
for G2. 

The nucleation intercepts (to) in Table 2 for G16 will now be analysed in terms of 
r = (6/:zZ)to. James [13] has shown that the incubation time, r, can be expressed as 

16h22aN2A [AGD~ 
r -  h2V2mAG2 v e x p ~ - ~  (17) 

where AG V is the driving force per unit volume (AG = VmAGv). Also he related r to 
q using the Stokes Einstein equation as follows 

48 aASrlN2 (18) 
" g - -  2 2 VmAG V 

We have effectedfour different plots: ln(rAG 2) vs 1/T according to Eq. (17), In r vs 
1/T, In [zAGZ/r/] vs 1/T according to Eq. (18), and lnr /vs  1/T. From the first plot the 
slope gave an apparent activation enthalpy AH D of 327 kJ mole -  1. So far the agreement 
between experiment and Eq. (17) appears reasonable. However, from a similar analysis 
the apparent activation enthalpy AH, for the shear viscosity was 820kJmole  1 
Nevertheless it is interesting to calculate the predicted absolute r value from Eq. (18). 
For example at 585°C using the measured viscosity ( log~oq=l l .1 )  and 
2 = 7 x 10 ~°m we obtained r = 2.3 × 104s which is 17 times 9reater than the meas- 
ured r (1.37 × 103 s). For theory and experiment to agree the viscosity at 585 °C should 
be log10 r /=9.87 which is outside the experimental error in the measurements. 
However, it is known that the Stokes-Einstein equation may be in error by about an 
order of magnitude at temperatures near the transformation range. On this basis, and 
in view of the uncertainties in the estimation of the quantities in Eq. (18), the agreement 
between theory and experiment is reasonable. 

5. Summary and conclusions 

For the stoichiometric NC2S 3 glass G 16 the nucleation densities (N~,/t) for constant 
heat treatment time (40min), at a series of temperatures, were found to be a good 
measure of the steady-state nucleation rates Io, particularly at temperatures higher 
than the maximum in nucleation. At such temperatures "steady-state" conditions 
applied and the nucleation rate I was constant with time, whereas at much lower 
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t empera tu res  below the max imum,  non-s teady-s ta te  condi t ions  increas ingly  appl ied  
with decrease in tempera ture ,  and  N j t  values underes t ima ted  the s teady-s ta te  nu- 
c leat ion rates Io. Classical  nuclea t ion  theory  provides  a good  fit to the exper imenta l  
nuclea t ion  rates when the kinetic free energy barr ier ,  AG D, is a l lowed to increase with 
decreas ing tempera ture .  The  diffusion term involving AG o was assumed to have the 
same t empera tu re -dependence  as the viscosity. The  t h e r m o d y n a m i c  dr iv ing force, AG, 
which was needed in the analysis,  was de te rmined  from measurements  of the heat  of 
fusion AHf and the difference in specific heats  of the crystal  and  l iquid phases ACp. 
F r o m  the fit between theory  and exper iment  the c rys t a l - l i qu id  interfacial  free energy 
was found to be 191 mJ m 2. This value compares  well with 193 mJ m 2 ob ta ined  from 
Matus i t a ' s  empir ica l  expression [ 18]. 

The pre -exponent ia l  factor  A is found too  large when c o m p a r e d  to the theoret ica l  
value. A poss ible  exp lana t ion  of such a d iscrepancy may  be a t empera tu re -dependen t  o, 
as discussed by James [19]. 

In re la t ion to the nuclea t ion  intercepts  a good  fit to Eq. (17), discussed in [13], was 
ob ta ined  and  the appa ren t  ac t iva t ion  energy (AHD) was 327 kJ mole  1. The pred ic ted  
incuba t ion  t imes (~) were 17 times greater  than  measured  but  since the Stokes Einstein 
re la t ionship,  re la t ing diffusivity and  viscosity, may  be in e r ror  by a factor  of ten, the 
agreement  between theory  and exper iment  appears  reasonable .  
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