CHAPTER SEVEN

CRYSTAL GROWTH IN BARIA-SILICA

GLASSES
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7.1 DEVELOPMENT OF CRYSTAL MORPHOLOGY IN BARIA-SILICA GLASSES

7.1.1 Optical microscopic examination of Ba02Si0O, spherulites

The general appearance of crystalline particles in baria-silica
glasses resembles the well known spherulites that are common in amoxphous
materials, such as organic polymers(138), gels and volcanic rocks(lag).

The structure of the spherulite can be readily discerned by optical
microscopy. Examples of optical micrographs are given in Figure (7.1).
The spherulites are composed of very fine and densely packed fibrils
radiating from a centre separated from one another by uncrystallized melt.

The observations agree closely with the descriptions of the crystal

morphology made by Peddle(l4°) in a dense barium crown optical glass. It

is interesting to note that Peddle,Bnmen(l42’, and Holland -and Prestan(l4l)
have described also the presence of large flat plate crystals. These may
correspond to the lath-shaped crystals described by MacDowell(ls) and

Burnett and Douglas(ls).

An alternative possibility to a radial arrangement of fibrils in the
sphere is a 'wheatsheaf' arrangement of fibrils,as described by Morse and
Donnay(lag). However no evidence of sheaves was observed in glass 35,
either in the structural arrangement of fibrils or in general outline.

(140) (142)

By contrast, Peddle and Bowen have reported the existence of

X-shaped crystals in dense barium crown glasses,each consisting of a sheaf
of minute hair-like crystals.

‘The microstructure of the surface layer is similar to the spherulites
in appearance. Impingement of the surface layer with internal crystals
prevents the spherulitic growth from proceeding in baria-silica glasses,
but in certain low nucleating glasses the spherulites can be grown to a
size visible to the naked eye.

Since the cross sections of the crystals are always circulay, it can

be deduced that the crystals are spherical, However, less well developed
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crystals are more irreqular in shape and often consist of a few randomly
orientated fibrils (see Figure (7.1B)). Sometimes small circular centres
can be seen,particularly in high nucleating glasses (such as glass 35 see
for example Figure (7.2)).

The microstructure of glass 35 heat treated at 700°C at 38, 55, 70,
87, 96 and 116 hours is shown in Figures (7.2). Small spherical particles
and fibrils occur. The proportion of fibrils to spheres increases with
time. At times of less than 70 hours although numerous specks are visible,
they are too small for their shapes to be discerned (i.e. whether they are

spheres or fibrils).

7.1.2 Electron microscopic examination of Ba025i0; spherulites

More detailed information is available from the electron micrographs.
First to appear on the replicas are small circular particles (Figure 7.3)).
In Figure (7.4) the corresponding thin section shows spheres that are
composed in some cases of radiating strands of crystallites or fibres
about 100 i in diameter. In other instances the spheres appear mottled in
appearance as though the radiating crystallites are
protruding in a direction perpendicular to the thin £ilm surface. In
such cases the outer surface of the spherulite is probably being observed
whilst in the former case the interior structure of the spherulite is
probably being revealed by the thin sectioning.

The next stage in the development of the crystals starts after about
4d/hours at 700°C (see Section 7.1.4) and involves nucleation and growth
of spikes from the initial spheres (see Figure (7.5). The spike consists
of a central spine that grows very rapidly outwards from the sphere.
Radiating at right angles on each side of the spine are numerous crystall-

ites similar in appearance to those existing in the central sphere
(Figure 7.11)).



Figure 7.1A Optical micrograph of glass ABS;
heated at 860°C for 3 hours
Mag x60

Figure 7.18 Optical micrograph of glass &ABS)
nucleated at 735°C for 8 hours and
grown 834° C.
Mag x600






Pigure 7.2 Optical micrograpls of glass 35 nucleated

at 700°C. No growth treatment was given.

Top left: 38 hr 15 min, Mag x600
Top right: 55 hr O5 min, Mag xGOO
Middle left: © 70 hr ., Mag x600
liddle right: 87 hr , Mag x600
Bottom left: 96 hr . Mag %600

Bottom right: 116 hr , Mag %600
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Figure 7.3 Electron micrographs of replicas of
glass 35 heated at 700°C. No growth
treatment was given.

From the top: 70 hr Mag x6400
87 hr Mag x6400

96 hr Mag x6400

116 hr Mag x6400

160 hr Mag %6400






Figure 7.4 Glass 35, heated 700°C, 87 hrs
1ag x38000






Figure 7.5 This page, figure 7.5a, glass 35, heatead
(two pages) 116 hrs, 700°C. Mag x29000

Second page, figure 7.5B, glass 35, heated
116 hrs, 700°C. Mag x126000
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A further stage in crystallization is the nucleation of a second
spike on a primary spike. This was observed only rarely because impinge-
ment of spheres and spikes occurred after 160 hours (Figure 7.6)).

Optical microscopy(la) showed that spikes continue to nucleate around
the central sphere and develop until the resulting radial network constit~
uted a larger spherulite.

The spikes often grow in radial directions from the surface of the
initial sphere. However, in some instances spikes grow non-radially
(Figure (7.7)). Isolated spikes are infrequently visible, though in these
cases it seems likely that the primary sphere was removed during ion beam
machining (Figure (7.8)). In a few cases (Figure 7.9) very short spines,
containing no crystallites,can be seen protruding from a sphere but in
most cases the crystallites grow almost immediately the spine forms. This
is evident from the appearance of fibres at the tip. The spines are not
as clearly visible near the base Que to the greater thickness of the layer
of fibres present. The spike is usually sharp at the tip. Most spikes are
cone-shaped due to a constant ratio between the growth rates of the fibres
and the spine. Blunted tips are probably caused by the intersection of the
spike with the surface of the thin film (Figure (7.10)). In some cases
spikes are visible with sides that are parallel in regions adjacent to the
sphere ,and these resemble a lentil in shape (Figures (7.7) and (7.311)). It
is possible that the growth of the fibres is depressed in these areas.

The rejection of impurities at the junction between the spikes and the
spheres might slow down growth in this region.

Preliminary studies on the effect of liquid immiscibility on the
crystal morphology were carried out on glass 33. The crystal nucleation

and growth heat treatment at 700°C also induced liquid phase separation.

As shown in Figure (7.12), the crystal morphology was very similar to that
described for glass 35.



Pigure 7.6
(two pages)

This page, figure 7.6A, glass 35, heated
87 hrs, 700°C. Mag x38000

Second page, figure 7.6B, glass 35, heated
90 hrs, 700°C. Mag x20000









Top left, figure 7.7A, glass 35, heated 96 hrs, 700°C
Mag x38000

Top right, figure 7.7B, glass 35, heated 96 hrs, 700°C
Mag x38000

Bottom left, figure 7.8, glass 35, heated 87 hrs, 700°C
Mag x38000

Bottom right, figure 7.9, glass 35, heated 96 hrs, 700°C
Mag x38000






Figure 7.10 Glass 35, heated 116 hrs, 700°C
Mag x303000






Figure 7.11 Glass 35, heated 87 hrs, 700°C
Mag x38000







Pigure 7.12

Electron micrographs of crystals in
glass 33, 103 kv

Top left heated 80 hrs, 700°C, sphere
Mag x64000
Top right: heated 94% hrs, 700°C, sphere

and spike, Mag x41000

Bottom left: heated 80 hrs, 700°C, three
spikes, Mag x26000

Bottom right: heated 944 hrs, 700°C, spikes
Mag %24000
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7.1.3 Selected area electron diffraction (S.A.D,) and x-ray diffraction

Several of the glasses were crystallized and examined by x-ray
diffraction. The results are summarised in Table (7.1)). There is
definite evidence of the presence of 1-BS; in glass.33 heat treated at

860°C for 16 hours. Unfortunately the x-ray peaks for heat treatments at

805 and 764°C were broad, diffuse and few in number and so it was difficult

TABLE 7.1
X~ROY DATA
Glass Number Heat Treatment Phases identified
37 237 hours at 940°C 1-Ba02si0,
(rajor)
5Ba08Si0,
(Minor)
35 237 hours at 940°C 1~Ba02510,
33 70 hours at 920°C 1-Ba02510,
traces cristobalite
16 hours at 860°C 1-Ba02810,
traces cristobalite
TBS, 1-Ba0281i0,
(33 mols BaO, 66% SiO, 16 hours at 964°C traces cristobalite

1% TiOy)

to identify the crystal phase at these heat treatments. The diffuse peaks

may be due to the glass being only partially crystallized. Although the

spherulites have reached the impingement stage glass may still be trapped
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between the crystallite in the sphere and may not crystallize until the
spherulite to lath transformation occurs. A more likely explanation of
the broad peaks is the small dimension of the crystallites. Sharper peaks
will be obtained only after recrystallization occurs when the effective
crystallite size increases.

