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As an example of a first order phase transition with conserved order parameter  the demixing of glass-forming quasibinary 
systems has been investigated by in situ measurement  of light scattering during heat  treatment.  The relative supercooling is 
consistent with theoretical expectations. Using a two stage heat treatment,  nucleation and growth are decoupled. Nuclei 
formed at a nucleation temperature T n can grow to sizes detectable by light scattering at a higher temperature Tg r, where no 
more nuclei are formed. Reducing the nucleation time, one at last ends up with an incubation time, the temperature 
dependence of which is described by an Arrhenius ansatz. For  low particle densities, the growth mechanism can be deduced 
from the initial increase of the scattering intensity. The proportionality of the latter to t 5 is characteristic for diffusion 
controlled growth of spheres in a depleted zone. F rom extrema in the scattering a definite size is assigned to the aggregate. 
Then, the number  of particles can be deduced from the absolute intensity. For the systems investigated, however, growth time 
is limited by the occurrence of crystallisation, thus allowing only the determination of relative nucleation rates. 

1. Introduction 

In the last few years, there has been growing 
interest in the demixing of glass forming systems 
[1]. On the other hand, technical aspects are pre- 
ponderant in these investigations, as e.g. in the 
production of opalescent glasses, or in using the 
precipitates as a first stage for ceramization. On 
the other hand, quasibinary demixing glass sys- 
tems are systems, where aspects of a broader 
scientific interest can be studied in an especially 
simple manner [2]. The investigations of first order 
phase transitions are often impeded by effects, 
which are coupled with the quantities of interest: 
condensation of gases and the demixing of liquids 
are influenced by convection. Precipitation in 
solids may be affected by mechanical strain en- 
ergy effects, by anisotropy of interfacial energies 
and by structural singularities such as dislocations 

0022-3093/89/$03.50 © Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 

and grain boundaries. Additional problems may 
arise from insufficient transport of heat or incon- 
venient time scales [3]. In glass forming systems 
these difficulties often are negligible. Moreover, 
the transparency of many glasses for visible light 
is a special experimental advantage as compared 
to the much studied metallic systems. 

2. Basic concepts 

Thus, light scattering in some glass-forming 
systems presents itself as an appropriate means to 
study the progress of first order phase transitions 
via nucleation and growth [4]. Most experiments, 
however, are not capable of separating nucleation 
from growth processes, which complicates inter- 
pretation. Therefore, experiments analogous to the 
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Fig. 1. Miscibility gap with critical temperature T c (left) and its 
relation to a typical nucleation and growth experiment (right). 
The sample is homogenized at temperature T h for the time t h. 
Then it is cooled down quickly to the nucleation temperature 
Tn, passing the binodal at Tin, and the critical nucleation 
temperature T~n, and held there for the time tn. Growth time 
tg r counts from a quick heating to the growth temperature Tg r. 

nucleation experiments in condensing vapours by 
Wagner and Strey [5] are especially interesting. 

For the case of demixing systems, the typical 
schedule of such an experiment is depicted in fig. 
1: after homogenization above the binodal, the 
sample is quickly cooled down to a temperature T n 
within the miscibility gap, where nuclei are formed. 
After a suitable nucleation time tn, the tempera- 
ture is raised to a temperature Tgr, where no more 
nuclei can be generated, but where existing par- 
ticles still can grow until they become detectable 
by light scattering. If they reach a size comparable 
to or larger than the wavelength of light, devia- 
tions from Rayleigh scattering occur, and the 
radius of spherical particles can be deduced sim- 
ply from the form of the scattering curve, and the 
number from the absolute intensity. 

A major advantage of this in situ procedure is 
that no preparation artifacts are introduced. 
Moreover, if the sample can be homogenized again, 
a new experiment may be started with the same 
specimen, thus increasing both economy and re- 
producibility. However, the number of nuclei must 
be much lower than in most other experiments, 
since there should remain enough space for every 
nucleus to grow to a detectable size without being 
influenced by neighbouring particles. 

3. Theory 

3.1. Light scattering 

Far from the critical and spinodal regions, we 
may assume radially symmetric particles because 
of the isotropy of the glass matrix. The precipitate 
can be supposed to be a homogeneous sphere of 
material with concentration c o corresponding to 
one flank of the miscibility gap (e.g. almost pure 
silica glass). The light scattering of such spheres is 
dealt with in great detail in the literature [6,7] in 
different approximations, the exact solution is 
given by Mie [8] as a series expansion. 

In contrast to the simple situation in con- 
densing gases, where the light scattering of the 
matrix phase can be neglected entirely, the contri- 
bution of the surroundings of the sphere depends 
on the growth conditions: the matrix remains ho- 
mogeneous (though its composition may change) 
for reaction determined growth, for heat conduc- 
tion controlled growth, and when diffusion zones 
strongly overlap (i.e. when the stage of Ostwald 
ripening is reached). In all these cases, the theory 
for the scattering of homogeneous spheres suffices. 

3.2. Diffusion zone 

In the case in which we are interested, however, 
a different mechanism is expected to be dominant: 
if the demixing process is diffusion controlled, a 
depleted zone around each particle must be taken 
into account. In this case the light scattering is 
influenced or even dominated by the interference 
between the sphere and its surroundings. We as- 
sume the concentrations in the particle, c o , and at 
the border of the particle, ca, to be identical with 
the concentrations defining the miscibility gap. 
With these boundary conditions, the concentra- 
tion field can be computed numerically along the 
lines given by Frank [9] and by Shetterly and 
Stubler [10]. Further assumption of a linear de- 
pendence between refractive index and concentra- 
tion [10,11] yields the refractive index profile. For 
the systems studied here, the relative refraction 
index is always within a few per cent of 1, thus the 
Rayleigh-Debye expressions for light scattering 
are good approximations of the true scattering. 
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3.3. Anomalous scattering 

Goldstein [12] has calculated the light scatter- 
ing of such an aggregate, treating the sphere in the 
Rayleigh approximation, and the depletion zone 
in the Rayleigh-Debye approximation. Hammel 
and Ohlberg [13] and Shetterley and Stubler [10] 
have used the latter approximation throughout, 
and so have we. Unfortunately, it is difficult to 
improve these calculations of the light scattering 
amplitude of the depleted zone. However, Mie 
scattering of a sphere with surrounding depleted 
shell of constant concentration can be calculated 
for comparison. 

The contributions of sphere and depletion zone 
to the scattering amplitude cancel exactly in the 
forward direction (scattering angle 0 = 0 o ). This 
is easily understood, since at 0 = 0 o the scattering 
intensity is proportional to the integral of the 
refractive index over the entire aggregate. This 
integral vanishes, if the formation of the aggregate 
is not accompanied by a refractive index defect. 
For  small scattering angles, the intensity rises 
from zero as 04 , leading to predominant  
backscattering ("anomalous" scattering [4,12]) as 

long as the aggregates are small compared to the 
wavelength of light. 

Since we will mainly use the light scattering 
intensity at 0 = 90 o to monitor the growth of the 
particles, we calculate •(90 °, t) for the aggregate 
under the conditions of the experiment and plot it 
in a double logarithmic plot versus time. A value 
of 5 X 10 -14 cm2/s [14] was assumed for the diffu- 
sion coefficient. The intensities which result from 
the sphere and from the depleted zone alone are 
plotted for comparison. These curves coincide for 
low t, showing the expected t3-behaviour (which 
corresponds to the r6-dependence of Rayleigh 
scattering). 

Since the Rayleigh scattering amplitudes of the 
sphere and depleted zone cancel exactly, the initial 
rise in intensity is proportional to r 1°. Together 
with the dependence r ~ {7 [9] this leads to a rise 
~x t 5 (as already found by Goldstein [12], see fig. 
2a). After this very fast increase in intensity, the 
contribution of the diffusion zone begins to lag 
behind that of the sphere (fig. 2b), which at last 
becomes dominant. The later stages roughly re- 
semble those of the sphere alone with its typical 
minima and maxima, although the intensities are 
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Fig. 2. (a) Light scattering intensity I(90 °,  t) of a spherical particle growing diffusion-controlled in a depletion zone (no refraction 
index defect) in the Rayleigh-Debye approximation. The limiting behaviour is indicated by the straight line with slope 5. The 
resolution of the graphs (especially of the minima) is limited by the increase of growth time in 10% increments. (b) Light scattering 
intensity •(90 o, t) for diffusion-controlled growth of the sphere alone (upper curve), and of the depletion zone alone (lower curve) in 