The crystallinity of the spheres is shown by the presence of arcs
and circles on the selected area electron diffraction pattern (SAD) (see
Figure (7.13)). The absence of a single crystal pattern consisting of a
regular array of spots showed that the sphere is polycrystalline. The
arcing of reflections could be due to some preferred orientation of the
crystallites or fibres. In the case of a thin section through one of the
spheres, only part of the radiating structure will be included. The
fibres in the thin section will not be orientated radially in all possible
directions. Thus the diffraction pattern will indicate preferred orienta-
tion. It has been mentioned that the apparent morphology of a sphere
({.e. mottled or radiating) may depend on whether the surface of the thin
gection intersects the sphere. However,no obvious relation between the
appearance of the spheres and the SAD pattern could be found.

Selected area diffraction patterns of spikes are composed of both
sharp discrete spots (sometimes present as a two dimensional cross-grating
pattern) and broader arced spots. This indicates a fairly highly
orientated structure (Figure (7.13)).

Two major problems associated with the selected area electron
diffraction patterns and their interpretation were:a) the susceptibility
of Ba025i0, crystals to beam damage at high accelerating voltages, thus
limiting the length of time that a crystal could be exposed to the bean,

b) the existence of broad spots and arcs preventing accurate estimation

of 'd' values in some instances.
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All the SAD patterns of the crystals (over 40 were measured) could be
assigned to barium disilicate but in most cases the crystal form (h or 1)
could not be decided. Table (7.2) gives a list of the 'd' spacings for
the two forms (reference (40)). Many of the 'd' spacings are very close,
which makes distinguishing the two forms difficult. In a few cases posi-
tive identification of hBS; was made. Two examples are shown in Figure
(7.14). Three spot patterns from spikes could be definitely indexed for
h-BS; (one of the 'd' spacings 5.51, 4.11, 3,53 5 was present). The
presence of h-BSy; in the spikes was definitely established. There was
also strong evidence that the spheres were also h-BS; since two ring
patterns definitely included h-BS; reflections.

These observations only partly agree with those of Burnett and
Douglas(ls),who suggested that the spheres were composed of h-BS, and the
spikes of the low form. However these authors did not use selected area
electron diffraction and relied on comparison of replicas with powder
X~-ray patterns.

This contradiction leads us to examine again, very carefully all the
electron diffraction patterns. 1In only one case, for a selected area
including a spike, were reflections present that could only be indexed for
1-BS;. This would suggest that the spikes contain both forms of BS,.

In order to reconcile our observations with those of Burnett and
Douglaa(ls) dt is tentatively suggested that the spines of the spikes
composed of 1-BSy but the crystallites or fibres growing from the spines
are of h-BS;. Additional support for this interpretation is provided by
the similar morphology of the crystallites in the spikes to the crystall-

ites in the spheres, and as we shall see shortly, their closely similar
growth rates.

The extent of line broadening on the SAD pattern from the spheres was



Top left, figure 7.13A. Typical SAD of a sphere,
glass 35, heated 116 hrs, 700°C, 100 kV

Top right, figure 7.13B. Typical SAD of a spike,
glass 35, heated 116 hrs, 700°C, 100 kV

Bottom left, figure 7.14A. SAD pattern of spike from

which h-BS; was identified, glass 33, 80 hrs
700°c, 103 kv

Bottom right, figure 7.14B. SAD pattern of spike and
sphere from which both h~ and 2-BS; were
identified, glass 35, 116 hrs, 700°C, 100 kV.
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TABLE 7.2

CRYSTALLOGRAPHIC DATA OF h- AND 1-BS,

Low BaD2S510y

(]
a=7,68 A c=13.522 A w = wyeak VW = very weak
b = 4,6311 i orthorhombic m = medium

s = gtrong va = very strong

hkl 'd' gpace strength hkl '@’ gpace strength
A A .

002 6.76 m

012 5.07 ms 202 2,191 m
1ol 4.38 vw 211 2.188 w
110 3.97 vs (o) XY 2.162 mw
020 3.84 vw 132 2.128 8
102 3.82 v 212 2.108 m
111 3.807 wm 203 2.058 vw
112 3.423 s 034 2.042 mw
004 3.377 w 106 2.026 ms
022 3.341 vs 133 2,008 vw
103 3.229 m 213 1.990 m
014 3.093 s 125 1.997 ww
113 2.975 w

121 2.891 wm 220 1.983 w
104 2.730 sm 221 1.962 vw
122 2.710 8 116 1.960 vw
114 2.572 m 026 1.945 ww
024 2.537 w 040 1.9228 m
123 2.472 vw 204 1.9107 vw
131 2.42 \'2

032 2.395 w 222 1.9037 m
105 2.334 w 134 1.8680 W
200 2.316 m 214 1.8543 m
201 2.283 v 042 1.8493 W
006 2,255 mw 223 1.8151 Vv
130 2.243 w 126 1.7915 rs
115 2.235 sm 117 1.7354 w
124 2.226 m 224 1.7093 wm
231 1.7042 wm 008 1.6916 m
232 1.6660 w 143/ 1l.6513 w

ol8

225 1.5997 W 108 1.5878 w
216 1.5806 m 144 1.5718 m
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High Ba02Si0;

[ ]
a=23.202 A, b =4.661 A, c = 13.613 A, monoclinic B = 97.54°

hkl ‘4’ gpace strength hkl ‘4 gpace strength
A A

002 6.77 314 2.493

o m 31 v
202 6.20 W 514 2.466 vw
400 5.76 vw 2 2.408 w
202 5.51 4 115 2.354 w
302  4.69 ‘m 020 2.329 m
402 4.11 ms 115/ 2.296 w

021
310 3.980 vs 514 2,247 m
311 3.890 vw 714 2.220 m
600/  3.832 w 022 2.202 8
112 _
311 3.751 \' 515 2,186 w
112 3.739 A4 206 2.154 vw
312 3.534 s 222 2,145 w
312 3.344 m 422 2.096 w
113 3.245 m 023 2.069 vw
113 3.165 w 804/ 2.059 W
223
602 3.159 m 912 2.056 m
204 3.127 m 116 2.039 w
511 3.117 ww 422 2.028 v
404 3.081 m 223/ 2.015 w
_ 715
512 3.058 w 515  1.9943 w
313 2,887 vw 423 1.9881 w
512 2,841 s 622 1.9454 m
802 2.782 w 224 1.9155 m
513 2.775 w 423/ 1.9099 v
_ 11l.1.0
114 2.745 s 11.1.2/ 1.8949 vw
- 806
604 2.715 vw 622 1.8764 m
114 2,683 W 623/ 1.8682 m
T : 224
314 2.665 w 424/ 1.8599 m
- 11.1.1
712 2,591 8 716 1.8219 w
802 2.529 w 821 1.8153 m
516/ 1.7775 m 624 1.7685 vw
_ 623
10.0.6 1.7251 w 822 1.7134 w
008
806/ 1.6680 w 10.2.1/ 1.6447 ww

13.1.1 14.0.0

10.2.2 1.6266 vw 026 1.6184 vw

10.2.1 1.6093 w 426/ 1.5976 m

517
226/ 1.5818 w 131 1.5419 m
11.1.4
0.355/ 1.4621 vw  12,2.1 1.4570 m
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used to determine the crystallite size. The following equation(l45) was
employed for this purpose:

= o.g l
B cos®

where A is the wavelength of the electron beam (.039 ; at 100 kV accelerat~
ing voltage), B is the half width of the spot (in radians) and 26 is the
diffraction angle (in degrees). The average crystallite size was calculated
approximately as 100 i. This agreed with the crystal size obtained from
the broadening of the x-ray peaks diffracted from glass 33 heat treated at
805°C for 17 hours. However,when glass 33 was heat treated at high tempera-
tures the apparent crystallinity increased and the peaks narrowed. On

heat treatment at 940°C for 23 hours a crystal size of approximately 750 i

was calculated.

7.1.4_ Early stage growth kinetics of Ba02SiO, in glass 35 at 700°C

The sizes of the longest spikes and the largest 'primary spheres’
were measured from the electron micrographs for a series of heat treatment
times at 700°C. These values are plotted in Figure (7.15). Approximately
straight line relations were observed. The growth rates in Table (7.3)
are compared with the overall crystal growth rate at 700°C extrapolated

from Rowlands'data(le)

on glass 35G (Figure 7.16)).

The growth rate of the sphere radius and the lateral growth rate of
the spikes are very similar, and both are small compared with the longitu-
dinal growth of the spikes. This supports our suggestion above that both
the spheres and the lateral crystallites on the spikes are composed of h-BSy.

The growth line for the spheres shows a very small (or zero) intexcept



Figure 7.15 Plot of dimensions of Ba02S5i0p

crystals in glass 35 at 700°C
versus time
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Figure 7.16  Plot of logjp u {cm sec™l) versus
%9 (°k-1) for glass 35G (taken from

reference 18).
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TABLE 7.3

GROWTH RATES OF Ba025i0, (35) at 700°C

Rowlands data longitudinal radial growth half width

for 35G growth of of sphere growth of

(extrapolated spike spike
by author) (lateral
growth)

1.3 x 10 9 8.9 x 10°10 1.4 x 10710 3.5 x 10-10

cms sec”! cms sec™! cms sec! cms sec™!