the Rayleigh-Debye-approximation. The limiting behaviour according to Rayleigh is indicated by the straight line with slope 3. 
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Fig. 3. Light  sca t ter ing in tens i ty  I ( 9 0 ° , ) )  of a sphere  sur- 
rounded  by a homogeneous ly  deple ted  shell. The  refract ive 
index  profi le  is chosen such tha t  the in tegral  over  the refract ive 

index  vanishes.  Reso lu t ion  is l imi ted  by  1% increments  in  t. 

lower and the extrema shifted. As an estimate of 
the influence of the degree of approximation in 
the presented results, the Mie scattering of a ho- 
mogeneous sphere, surrounded by a homogeneous 
shell (again with no refractive index defect) is 
shown in fig. 3. It  is plausible from this picture 
(and from the calculation of contributions of vari- 
ations of refractive index near the surface of the 
sphere [15] that noticeable deviations from the 
intensity given in fig. 2 do not arise much earlier 
than when the first maximum of the intensity in 
fig. 2 is reached. A refractive index defect would 
result in an incomplete cancellation of the leading 
terms, and hence in a r 6 ( t  3) dependence for 
small particles. 

comparison with theory is the relative supercool- 
ing y = Xc/X o. x o is related to the critical ampli- 
tudes (eq. 10.2 to 10.7 in ref. [16]), which are not 
known for our system. Experimentally, x 0 is of 
order unity for condensing gases (x 0 = 1.24 + 0.1 
for CO2) and for binary demixing liquids (x 0 = 
1 .30+0.1  for C7H14-CTH14  ). The remarkable 
agreement of the two values cited is apparently 
not accidental. 

Following Stauffer et al. [17] one may form the 
quantities 

X =- "rZotC~3/kb 

and 

Y = ( o / k b T ~ ) / ( ' ~ 2 ~ C / ~ : b ) 2 / 3  

with r = ( T - T c ) / T c ,  a the critical exponent of 
the singular part  of the specific heat, C = A~ --",  
the correlation length, o the interfacial tension, 
and k b Boltzmann's constant. 

Assuming two-scale universality [17] X and Y 
have the same numerical constants for all systems 
belonging to the same universality class. On the 
other hand, according to Langer and Schwartz 
(eq. 2.18 in ref. [18]) x 0 can (at least for a ,,q,4,, 
theory) be written as 

Xo 2 = 1 6 o ~ 2 / ( k b T  c )  

and hence may be expressed in terms of X and Y: 

X 0 = 2 X 1 / 3 y 1 / 2 .  

Thus, x 0 is expected to be universal, also. Unfor- 
tunately, an exact number  for Y is lacking for the 
universality class of the 3-dimensional Ising model 
to which our system should belong [19]. We thus 
adopt  the experimental value of 1.3 for x 0 cited 
above. 

3.4. Critical supercooling 

For the flank of the miscibility gap, all nuclea- 
tion theories predict a sharply defined tempera- 
ture T~m, where nucleation sets in [16]. With this 
temperature, the critical supercooling 

X = ( T  m - -  T c n ) / ( T  c - T m )  

is defined (see fig. 1 for the definition of the 
different temperatures). The relevant quantity for 

4. Materials and preparation 

The samples were prepared from alkali 
carbonates, alkaline earth carbonates (p.a. quality, 
> 99%, from Merck) and high purity SiO 2 powder 
(from Heraeus). Enough powder to produce 150 g 
of glass was mixed thoroughly overnight on a 
roller bank, molten at 1400 o C for 2 h in a P t -Au5 
crucible, and cooled down to room temperature. 