Intercept 11 hours 35 hours 3 hours 56 hours
time

with the time axis. This is consistent with the very small nucleation
induction time at 700°C observed earlier for glass 32 (less than % hour)
since the spheres are the first particles to be nucleated. The spikes,
however, show an intercept time of 20-35 hours (Figure (7.15)), indicating
that there is an induction time before the spikes (spines) can nucleate
on or near the surfaces of the growing spheres. The lateral growth of the
gpikes also indicates a similar intercept time showing that the lateral
fibres or crystallites begin to grow immediately the spike forms. This is
supported by the micrographs (Figure 7.6).

Since isolated spikes are rarely observed it is probably easier for
the spikes to nucleate on sphere surfaces rather than directly from the

glass.

The comparison between the longitudinal growth of the spikes and the

radial growth of the large spherulites, calculated from Rowlands data(la)

is close considering that the measurements were taken on two different but
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nominally stoichiometric BaO2SiO, glasses. This indicates that the radial
growth measured by Rowlands can be identified with the longitudinal growth
of the spikes. The intercept time reported by Rowlands(la) in the growth
rate of BaD2Si0O, glasses at temperatures below 828°C is a reflection of the
delay time in the appearance of the spikes (spines). This can be demon-
strated by constructing a graph of logl/r1 versus 1/T, where 1) is the
growth intercept time at an absolute temperature T taken from Rowlands
data (Figure (7.17)). A straight line is obtained which implies that the
process involved in the formation of the spikes is thermally activated.
Extrapolating to 700°C,the induction time is 11 hours. This is in reason-
able agreement with the above approximate estimate of the spike induction
time (20-40 hours) in view of the different techniques and glasses used.
The results of a recent study by lewis and Smith(l71) on the mor-
phological and crystallographic development of Ba02SiO; crystals were
published shortly after the completion of the work described here. It
confirms many of the observations reported or inferred in this subsection.

For example,it definitely establishes a) the presence of h-BS; in both

spheres and spikes; b) the spine is a single crystal of 1-BS,.

7.2 THE KINETICS OF CRYSTAL GROWTH IN BARIA-SILICA GLASSES

7.2.1 General description of growth results

The radii of the large spherulites were plotted against time
(Pigures (7.18-7.21)) and the slope was determined using the method of
least squares (for details refer to Appendix (5.5)). An Arrhenius plot of
logjou versus 1/T was constructed for each of the glasses (26, 28, 30, 32)

(Pigures (7.22-7.25)). The slope,according to growth theory is equal to

AHD/R for growth temperatures far below the liquidus,



Figure 7.17 Plgt of log;p 1/m (mins~l) versus
%9 (°x-1) for glass 35G (extrapolated

from reference 18)
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Figure 7.18 Plot of crystal size (radii of largest
(two pages) spherulites t” cm) versus time for
glass 32,
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Figure 7.19 Plot of crystal size (radii of largest
(three pages) spherulites t* cm) versus time for
glass 30
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Figure 7,20 Plot of crystal size (radii of
(two pages) largest spherulite ¢~ cm) versus
time for glass 28
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Figure 7.21 Plot of crystal size (radii of
(two pages) largest spherulite t° cm)

versus time for glass 26
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Figure 7.22 Plot of log;p u (em sec™!) versus

3
%9 (°k™1) for glass 32
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Figure 7.23 Plot of logjg u (em ser~l) versus

(%',—9 °k~1) for glass 30
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Pigure 7.24 Plota: of log)p u (cm sec™!) versus
(,:][',—o- °k~l) for glass 28
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Figure 7.25 Plog. of logjg u (cm sec~l) versus
(;’,—0 °k~!) for glass 26
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The plots of the crystal dimension of the spherulites versus the
growth time have certain features that are common to all four glasses:
1) A pronounced curvature at higher temperatures, (e.g.
854°C glass 30) with a tendency for the growth rates
to increase slightly with time.
2) At lower temperatures the more usual linear growth
relation is obtained. When extrapolated back to the
time axis a sizeable intercept is generally noted
(e.g. glass 30 799°C,t; is 2.5 hours).

In the case of glass 35G only straight line relations were observed(le).
However,it should be noted that Rowlands employed shorter times and smaller
temperature ranges compared with those used in this study. For glasses 32,
30 and 26,the linear growth transformed to non-linear behaviour at about
850°C and for 28 at about 900°C.

In the case of the curved plots the growth rates were calculated from
both the steepest and shallowest parts of the curve. Although this is a
somewhat arbitrary procedure, since even highner growth rates might be
observed for longer growth times, these highest and lowest values observed
at each temperature were used as a basis of comparison between the differ-

ent glasses. On the Arrhenius plots these are labelled for clarity.

7.2.2 Discussion of the Arrhenius plots

4
The results of Tomozawa(1 3 in the 1i,0-SiC; system showed that as

the Li,02Si0, composition was approached the activation enthalpy (AHD)
increased. He found that phase separated glasses had a lower AHD than
homogeneous glasses outside the liquid immiscibility dome. As the growth
temperature of the phase separated glass was lowered the composition of the

matrix phase approached Li;02Si0, and thus the crystal growth rate became
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relatively greater. Thus the slope of the Arrhenius plots for phase
separated glasses was less than for homogeneous glasses outside the
immiscibility dome.

Ogura et a1(144) d

etermined the growth rates and the activation
enthalpies of a series of LijOxSi0, (x=1.5-3.5) glasses. Within the liquid
immiscibility dome the activation enthalpies were constant but increased
with Li,O content outside the immiscibility dome. Again the activation
enthalpies were less for phase separated glasses than for glasses outside
the liquid immiscibility dome. Furthermore, the Axrhenius plots were
nearly coincidental for glasses within the liquid immiscibility dome,
indicating that the liguid immiscibility effect was mainly compositional
rather than morphological.

The present results for the Ba0-Si0O, system are shown in Figures
(7.22-7.25). In the case of non-linear growth both the lowest and highest
growth rates measured were plotted, as explained above. The low alumina
impurity glasses (26, 32, 35G) are plotted together for comparison in
Figure (7.26) and the higher alumina glasses (28, 30, ABS;) are shown in
Figure (7.27). The Arrhenius plots for most of the glasses are approximate
straight lines, with the exception of glass 30 which exhibits a definite
‘break' or change in slope (Figure (7.23)). There was some evidence,
particularly for glass 32, (Figure (7.22)) that a more linear Arrhenius plot
could be drawn by using the highest measured growth rates at the higher
temperatures.

Straight lines were fitted to the lower temperature data on each
Arrhenius plot using only those points that corresponded to linear growth.
The activation enthalpies obtained from the slopes and the 95% confidence

1limits are given in Table (7.4).
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3
Figure 7.27 Plots of log;p u versus (%9- °K™1) for
glasses 30, 28 and ABS;
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TABLE 7.4

ACTIVATION ENTHBALPIES AHD

Glass AHD kcals mol™! Temp. range Description of immiscibility

* of calculation
35G 119 9 749-868°C No phase separation
(6 points)
ABS, 114 17 830-903°C No phase separation
(6 points)
32 122 *10 768-849°C No phase separation
30 122 23 748-822°C Phase separates bulow 850°C
(4 points)
28 99 t16 770-895°C Phase separates
(6 points)
26 94 10 778-852°C Phase separates
(5 points)

# 95% confidence limits quoted

Comparing the Arrhenius plots for the two non-phase separating
glasses in the low alumina group (32 and 35G), the growth rates are consis-
tently slightly lower for 32 - the plots are nearly parallel and the AHD
values are similar (Table 7.4). The higher growth rates for 35G are not
surprising since 35G is closer to the disilicate composition than 32.

For glass 26, also in the low alumina group, the growth rates are
close to glasses 32 and 35G at lower temperatures but the growth rates are
jower at high temperatures. The overall slope of the Arrhenius plot is
smaller (AgD = 94 kcals mole~! compared with 122 kcals mole-! for glass
32.) -This behaviour is probably due to the phase separation of glass 26.

Generally,a glass inside the immiscibility dome will separate rapidly at
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the growth temperature into a silica-rich phase and a phase increasingly
rich in baria for a decrease in temperature. Hence the Arrhenius plot for
the phase separated glass will approach that for a glass just outside the
dome (e.g. 32 or 35G) at lower temperatures. Strictly the plot should now
exhibit curvature but the accuracy of growth measurements generally will
not be sufficient to detect it,and the mair. effect observed will be a
decrease in the apparent slope of the plot. Hence the apparent activation
enthalpy of the phase separated glass will appear less than the glasses
that do not phase separate, as in fact observed for glass 26. Thus the

(143)

present results agree with the conclusions of Tomozawa in the LijpO-

510, system.