K. Huntebrinker et al. / Precipitates in demixing glass melts 193 

The crucible was then transferred to a special 
furnace and heated again to 1400°C. After 30 
rain, the melt was stirred with a PtRh stirrer at a 
rate of about 25 rpm for 2 h. To remove air 
bubbles, the melt was held for an additional 12 h 
at 1400 ° C  without stirring, and then cooled down 
in air. 

The glass blocks produced in this manner  were 
free of bubbles or flaws, no sedimentation effects 
could be detected. To remove mechanical stress, 
they were heated to the glass transition tempera- 
ture, held there for 2 h and cooled down slowly at 
a rate of 0.5 K / m i n  to room temperature. 

Glass cylinders of slightly less than 10 m m  
diameter were prepared from these blocks with a 
hollow diamond borer. A facet was cut at their 
mantle and polished to provide an undisturbed 
exit for the light scattered at 90 °. Then the cylin- 
ders were cut into slices of 3 m m  thickness and the 
upper and lower ends discarded. The plane 
surfaces of the samples were ground, polished and 
rinsed with water-free methanol. 

5. Apparatus 

The apparatus used is described elsewhere [20]. 
The furnace with regulator has the capability for 
heating and cooling rates of the order of several 
K / s  and for keeping the temperature of the sam- 
ple constant to within about 0.1 K for several days 
(up to 900 o C). A 4.5 mW H e - N e  laser was the 
source of linearly polarized light, and the scattered 
light was chopped at a frequency of about 75 Hz 
and detected at 90 ° with a sensitivity of about  
10 -8 of the primary intensity, by use of photo-di- 
odes and lock-in amplifiers. 

6. Results 

6.1. Temperature-time-transition diagrams 

The first experiments on the system L i 2 0 - S i O  2 
yielded poorly reproducible results. By applying a 
temperature program according to fig. 1 (the ho- 
mogeneous samples, prepared as described above, 
were, however, directly heated to the nucleation 

temperature) and monitoring the light scattering, 
highly structured 1(90 °, t)-curves resulted. In 
some cases, the scattering curves could be related 
to the expected Mie scattering. Inspection by SEM 
and optical microscopy showed that surface crys- 
tallisation and crystallisation starting from the 
SiO2-rich precipitates formed by demixing com- 
plicated measurement  and interpretation. 

In order to get an overview of the kinetics of 
the transition from the homogeneous state, the 
samples were heated to different temperatures 
while monitoring the light scattering intensities. 
After some time the intensity started to increase 
rapidly. In fig. 4 the time required for a doubling 
of the scattered intensity is plotted versus temper- 
ature. 

If demixing is the only reaction, the transition 
times would become increasingly shorter with in- 
creasing temperature, due to higher diffusion rates 
and increasing nucleation rates, until the critical 
supersaturation temperature Tnc is crossed. For 
temperatures higher than Tnc, nuclei can no longer 
be formed, and hence the transformation times 
should tend to infinity. However, the outcome of 
this experiment and of the preliminary ones men- 
tioned above demonstrates that the glassy state is 
a metastable state. In fig. 4 the two C-shaped 
curves are superimposed, the upper curve is asso- 
ciated with crystallization. Demixing and crystal- 
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Fig. 4. TTT-diagram for a 13.1 mol% Na20-11  mol% CAO-75.9 
mol% SiO 2 sample. The time needed for the doubling of the 
scattering intensity is plotted as a measure for the progress of 
the transformation. Two processes can be distinguished: the 
lower C-shaped curve is due to demixing, the upper one is 

associated with crystallisation. 
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lisation can be studied separately as long as these 
two curves do not overlap. Tempera ture - t ime-  
transition (TTT)-plots and DSC measurements for 
different sample compositions in the N a 2 0 - C a O  
-SiO 2 system show that the temperature at which 
the maximum crystallisation rate occurs, is only 
slightly dependent on the composition of the sam- 
ples. The temperature of demixing, however, varies 
strongly with the CaO content, following the lines 
of the "mas te r  curve" of Kawamoto and 
Tomozawa [21]. Unfortunately, we did not find a 
system which demixed in a reasonable time period 
and could be rehomogenized directly in the ap- 
paratus. 