Consider now the results for glasses 28 and 30 which contain higher
jevels of alumina irmpurity. Glass 30, as already pointed out, phase
separates at lower temperatures but not at higher temperatures (greater
than 850°C). In this case the Arrhenius plot should show a change in slope
somewhere below the immiscibility temperature T (below 905°C remembering
that a metastable zone of no separation exists below Tm). This possible
behaviour is illustrated schematically in Figure (7.28). A change in
glope (in fact a curvature) does occur for glass 30 (figure (7.23)) but
in the opposite sense to that shown in Figure (7.28). Hence the observed
curvature is unlikely to be caused by composition changes produced by
phase separation. However, the curved part of the plot coincides with the
region of non-linear growth at higher temperatures. We are unable to
explain this effect although it is presumably related to the non-linear
growth in some way. The growth rates for glass 28 are lower than for
glass 30. This is probably due mainly to the higher level of alumina in
glass 28.

The effect of a deliberately added quantity of alumina (1 mols) to



Figure 7.28 a) Schematic representation of log u
versus 1/T plots for non-phase
separated glasses assuming similar
activation enthalpies. A > B > C

in baria content.

Figure 7.28 b) Schematic representation of logjp u
versus 1/T for a phase separated glass F
and a non-phase separated glass D. E
represents a glass that phase separated
at low temperatures but not at high
temperatures
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the Ba025iO; composition is to reduce the growth rates by two orders of
magnitude over the entire temperature range under investication (Figure
(7.27)). The effect on the activation enthalpy is minimal, the plots
being almost parallel. Thus alumina affects the overall growth rate
rather than the activation enthalpy.

It is also interesting to compare glasses 26 and 28 which have
nearly the same Ba0 content bhut differing alumina impurity levels. Both
glasses phase separate. As expected the Arrhenius plots are almost parallel
and give similar activation enthalpies (Table 7.4). The alumina impurity
{8 seen to inhibit growth in glass 28 compared with 26.

Although the above discussion is not dependent on any particular model
for the growth kinetics, it is implied that the slopes of the plots give
the value AHD. This is only true if, assuming the normal growth model,
the factor [:1 - exp (-~ %g):] can be taken as unity, l.e. AG >> RT (see
equation (3.19)). It is possible that this assumption might not be valid,
particularly for glass 30 where measurements are extended over a wide

temperature range. This is tested by calculating the above factor assuming

that AG for glass 30, as a first approximation, is the same as Ba02510,,

i.8. AG = -A-;E‘-A-'I; where AH = 8.6 kcals mole~l. 1In fact El - exp(- -3—3—) :[
n

varies from 0.61 at 971°C t. 0.82 at 748°C. By comparing a graph of

u va 1/T with logjp u vs 1/T the effect of ignoring

logio-
[:1 - exp(- €£§.]

AG was assessed. The new curve is raised slightly, this effect being
greater at higher temperatures (see Figure (7.23)). Thus when AG consider-
ations are included,the plot is straighter but only slightly. This is
because changes in growth rate us a function of temperature heavily out-
weligh changes in [:1 ~ exp(- ﬁ%):]; The effect of neglecting AG on the

other plots is similar, i.e. the slopes are altered only slightly,
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DTA was used to investigate further the effect of phase separation on
crystallization in glasses 26 and 3N. Comparison was made between the
thermograms of untreated glasses and glasses given an initial heat treat-
ment to phase separate them. No significant difference was detected
{(Table ©.3). This was probably because, once the growth temperature had
been attained, liquidé immniscibility had occurred in the initially homo-
geneous glass to the same extent as the initially phase separated glass.

Only slight variations in the temperatures of crystallization Tx
between the glasses were observed. This implied similar growth rates for
the glasses. Alsc surface crystallization predominated over internal
crystallization due to the fine particle size used in the powdered DTA
glass samples, so that differences in internal nucleation between the
glasses were not reflected in the crystallization peaks. However, the
slightly lower crystallization peak temperature in glass 35 was probably

due to the very high nucleation rate in this glass,

7.3 DISCUSSION OF THE INTERCEPTS WITH THE TIME AXIS

The intercept time (1)) results displayed in Figures (7.29-7.32) are
plots of logjp 1/1; vs 1/T. The valie of T, was calculated from the linear
growth plots using the method of least squares. In the case of slightly
curved growth plots,T; was obtained by extrapolating the growth data at
shorter times to the time axis. The low alumina impurity glasses (26,

32, 35G) are plotted together for comparison in Figure (7.33) and the
higher alumina glasses (28, 30) are shown in Figure (7.34).

The Arrhenius plots of log;g 1/Ty; versus 1/T are approximate
straight lines. However, there is considerably more scatter than for the
logyo u versus 1/T plots. It is thus not possible to distinguish if glass

30, for example, displayed a curved Arrhenius plot corresponding to that

observed in the log;g v versus 1/T plots.
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Figure 7.30 Plgt of logyg 1/71 (mins™!) versus
-,%9- (°k-)) for glass 30
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Figure 7.31 Plgt of logjpl/t; (mins~!) versus
;};—0—- (°k”™1) for glass 28
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Figure 7.32 P1<3>t of logyy 1/t (ins~l) versus
%',9- (°k~1) for glass 26
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Figure 7.33 Plots of logjg 1/71; (mins™!) versus

103 0y,-1 .
T ("k™*) for glasses 32, 2& and 35G
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Figur. 7.34 Plots of logjp 1/t) Wuins~l) versus
‘ _;_Q (°xk~1) for glasses 28 and 30
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Straight lines were fitted to the lower temperature data on each
Arrhenius plot using only those points that a) exceeded five minutes,
b) corresponded to linear growth. The activation energies obtained from
the slopes are given in iable (7.5). These values are useful as a rough

guide only since they are subject to a much larger uncertainty than the

activation energies for crystal growth.

TABLE 7.5

INDUCTION TIME ACTIVATION ENTHALPIES AHT

Glass AHT Temperature range
kecals mole-l of calculation
(-]
Cc
35¢ 63 749-828
(4 pcints)
32 62 768-849
(4 points)
30 51 748--822
(4 points)
28 79 770-862
(5 points)
26 26 778-838
(4 points)

B possible explanation for the presence of an induction time might
be the time necessary for the suall samples to reach the growth tempera-
tures when inserted in the hot furnace. HKowever, this time was no more
than three minutes so it is impossible to explain the very large intercept
times observed particularly at lower temperatures. For this reason T

values less than five minutes were considered to be inaccurate.
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The most likely expianation of the intercept times was given in an
earlier section (7.1) where the intercept for glass 35 was found to be
due to the inducticn time reguired to nucleate a spike (spine) on the
initially formed sphere. The rapid longitudinal growth of the spike
(spine) was identiried as the radial growth of the spherulites on optical
micrographs. Alsc, it was suggested that the spines were composed of low
BS, and grew much more rapidly than the spheres composed of high BSj;.

For compositions other than 35 the same mechanism (i.e. nucleation
of a spike) may give different induction times. The nucleation induction
time of the spike (spine) will probably be dependent on AGv (the free
enercy Adriving force per unit volume for nucleation of spikes), the
effective surface energy o, and the viscosity of the glass n according

to the following equation(GS):

on

e a6 )2

Thus 1) is affected by a) the overall composition (BaO caontent), b) the
occurrence of liquid immiscibility, c) the presence of impurities, such
as Al;03.

The occurrence of phase separation may affect the induction time T
in at least two ways: 1) the induction time may be enhanced by reluctance
of the glass to phase separate, 2) phase saparation may act to cause
compositional changes of the phases, It is interesting to note that
Tbnozawa(143) observed an intercept in the crystal growth of Li,0-£10,
glasses that phase separated. The intercept was similar in magnitude to

the time necessary to complete phase separation. He identified the

crystal growth induction time with the time to Phase saeparate the glassg,
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However, this mechanism is not likely to be important in Ba0~S10; glasses
at the growth temperatures used since phase separation was completed in a
very short time compared with t1; (e.g. glass 30 phase separates at 780°C
in less than 30 mins but 1, is approximately 200 mins). Also T, was still
substantial even for glasses that do not phase separate.

Comparing the Arrhenius plots for the two non-phase separating glasses
in the low alumina group, (32 anc 35G) the induction times are considerably
higher for 32. This is probably because 32 has a slightly higher viscosity

than 3SG(136)

. The other glass in the low alumina group, glass 26, phase
separates readily and the matrix composition shifts towards Ba02SiO,. The
viscosity of this phase is reduced and 1; is lowered. However,tT) is still
greater than that of 35G since the composition of the matrix does not
reach the composition of 35G. This assumes that phase separation occurs
to completion in times short compared with growth times,which is known to
be the case. This argument cannot explain why t; for 32 is higher than

1y for 26. There is, however, no corresponding anomaly in the growth rate
results.

Consider now the results for glasses 28 and 30 which contain higher
levels of alumina impurity. Both glasses have higher values of t; than
the glasses in the low alumina group. This is probably a reflection of
the ability of alumina to increase the viscosity and so inhibit the nuclea-
tion of spikes. Glass 30 has a higher t; than 28 and the comparison is
analogous to that previously described for 26 and 32,

The activation enthalpics AHT given in Table (7.5) are eimilar in
magnitude to the growth activation enthalpies (see Table (7.4)). However,
the errors involved are much larger (AHT) and because of this no accurate

comparison can be made. It seems that AB.r is approximately the same for

both phase separated and non-phase separated glasses (also high and low
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alumina). Also, there is slight evidence that the log;; 1/1; versus 1/T
plot for glass 30 is curved.

Summarising, the main features of the log l/t1; vs 1/T plots can be
explained according to the viscosities of the glasses and their dependence
on composition and temperature (and phase separation). However, some
inconsistencies do appear when comparing glasses 26 and 32 and also 30
and 28, and there may be additional effects which have not been considered.
One possibility is that the presence of a fine scale interconnected phase
separation (as in 26 and 28) may cause the induction time for spike
nucleation to decrease,perhaps by affecting AGv and ¢ for spike nucleation.

Further work 1is required to clarify this problem.

7.4 DISCUSSION OF THE NON-LINEAR GROWTH WITH TIME

All the glasses studied exhibited non-linear growth with time (i.e.
non constant growth rates) at higher temperatures (Fiqures 7.18-7.21).
For glasses 32, 26 and 30 the non-linear behaviour became noticable at
850°C and at a somewhat higher temperature for glass 28. In fact the
effect was less apparent for glasses 26 and 28,

The occurrence of non-linear growth with time is not common in inorganic
glass—forming systems. Howaver,Williamson et a1 (196:147) e reported
gradually increasing growth rates with time of wollastonite and anorthite
in Ca0-MgO-Al,03-510; glasses containing iron oxide additions at the higher
temperatures of investigation. When the iron oxide zdditions were replaced
by vanadium oxides complete linear crystal growth occurred. Electron probe
microanalysis indicated an iron oxide enriched layer at the interface of
the growing crystal. The presence of Fe?" and Fe3* reducea the viscosity
of the glass and increased the crystal growth rate.

They also considered

the possibility that material diffusion across the layer to the interface
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may control the growth. However,this would lead to a gradually reducing
crystal growth rate with time. They eliminated the possibility that
changes in the molecular conficuration of the glass, as the temperature is
raised to crystallize the glass, could alter the growth rates since the
relaxation times at these higher temperatures (>> Tg) arc very small

(< 1 sec). The effect of latent heat of crystallization is to establish
a temperature gradient across the interface thus raising the temperature
at the ~rystal face above that of the furnace. This could in theory lead
to continuously increasing crystal growth rates. However,they commented
that “he slight magnitude cf the resulting temperature gradient was not
likely to produce greatly increasing growth rates.

Toropov and Tigonen(l48) have also reported non-linear growth rates
with time of aporthite in the system Ca0-Al,03-Si0,.

Non-linear parabolic crystal crowth was observed in devitrification
gstudies of non-stoichiometric silica(ldg). The parabolic dependence of
cristobalite layer thickness on time was due to the rate of ciffusion of
oxygen or water through the material to the growing crystel face. Thus
the crystal growth rate was dependent on the partial pressure of oxygen in
the atmosphere. In the case of stoichiometric silica a constant growth rate
was observed and oxygen diffusion was nc longer necessary.

There are a number of possible reasons for the non--linear growth with
time in the baria-silica glasses, which are as follows:-

(a) The presence of a component in the glass (major or minor) might
cause the effect, as in the glasses studies by Williamson et a1(146'147)'

The growth of Ba02SiO, crystals in glasses containing less than
33&@ molet Ba0 may involve the cejection of Si0, at the crystal-glass

interface. This would locally increase the viscosity and decrcase AG,

the thermodynawic ériving force, in the vicinity of the interface thus
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retarding growth, Thus rejection of impurities can cause a local decrease
in growth rate near the interface. In practice this is unlikely to occur
since the interface is not smooth but is composed of many fine crystal
fibres in the spherulitic morphology. According to the theory of Keith
and Padden(ne) this morphology can arise due to the rejection of
impurities. The planar interface becomes unstable in profile and small
protuberances, which extend into the melt containing less impurity, grow
at a faster rate. Bwvantually the whole: gpherulite grows with a constant
rate with frequent non-crystallographic branching of the fibres. Such a

mechanism has been suggested by Burnett and Douglasus’

to explain the
spherulitic growth of barium disilicate in Najy0O-Ba0O-5i0; glasses. The
small fibres (or spikes, as appropriate) grow linearly and the rejected
§10, is incorporated into the residual glassy phase between them. Hence
there is no progressive build-up of Si0O; 'impurity' ahead of the growth
front and the growth rates remain constant. In fact a build-up of silica
would probably cause a progressive decrease in growth rate with time which
is not observed. For the same reason, the presence of alumina impurity
levels in the glass would not explain the ohservations assuming a build-up
of alumina ahead of the growing spherulite, since alumina is known to
decrease growth rates in barium disilicate glass,

There is also the possibility of other impurities affecting the
growth rates with time. Thus small levels of iron are present in the
glasses (Table (5.1)) and might affect the growth rates, as observed by
williamson ot al *¥7147) 4 1yi1a-up of iron near the interface would
produce a gradually increasing growth rate with time, provided addition of
iron to these glasses increagses the growth rate of barium disilicate.

unfortunately we have no data on the effect of small quantities of iron

However, small quantities of Nay0 or Li,O are likely to cause significant
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changes in growth rates as demonstrated by Rowlands(la) in the Lij,O(and

Nay0) -Ba0-5i0; systems. Thus vhen 10O mol% Li;02Si0, is added to Ba025i0,

the growth rate of barium disilicate is increased at 750°C by about 7000
times. Thus trace impurities of alkali oxides might have a significant
effect if rejected at the interface by lowering the viscosity and exerting an
increasing effect on growth with time. However, it may be argued that
impurities such as these are unlikely to have any appreciable effect if

the fibres in the interface undergo frequent branching since the impurities
may be trapped between the fibres rather than accumulating. ahead of the
interface.

It should alsoc be mentioned that Burnmett and Douglas(ls)

also observed
in some cases non-linear behaviour in the growth of barium disilicate in
the Nazo-Bao-5102 system, However,this was a decrease in growth rate
after longer periods and occurred when the spherulites began to approach
closely together. The residual glassy phase was trapped between them, and
the growth became controlled by long range diffusion rather than short
range diffusion across the interface. This presumably occurred due to the
gradual depletion of barium disilicate in the residual glass between the
spherulites. No such decrease in growth rates was observed in the present
experiment probably because the spherulites did not approach sufficiently
closely.

(b) It is also possible that rejected Al;03 or Si0; impurities in
the glass may eventually crystallize and thus be unable to retard crystal
growth further. Evidence has been presented (see Table (6.3) and section
(6.1.2)) suggesting that cristobalite precipitates as a minor phase in
some Ba0-Si0, glasses at higher temperatures., Thus the gradual withdrawal
of AlpO3 or SiO; from the glass could lead to gradually increasing crystal

growth rates.
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(c) The evolution of heat at the interface due to crystallization
must also be considered. Heat flow effects are usually not important in
glass-forming systems due to the relatively.slow growth rates involved
but are of great irportance in, for example, metallic systems where they
are responsible for the dendritic crystallization. It is not proposed to
consider dendritic crystallization in detail but a brief discussion is
relevant. A typical temperature profile across a crystal-liquid interface,
in a situation where heat flow effects are important,is shown schematically
in Figure (7.35)(151'150). When the growth rate increases rapidly with
undercooling (i.e. falling temperature) the interface shown is unstable
with regard to small projections since undercooling increases with distance
from the interface. The main growth will occur at the tip of the
projection and not at the base and hence the projection will develop into
a spike. Other spikes would form at distances determined by the radius
of the zone affected by the first spike. Thus an array of spikes grow.

The lateral growth of each is retarded by the latent heat of the others and
so forward growth predominates, Branches may form which are in the same
crystallographic orientation as the original spikes, as a result of
corresponding instability of their lateral interfaces. Branching does not
involve the nucleation of a fibre, probably with a different crystallographic
orientation, as in the case of spherulitic growth. Such dendritic
crystallization is important in metals and is probably also important in
soi: glass forming systems at higher temperatures near the liquidus. In
this case growth rates increase with undercooling and thermal dendrites
may result. However,at lower temperatures below the maximum in crystal
growth rate, growth rates decrrase with fall in temperature and for the
probable temperature distribution (Figure (7.35)) then no instability
would occur. This has been pointed out for the crystallization of a

(129)

lithium disilicate glass and also applies to the present baria-silica

glasses.



Figure 7.35 Typical temperature profile at a

crystal-glass interface (reference (150))
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Consider the question of the gradual increase in growth rates
observed at some higher temperatures in the baria-silica glasses in rela-~
tion to possible heat flow effects. 1In the temperature range involved,
crystal growth rates were observed to increass with temperature. To
explain the observations; the temperature of the interface would be required
to gradually increase with heat treatment time.

This possibility has recently been considered theoretically by
Hopper and Uhlmann(151) for a planar crystal-melt interface. Applying
their analysis toc the crystallization of sodium disilicate they showed that
a significant rise in interface temperature should occur for an infinite
system. However, for small samples (4 mm in thickness) the theory predicted
no significant change in interface temperature with time. This theoretical
result was confirmed experimentally. The results of Hopper and Uhlmann
suggests that the heat flow is unable to explain the non-constant growth
rates in baria-silica glasses, since only small sized samples were employed.