6.2. Critical supercooling 

According to the TTT-plots, there exists a rela- 
tively well-defined temperature Tcm where nuclea- 
tion begins. For a 13.1 mol% N a 2 0 - 1 1  mol% 
CAO-75.9 mol% SiO 2 sample, with T~= 1003°C 
the binodal temperature is T m = 702°C [21], the 
critical supercooling x = (T m - Tcn)/(T c - Tm) = 
0.17, which results in a relative supercooling of 
0.13, which compares favourable with the value 
for the classical limit as deduced from fig. 9 of ref. 
[18]. 

6.3. Diffusion controlled growth 

TTT-diagrams give a rough and relatively quick 
overview of the progress of the transformation. 
Since both nucleation and growth of precipitates 
a n d / o r  crystals lead to an increase of the scattered 
intensity, quantitative interpretation is difficult. 
However, fig. 4 shows that for a 13.1 mol% 
N a 2 0 - 1 1  mol% CAO-75.9 mol% SiO 2 sample at 
650 °C  there are about 105 s, where the growth of 
nuclei formed at lower temperatures can be fol- 
lowed without being disturbed by crystallization 
(which in this case starts solely from the sample 
surface). 

Fig. 5 shows the increase of scattering intensity 
I with growth time (tgr) at 650°C for such a 
sample with different nucleation periods (tn) at 
615 °C  in a double logarithmic plot. For  the 120 
rain nucleation period, the value of the slope of 
the resulting straight line is about 3 as can be seen 
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Fig. 5. ExpefimentM light scattering intensities I(90 °, t) as a 
function of growth time tg r. Sample composition is ]3.] tool% 
Na20-1] tool% CAO-75.9 mol% SiO 2. Growth temperature 
Tg r = 650  o C. N u c l e a t i o n  t e m p e r a t u r e  T, = 615 ° C. N u c l e a t i o n  

t imes t n a re  i nd i ca t ed .  T h e  g u i d e  l ines h a v e  s lopes  o f  3 a n d  5, 

respect ive ly .  

from comparison with the left guide line in fig. 5. 
This slope value is consistent with the notion of 
Rayleigh scattering of spherical particles ( I  cc r 6) 
[6] growing diffusion-controlled (r  cct 1/2) [9] in a 
homogeneous matrix, a situation which is to be 
expected when diffusion zones strongly overlap. 

Nucleation periods of 60, 30, and 15 min, and 
thus lower particle numbers, result in parallel, 
essentially equidistant straight lines in fig. 5 with a 
slope of 5, (as can be seen from comparison with 
the right auxiliary line). This result is consistent 
with diffusion controlled growth, as discussed 
above (see fig. 2a). Within 7.5 rain, essentially no 
nuclei have been formed, leading to the conclusion 
that the time to reach local thermodynamic equi- 
librium, and thus the time to reach stationary 
nucleation conditions is of the same order of 
magnitude. This incubation time will be discussed 
below. 

In situations where the assumption of indepen- 
dent growth of particles is best fulfilled, as in fig. 
6, a slope of 5.0 + 0.2 is found. 

The t 5 dependence of the scattered intensity 
definitely excludes some mechanisms; reaction 
controlled growth (r  c~ t) would show a slope of 6 
[23], diffusion controlled growth (roc t 1/2) in a 
homogeneous depleted matrix [9] (as might occur 
for strongly overlapping diffusion zones) would 
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Fig. 6. Experimental light scattering intensities 1(90 o t) as a 
function of growth time tg r. Sample composition is ]3.1 mo]% 
N a 2 0 - ] l  mol% CAO-75.9 mol% SiO 2. Growth temperature 
Tg r = 6 5 0  o C. Nucleation temperature T. = 605 o C. Nucleation 
times t n are indicated. The guide lines have slopes of 4.8 and 

5.2, respectively. 
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Fig. 8. Incubation times as deduced from equidistance in log 1 
versus log(t.  - ti) plots 

Fig. 7. Scanning electron microscopy picture. Sample composition is 13.1 mol% Na 20- 11  mol% CAO-75.9 mol% SiO 2. Nucleation 
time t n = 30 min at nucleation temperature T. = 595 ° C. Growth time tg r = 20 h at growth temperature Tg r = 6 5 0  o C. The sample 
was etched in 2% HF for 40 s and sputtered with gold. The spherical precipitates have equal size and are widely separated. For the 

scattering intensity see fig. 9. 
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lead to a slope of 3 as discussed, and for Ostwald 
ripening [24] (rcx t 1/3) the slope should be 2 (for 
Rayleigh scatterers at least). Thus, we conclude 
that the growth of the particles is indeed diffusion 
controlled. In fact, scanning electron microscopy 
of the sample for which data is given in fig. 7 
reveals widely separated particles of equal size in 
accordance with the assumptions of the theory. 

6.4. Incubation times 

The ordinate distances between the straight lines 
in fig. 5 contain information about the nucleation 
rate, but also about the growth conditions during 
both nucleation and growth periods. If there exists 
an incubation time, ti, for the nucleation, one 
would expect from an otherwise stationary nuclea- 
tion equal spacings in a log I versus log(t n - t i )  
diagram. From this requirement, a value for t i can 
be estimated for each T n. The temperature 
dependence of these times can be deduced from 
fig. 8 and is consistent with an Arrhenius ansatz. 
The value (260 + 60) k J /mo l  for the activation 
energy, however, is lower than expected from dif- 
fusion data [14,22], which may be attributed to the 
fact that diffusion starts from a quenched state. 
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Fig. 9. Experimental light scattering intensity I(90 °,  t) as a 
function of growth time tg~. The sample is the one shown in 

fig. 7. 

proximation to allow discussion of the ripple 
structure. As opposed to most structures that can 
be treated exactly (compare fig. 3), the ripples in 
our case seem to be essentially equidistant in log 
tg. One possible origin of the ripples could be a 
strain field around the precipitate, giving rise to a 
refractive index with tensor properties. 

6.5. Mie scattering 6.6. OstwaM ripening 

Considering the experiments of Wagner and 
Strey [5], it would be appropriate to allow growing 
of the precipitates to sizes where Mie-maxima 
occur in the scattering curves. However, the max- 
ima occurring in figs. 2 or 3 are not present in the 
experimental curves of fig. 5 even for the longest 
possible times. This is consistent with the particles 
in fig. 7, the size of which is only close to showing 
the first maximum in scattering. However, looking 
more closely at figs. 5, 6 and 9 one indeed can see 
a difference between the experimental curves and 
the straight lines which becomes more and more 
pronounced, as the times involved become larger. 
These deviations are reminiscent of the ripples 
which frequently occur in Mie scattering curves [7] 
and contain relevant information about the size of 
the scatterer. Unfortunately, as mentioned earlier, 
the theoretical scattering curves of a sphere plus 
diffusion zone do not exist in a sufficient ap- 

Another strategy to increase the size of the 
particles and reach the region of Mie scattering is 
to increase the annealing times at higher super- 
saturation (lower temperatures). However, not only 
the growth of particles is enhanced due to higher 
supersaturation, but also the nucleation rate. The 
density of particles becomes so high that they 
cannot grow independently over a longer period of 
time, and instead, diffusion zones begin to overlap 
until Ostwald ripening becomes the dominant 
mechanism. Therefore, the curves in fig. 10 do not 
show the curvature expected from comparison with 
the theoretical curves of fig. 2, but level off due to 
the exhaustion of the matrix. After a plateau, the 
light scattering increases again due to growth of 
the large particles at the expense of the small ones 
(Ostwald ripening). For  Rayleigh scatterers, the 
height of the plateau is proportional to N~. ri 6. 
Since the precipitated volume (and hence N/-ri 3) 
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Fig. 10. Experimental light scattering intensity •(90 o, t) as a 
function of growth time t~x. Sample composit ion is 13.1 mol% 
N a z O - 1 1  mol% CAO-75.9 mol% SiO z. Growth temperature 
Tg r = 650 ° C. Nucleation temperature T, = 615 o C. Nucleation 
times t n are indicated. Before the start of Ostwald ripening 
plateaus show up in the intensities due to exhaustion of the 
matrix. Their expected relative heights are indicated. After the 
plateau a slope value of 2 is expected for later times. The 
beginning of the time scale is poorly determined because 
particle growth is already appreciable during the long nuclea- 

tion times. 

should be the same for the three curves of fig. 10 
when the plateau is reached, 

r3 . r3 . r3 = l . 2 : 4 

for 

N1: N2 : N 3 = 4  :2:  l .  