It may also be remarked that if heat flow effects are responsible for
the non-linear growth, then it is likely that the effect would have been
observed in many more systems (for example Li,0-S105) - whereas it has not.

(d) Another possible cause of the non-linear growth behaviour is a

morrhology change in the barium disilicate. Macnowell(ls)

Douqlas(lS),and Rowlands(le) have all observed a break-up of the spherulites

, Burnett and

and recrystallization into lath-like crystals of the low form barium
disilicate at higher temperatures. The temperature and times where non-
linear growth became noticeable for the present glasses coincide approxi-
mately with the temperatures and times appropriate for lath fommation, as
indicated by the work of Rowlands. A morphology change in the spherulites
near the interface would probably alter the growth kinetics, particularly

i1f the fine crystal fibres or spikes at the interfacc developed into a

coarser microstructure.
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In summary, it is not possible to identify with certainty the cause
of the non-linear growth behaviour observed. The most likely cause is
the change in spherulite morphology that occurs at higher temperatures
and longer times. Another possibility, for which there is less evidence,
is the presence of small quantities of iron impurity in the glasses which
might have a similar effect to that observed by Williamson et a1(146'147).
Further work which might help to resolve this question would involve
a more detailed study of lath formation in these glasses using optical
and electron microscopy of samples showing non-linear growth, electron
microprobe analysis of the interface region for impurities, particularly

iron, and perhaps study of the effects of deliberate additions such as

iron,on the growth rates,
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8.1 THEORY OF FIELD INDUCED EFFECTS ON NUCLEATION

The influence of an electric field on nucleation will depend on its
ability to alter o, AGD (the kinetic barrier) and 4G (the thermodynamic
driving force).

Kaschiev‘n) has developed a theory that considers the effect of an
electric and magnetic field on AG only. He presented the free energy change

required for the formation of a spherical cluster of radius r in the form:

W= Wo + WE
where wo is the free energy change without an electric field and wB is the
free energy change due to the field. WO has already been expressed in

equation (3.1) as

== + 4nric (3.1)

(11)

Kaschiev has deduced that WE is

EMf(l)Ezra

-6 (8.1)
vhere £() = 2= A =S
2+ ! €4

where € and ¢, are the dielectric permittivities of the crystalline and

glass phases. For the case where €c < Eyr Wy is negative and nucleus

formation is encouraged, and vice versa when ec > eu + On the other hand,
2

J:sa:rd(1 ) has shown that under experimental circumstances where a field of

constant magnitude is applied from a battery, W, is positive and nucleus
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formation is encouraged when ec > EM’ He has also shown, by considering
the introduction of a medium of Jdielectric permittivity E-(containing
glass and crystals) in place of the original glass eM, that the equation

of Kaschiev (egqn. (8.1)) is in error. A modified version is given below:

er()\)Ezrs
L e ——————

A further complication arises when static fields and slowly alternating
field; are applied across the glass. Under these circumstances charges
build up at the interface. The local field intensity becomes dependent on
the conductivities of the two phases if the field is static for a period of
time longer than €, /X, ©F ec/xc,whichever is the smaller*?’. fmhis
difficulty can be easily accommodated by a substitution of conductivities
x for permittivities ¢, i.e. A = xC/xM .

Figure (8.1) demonstrates schematically how electric fields alter

the free energy changes W, depending on the relative values of the dielectric
permittivities.

In the presence of an electric field, equation (3.1) is modified to

give:

4ny3

W= - S [Ac, + hE?] + 4wrlo (8.3)
3e _£(A) AG
and h= - 8n v VM

The critical values of r* and W* in the presence of an electric field are:

r® = -—-g-g-
(3G, + he?)



Figure 8.1 Free energy change for nucleus formation
as a function of nucleus radius,
a) when € < g
(o4

b) when e€_ > ¢
c m
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- 16703
316G, + nE?)? (8.4)

W

Assuming that the pre-exponential factor and AGD in the nucleation rate
equation are constant during the application of a field, the classical

nucleation equation becomes:

i 8.5
I =A exp(- iﬁ? (8.5)
AG
NkTaA*
where A = -—K-——-exp(~-—iiﬂ

substituting equation (8.4) into equation (8.5):

I =25 exp [ - B ] (8.6)
[ac_ + ne2)2
v
16703 (8.7
where B 3T

when E = O equation (8.6) reduces to:

- R
I,=Rexp (——T)AGV (8.8)

where I° is the nucleation frequency without a field. Expanding

[ac, + hE2]-2 as a power series in equation (8.6):

2hg?
AG
v

- B
InAexp(AGﬁl {l- + ooo])
v

. 3 2
When T < T i.e.ACv > 0 and assuming |hE | < AGV' all terms beyond the

second in the series can be neglected.
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2hBE?
I = A exp (‘B‘é"z) exp (Z‘E-'g——)

2
=1 exp(ghﬁg-a (8.9)

Substituting r* = ZO/AGv into equation (8.7):

21AG 3 3
- v
3kT

Substituting equation (8.7) into equation (8.9):

[4wr*3hE2

1 =1, x5

pefining the critically sized field Ec as that required to increase or

decrease the nucleation rate e times:

4nr*3hEc2

s S

kT &

or E, = (4w”*3-—% (8.10)

A plot of I versus E indicates the great sensitivity of the field
to changes in E once the critical field strength Ec i8 exceeded (see
Figure (8.2)).

(1)

Kaschiev has calculated that a critical field strength of

6.14 x 105 v em™l is necessary to influence the condensation of water

vapour.



Figure 8.2 Dependance of the nucleation rate on
the electric field strength,
a) whene > ¢
c

b) when € < ¢
c m
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8.2 REVIEW CF GENERAL OBSERVATIC:iS OF FIELD EFFRCTS ON PHASE

TRANSFORMATIONS

A brief review of experiments designed to study the effects of electric
fields on phase transformations is given below.

The effect of fields on dendritic growth of ammonium chloride on
muscovite mica and glass substrates was studied by Motoc(lsz). It was
observed that the growth of crystalline needles occurred in the direction of
the field. On removal of the field the needles developed hranches which
eventually detached themselves from the needles. An alternating field
produced a similar effect. Under an a.c. field the dendritic growth was
parallel to the field, the central stem being thickened. These effects
were explained by assuming that the electric field increased the surface
energy of the crystal. The application of the field acted to inhibit the
formation of any perturbation so that the formation of needles rather than
dendrities was favoured. Removal of the field caused the surface energy to
decrease and encouraged the formation of branches.

(153) and Crowther(154) have studied the growth of ice

Bartlett et al
crystals in the presence of an electric field. They reported that a minimum
value of the electric field was necessary to modify the growth. The crystals
grew in the form of long thin needles. This was attributed to an increase in
the molecular diffusion coefficient along the field direction.,encouraging

crystal growth in this cdirection., Howeverralternating fields and non-uniform

gtatic fields were not observed to modify the crystal growth rates.

(156) 155
Chopra and Murayama e al( ) have reported increased coalescence

and alignment of gold particles in a thin gold sheet along the direction of

an alectric field.

(157)
Peters et al » when 2pplying a magnetic field during the isothermal

martensitic transformation of a Ni-lin alloy, observed a threefold increase

in the transformation rates.
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The application of electric fields is known to initiate memory switch-
ing in chalcogenide glasses. 'the voltage required to achieve the switch is
known as the threshold wvoltage. The resistivity of the glass drops drama-
tically by 10° ohm cm or more and approaches that of a semiconductor(lse).
The mechanism of switching is thought to be the precipitation of low
resistivity phases (both crystalline and amorphous). This can be achieved
by a) joule heating caused by the passage of a current. For example,it is
thought that switching in GeTe glasses is associated with thermally induced

(160)

crystallization of low resistance Te rich phases b) The effect of

the field on free energy changes and diffusion may initiate crystallization
or phase separation(ISl), and also encourage growth in the field direction.
The alignment and coalescence of filament shaped particles in the direction
of the field can produce low resistivity bridges across the material. For

example, Thornburg and White (198:159)

have demonstrated that an electric
field can cause memory switching in an Asjs;Sej glass by such an alignment.
In this sense the effect of the electric field is similar to that described

earlier for non-glass-forming systems where crystals are encouraged to grow

in certain directions.

Chandhari and Laibnwitz(lez) have described the growth of crystalline
filaments of a Te-rich phase from local field concentrations in a GeTe glass.

Geller et a1(163) have investigated the power of electric fields to
increase nucleation and growth of spherulites in a selenium glass. Their
results showed a reduction of the activation energy for crystallization
during the application of an electric field. It was thought that the field
weakened the atomic structure and allowed the atoms more freedom of movement.

pe Vekey and Majundar(lO) have studied the effect of 4 kV cm~! static
or alternating (50 Hz) electric fields on the phase separation morphology in

a cordu it ~based glass of composition Ca0 4.5, si0, 48,9, Al,03 22.2,
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MgO 13.4, TiO; 11.0 (wt %), The field was applied to a slab of glass at
630°C for 74 hours. An identical control sample was placed adjacent to the
first sample. The electron micrographs of both samples revealed that the
field had increased the size of the phase droplets although no change in
number of droplets was detected.