Thus, the plateau values should increase by a 
factor of 2 for decreasing nucleation times, as 
indicated in the figure. 

(D 
o 

c:, 
,,.o 

-2 

,..-1 

100 - -  

10 "1 

10-2 

10 -3 

10 -z. 

10 s 

550  

i 

6OO 

,- T [°C] 

650 

Fig. 11. Relative nucleation rates. The errors can be estimated 
to lie within a factor of 2. 

As is evident f rom sections 6.4 to 6.6, it was 
impossible to reach the Mie-scattering region for 
the samples which were investigated most thor- 
oughly. Hence, it was impossible to determine 
both the size and the number  of the precipitates. 
However, when comparing the scattering intensi- 
ties of samples with identical growth conditions, 
but different nucleation temperatures, information 
on the relative nucleation rates can be deduced. 
They are depicted in fig. 11. 

7. Conclusions 

In conclusion, we have shown that in situ mea- 
surements of light scattering during heat treat- 
ment  can give valuable information about the 
kinetics of first order phase transitions in glass 
forming systems. From the shape of tempera- 
tu re - t ime- t rans i t ion  diagrams it can be deduced, 
whether one or more phase transitions (e.g. demix- 
ing and crystallization) are involved. If the tem- 
perature of maximal crystallization velocity is sig- 
nificantly higher than that of demixing, the latter 
can be studied separately. Then, the value of 
critical supercooling can be extracted directly from 
the TTT-diagram. For  13.1 mol% Na=O-11 mol% 
CAO-75.9 mol% S i O  2 the critical supercooling is 
consistent with theoretical expectations. 

Moreover, by a heat treatment in two steps, the 
nucleation times and temperatures can be varied 
independently from the growth conditions: nuclei 
formed at temperature T n can grow to detectable 
size at a higher temperature Tg r, where no more 
nuclei can be formed. A temperature dependent 
incubation time is found for the nucleation pro- 
cess. Thereafter, nucleation is stationary and ho- 
mogeneous. The growth mechanism can be de- 
duced from the time dependence of the intensity 
of the scattered light. For low particle densities, 
diffusion controlled growth of spherical precipi- 
tates occurs in a depletion zone as indicated by 
the initial intensity increase proportional  to t 5. 
The temperature dependence of the nucleation 
rates is consistent with classical nucleation theory. 
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I f  the  pa r t i c l e s  can  g r o w  to sizes w h e r e  M i e  

m a x i m a  o c c u r  in the  sca t t e r ing  curves ,  a b s o l u t e  

va lues  for  the  n u c l e a t i o n  ra tes  c a n  be  o b t a i n e d .  In  

the  case  o f  the  sys t em inves t i ga t ed  m o s t  tho r -  

oughly ,  the  m e a s u r e m e n t  o f  l a t e r  g r o w t h  s tages  

was  d i s t u r b e d  by  su r face  c rys ta l l i sa t ion .  S o m e  f ine  

s t ruc tu re  o f  the  sca t t e r ing  cu rves  c o u l d  n o t  be  

c lea r ly  r e l a t ed  to p r o p e r t i e s  of  the  p rec ip i t a t e .  

W e  t h a n k  P r o f e s s o r  M.  K a h l w e i t  fo r  the  op -  

p o r t u n i t y  to ca r ry  ou t  these  i n v e s t i g a t i o n s  in  his  

lab.  W e  g ra t e fu l ly  a c k n o w l e d g e  m a n y  c la r i fy ing  

d i scuss ions  w i t h  M.  T e u b n e r  a n d  the  e x p e r t  t ech-  

n ica l  ass i s tance  o f  G.  W i e s e  a n d  M.  G r u b i c .  Th i s  

w o r k  was  s u p p o r t e d  by  the  S F B  126, G~St t ingen-  

C laus tha l .  
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