Atkinson(l64)

was unable to confirm de Vekey and Majumdar's results
on cordi.r bt -based glass when using a f£ield strength of 35 kV em~!. It

is also interesting to note that Atkinson did not observe any increase in
crystal nucleation and growth in a lithium silicate glass when a field was
applied. However, because of excessive joule heating, he was unable to
apply more than 250 V cm~! to the glass.

MacKenzie and Brown(165.166)

have recently studied the influence of
an electric field on the crystallization of aluminosilicate glasses. They
compared the areas and the positions of the main DTA crystallization peak
obtained with and without a field. The heats of crystallization calculated
from the peak arcas were shown to decrease with increasing field strength.
The peak was also cbserved to shift to lower temperatures,thus indicating
that the field encouraged crystallization. |

Summarizing, there are some claims from previous work that electric
fields can modify the crystal nucleation and agrowth kinetics in various
systems, including glasses. However,it is not clear how electric fields
may affect the kinetics, if at all. For the experiments on glass, the systems
used have tended to be rather complex, and also joule heating effects may
have occurred. To attempt to clarify the situation we have used the
relatively simple baria-silica system with some additions. Thig system

exhibits internal crystal nucleation and has been fairly vell characterised

Algo,the internal electrical resistivity of the glass ig relatively high

It is thus possible to apply fields of comparable strength to those employed
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by de Veckey and Majumdar, and Macienzie and Brown without excessive joule
heating. The results of experiments designed to examine the field effect
of crystal nucleation and growth kinetics in baria-silica glasses will be

descriked shortly.

8,3 EXPERIMENTAL DETAILS

8.3.1 Preparation of magnesia aluminosilicate glass

As a starting point it was decided to carry out some experiments on

a glass as close to that used by de Vekey and Majumdar(lo)

as possible.
The batch composition was composed of 4.5 CaO, 48.9 SiO;, 22.2 Al;03,

13.4 MgO, 11,0 TiO; (all wt %) using the batch materials al(OH)j3, TiO3,
Belgian 3and, CaC03 and MgCO3. The mixture was homogenised by rotation in
a tumbler, then sintered at 1000°C for 24 hours in a mullite crucible.
Melting was carried out in platinum in an electric furnace at 1480°C for
six hours, Stirring was accomplished by bubbling air through the melt.
This also ensured the oxidation of titanium ions in the glass. The melt
was cast as rods and some as discs of 5 cms diameter, the latter being

annealed in a muffle furnace at 660°C, and furnace cooled. The general

appearance of the oxidised glass was a transparent yellow

8.3.2 The measurement of d.c. conductivity

A 3 cm square 1 cm thick slab of glass was cut from a disc and the
largest area cross-section was coated with Johknson Matthey liquid bright
platinum. The liquid layer was allowed to dry for one hour at room condi-
tions and then fired at 500°C for one hour.

The electrode assembly is shown in Figure (3.3).

All metal parts
were made of heat resisting steel and the insulating rods of British



Figure 8.3 Electrode assembly used for electrical

measurements
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Thermal Syndicate '0OS' quality fused silica. The assembly and specimen
were enclosed in a metal container also made of heat resisting steel, the
1id of which was pierced with holes for the electrical connections and the
thermocouple. All metzl parts,including the guard ring but excluding the
electrodes,were earthed. The electrical leads were made of nichrome wire
and insulated from the electrode assembly by fused silica tubes. The
furnace consisted of a vertical cylindrical refractory tute wound with
nichrome wire and enclosed in a metal case. The intervemning space was
packed with thermal insulation. The lower end of the inner tube was closed
and a »latform was erected to carry the electrode asserbly so that the
specimen was approximately in the centre of the furnace. The space above
the electrode assembly was packed with firebrick. It was necessary to
screen carefully the specimen and its electrode assembly and all the leads
to the measuring instrument from external influence,particularly the 50 Hz
mains supply. Accordinglyrthe inside of the furnace tube and platform was
lined with an expanded metal screen,and on top of the furnace a cage of
aluminium was constructed to screer. the leads in the vicinity. A Sirect
proportinnality temperature controller,manufactured by (NS Industries
Limited, regulated the temperature to within +1°C for extended periods of
time. The control and measuring thermocouples were insulated from the
metal pot. The cold junction of the couple was immersed in' a mixture of
ice and water and the e.m.f. measured with a Cambridge sliding wire
potentiometer.

An Ever Ready dry battery with a voltage selectoy was the source of
an adjustable p.d. so that V., the p.d. measured by an Avometer across the
Keithley electrometer and the glass,could be varied in discrete steps of
15 v from OV to 60 volts.

The Keithley 610B electrometer was a versatile and very sensitive
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instrument used to measure the currents flowing through the glass,
The electrical circuit is shown in Figure (8.4) and the resistance

was calculated from the equation:

where vK is the p.d. across the Keithley, i is the current flowing through
the Keithley and the glass. The resistivity p and the conductivity x can

be calculated frcm:

where 2 is the area of cross section and % is the thickness of the glass.
The conductivity of the cord .« tc glass was determined as a function

of temperature (Figure (8.5)).

8.3.3 Application of the field

The electrode assembly was modified slightly for the application of
powerful fields. This change was necessary to accommodate a control sample
in close proximity to the sample under the test. Thus any joule heating
generated in the test specimen would be conducted through the control and
the temperature of both control and test specimen would be comparable.

The experimental arrangement shown in Figure (8.6) was devised in which
the specimens discs T, M and B, 2 mm thick, were stacked with interleaving
metal discs,and the field was applied to T and B while there was no field
in the middle disc M. A comparison of nucleation rates in T and B with

that in M was taken as a direct test of field effaects alone, even if some

joule heating occurred.



Figure 8.4 Electrical circuit for d.c. conductivity

measurement
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Figure 8.5 Plot of 12910 X (conductivity ohm~! em™1)

versus -:-l'g— (°k~1) for magnesia

aluminosilicate glass
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Figure 8.6 Part of the electrode assembly
modified to accommodate a control

specimen
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The electrical circuit was altered slightly to accommodate a high
resistance R~x (R% << Rglass) to protect the Keithley instrument in the
event of shorting.

Cordie~tp discs of 2 mm thickness and 3 cms diameter were used for
the test runs. The resistivity of the glass at high applied voltages was
similar to the predicted value from the log p versus 1/T plot (Figure (8.5))
constructed from the data obtained in the d.c. conducticity measurements
using a guard ring. This established that the current was conducted through
the glass over the entire electrode area. Thus it can be assumed that the
field was applied through the volume of the glass and not across the surface.

The potential was supplied by an EHT set with an internal resisgance
of about ¥ MR which delivered a smoothed d.c. voltage continuously up to
2000 volts.

Details of two runs are given in Table (8.1), The first run carried
out at 720°C, using a p.d. of 4 kV cm‘% was designed to follow closely the
conditions used by de Vekey and Majumdar. In the first run the magnitude
of the field that could be applied was limited by electrical breakdown
through the air between the metal electrodes at the temperature of the
experiment. The second run was carried out at 800°C. The temperature
800°C was selected because phase separation and crystallization occurred
rapidly and changes in the morphology caused by the field could be more
easily detected. The maximum p.d. at 800°C was limited by the conductivity
of the glass (avoiding excessive joule heating) and the internal resistance
of the EHT generator.

The electrodes were inspected visually after completion of the run
for evidence of electrolysis and the glass specimens were prepared for

replication electron microscopy.
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TA3LE 8.1

DETAILS OF TWO RUNS ON A HMAGNESIA ALUMINOSILICATE

GLASS
Run Time Voltage difference Temperature
(mins) across the sample °c

volts cm!

1 (o] 4000 721
300 4975 720

1520 4100 720

2 o 1500 802
20 2450 800

190 1950 799

8.3.4 Measurement of electric field influence on crystal nucleation and

growth in BaO-Si0O glasses

Two Ba025i0; batches that included 1 mol$ Al,03 and Ti0; respectively
were sintered, melted and cast into the form of discs about 4 cms diameter,
and annealed in a muffle furnace at 620°C. These two glasses will be
known as ABS; and TBS;. The purpose of the small additions was to reduce
the nucleation rates of the Ba0O25iC; to values that could conveniently be

peasured after long heating times.

The electrical resistivity of slabs of the glass 2.25 cnf in cross-

sectic.al area and 2 mm thick was measured without a guard ring and compared
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with values published by Evstrop'ev and Kharyuzov(167h and Mashkovich and

l(168)

Varsha . The similarity between the three sets of results showed

that the quard ring was not necessary. (See figure (8.9)).

A Lyuch bridge(169) was used to measure the a.c. conductivities and
the dielectric permittivities € of discs (2 mm thickness, 3 cms diameter)
of the as quenched Ba0O-SiO; glass,and also the glass ceramic formed from
from the same glass by crystallizing at 700°C for 24 hours and then 1000°C
for 24 hours. The permittivity values € were employed in a calculation
of the critical field strength using equation (8.10).

The apparatus used to apply and measure the large field was similar
to that described previously with two exceptions. The resistivity of the
BaO-5i0; glass was about fifty times lower than the corderite glass.

Since the internal resistance of the EHT generator was about 4 MQ,the
greatest p.d. that could be applied was 50 volts - an unaceptably low
value. The generator was replaced by an a.c. 5 kV transformer whose input
was controlled by a variac. The alternating currents were measured on an
Avometer.

after completion of a nucleation heat treatment with a high field
applied, suitably sized samples from the top, middle and bottom sections
were cut and the platinum removed. An appronrriate heat treatment at 840°C
developed the crystals to a size convenient for counting. One run was
extended to allow the crystals to attain a size sufficiently large for
observation in the electron microscope without an additional growth treat-
ment. Surface replicas of the samples with and without a field were
prepared and the diameters of the largest particles were measured. This
subsidiary experiment allowed an assessment of the field effect on crystal

growth to be made.
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8.4 RESULCS AND DISCUSSION

8.4.1 The magnesia aluminosilicate glass

The micrographs (Figure (8.7)) show that liquid immiscibility occurred
in magnesia aluminosilicate glasses at both 720 and 800°C but the phase
boundaries were sharper at 800°C. Some crystals were observed at 800°C. In
neither experiment could any differences be detected in the morphologies of
the phase separation between the discs subjected to the field and that under
no field, nor was any difference observed in the second experiment in the
degree of crystallization.

In both experiments the current fell at first, indicating the occurrence
of polarization (Table (8.1)). The decrease of the current ohbserved during both
experiments was relatively small and it is thought that only a small fraction
of the total voltage was dropped across the surface polarised blocking layers.
After a time the current rose to near the initial value. This possibly reflected
a delayed diffusion of platinum ions into the glass. The appearance of the
cathode platinum was marred by a greenish deposit, which under the microscope,
presented the appearance of a mass of numerous crystals. The crystals may have
formed by the crystallization of an alloy of sodium and platinum caused perhaps
by overheating near the cathode. Deep craters also observed on the cathode, may
be explained by non-uniformity of electrode application giving local melting
or crystallization. It is interesting to note that iMacKenzie and Brown(lss'lGG)
noted the appearance of numerous craters at the cathode during the electrolysis
of an Al;03-SiQ glass. They attributed these cratexs to the presence. of water
droplets formed locally by the recombination of hydroxyl ions and diffusing
protons.

8.4.2 The baria silica glasses

The dielectric permittivities and conductivities are given in Figures
(8.8), (8.9) and (8.10) for both glass and glass-ceramic.
The dielectric permittivity of the TBS, glass was constant within the

temperature range (180 - 450°C) and approximately independent of the



Figure 8.7

Electron micrographs of liquid-ligquid

immiscibility and crystallization in a

magnesia aluminosilicate glass

Top left: No field applied, 720°C,
1520 mins, Mag x47000

Top right: 4000 V cm~! d.c. applied,
720°C, 1520 mins, Mag x47000

Bottom No field applied, 800°C,
left: 2 hours, Mag x30000

" Bottom 1500 V em-! d.c. applied,
right:

800°C, 2 hours, Mag x38000






Figure 8.8  Plot of logjg X (conductivity ohm™! cm=1)
versus l%— (°k~!) for ABS; glass and

TBS» glass and glass-ceramic
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Figure 8.9 Plot of logig X (conductivity ohm™! em~1)

versus l%—-(°K‘1) for Ba02SiO, based glasses

and glass-ceramics

Symbols Data of Mashkocivh and Varshal(lsa'

for Ba02si0Oy glass
Data of Mashkovich and Varshal‘lﬁa;
for Ba02SiO; glass-ceramic

X Data of Evstrop'ev and

Khar 'yozov for Ba02Si0j3 glass(167)

This work: TBS; glass-ceramic d.c.
TBS, glass d.c.

glass a.c. 2 x 103 Hz
TBS, glass a.c. 10" Hz

TBS; glass-ceramic a.c. 10* Hz
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2 x 103 Hz



I-7 9 19
| | ]

k6
|

L/ TI°K ] X o°
i




Figure 8,10 Plot of dielectric permittivity (¢)

versus temperature (°c) for TBS, glass

and glass-ceramic
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frequency used (103 to 10" Hz). The TBSZ glass ceramic measurements
exhibited values of permittivity that were constant at temperatures below
300°C but varied greatly with temperature and frequency above 300°C.

This implied that a large dispersion occurred in the glass ceramic above
aco°c.

The &,c, conductivities of both TB5, and ABS; glasses gave a linear
plot of logyjgX against reciprocal temperature which agreed closely with
that of Mashkovich and Varshal(168) (see Figure (8.9)). The d.c. conduc-
tivities of the glass ceramic found by Mashkovich and varshal were an order
of magnitude hgher than those of the glass. The values found in the
present work were only slightly above those for the glass but a very large
dispersion was ohserved at very low frequencies. Thus the values found
for 103 and 10" Hz were very similar to the d.c. values of Mashkovich and
varshal. The dispersion of the glass itself was very much smaller and at
50 Hz the a.c. conductivity was the same as the d.c. value. It is concluded
that crystalline Ba02SiO; has a much higher conductivitv (at 50 Hz) than the
glass, epproximating closely to the values found by ilashkovich and Varshal,
put that the crystallized glass in the present work consisted of conducting
crystal separated by insulating residual glass which showed a large Maxwell

wagner dispersion of conéuctivity and permittivity.

Most alkali containing glasses show an increase in resistivity during
crystallization. The mobile alkali ions in the glass are incorporated
within a crystal and are not as free to carry the current. Non-alkali
glasses may contain alkali ion ipurities that continue to fulfil an
important role in conduction. Magnesia aluninosilicate glass, for example,
was shown by Evstrop'ev et al(l7°{ employing an isotope diffusion method,
to conduct mainly by sodium ions. ‘They also showed that alkali ion

enrichment in the remaining vitreous phase in the glass ceramic explained
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the overall rise in conductivity during crystallization.

Mashkovich and Varshal(leﬂ) repeated the experiment of Evstrop'ev et
al on Ba0O2Si0O; glass and found that the conductivity of the crystallized
glass decreased only slightly on adding Na,0 and concluded that Na+ in the
residual glass phase of the glass ceramic cannot be carrying the current.

Accoxrding to Evstrop'ev and Kharyuzov(167),the barium ions are the
main current carriers in alkali-free barium silicate glasses. Mashkovich
and Varshal suggested that the greater conductivity of the glass ceramic
over the glass in the barium silicate system is not due to any residual
glassy phase but is due to the mobility of electrons and the defects in
the crystalline phase,

In the present work the activation energies for d.c. conductivities
in the glass and glass ceramic are 15.2 and 13.8 kcals mole~1 respectively
(Figures (8.8) and (8.9). Mashkovich and Varshal obtained corresponding

values of 14 and 10.5 kcals mole~!., This suggests a lowering of the

activation energy on crvstallization.

The crystal nucleation and growth results on TBS; and ABSy with and
without a field,are given in Table (8.2). The figures in brackets below
the values obtained for discs T and B show the percentage change compared
with the value for the field free disc M. It is seen that there is no
consistent change produced by the field and that the percentage changes are
less than the value of t15% calculated for 95% confidence limits. It is
concluded that there was no significant eiffect of the field on the rate of
crystal nucleation in any of these runs. This is supported by the similar
appearance of the optical micrographs (see Figure (8.11)). The sizes of
the crystals arxe also not significantly altered by the field, indicating

that the growth rates werxe not altered by the field.



Figure 8.11 a)

Figure 8.11 b)

Optical micrographs showing crystal
density in a TBSy; glass
Top left: 678°C, 1160 mins, no field
applied, grown 840°C,
Mag x600
Top right: 678°C, 1160 mins, 3.9 x 103
V em~! a.c. applied,
grown 840°C, Mag x600

Electron micrographs showing size of
crystals in an ABS; glass (with and
without a field)

Bottom 706°Cc, 3310 mins, no field
ft:

left applied, Mag x37000

Bottom 706°C, 3310 mins, 2.2 x 10°

right:

a.c. applied, Mag x 37000
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TABLE 6.2

HIGH FIELD EXPERIMENTS ON BARIA-SILICA GLASS

Run Glass Mean Field Temp.°C Time N, % 1078 o3
V eml ming Disc T M B
1 aBS; 2.6 x 10% d.c. 685 185 6.73 6.25 5.98
(- 1.5%) (- 8%)
2 ABS; 2.4 x 10° a.c. 670 410 5.21 4.17 4.04
(+ 12%) “(~ 12%)
3* ABS2 2.2 x 103 a.c. 706 3310 83.3 83.2 77.8
(+ O%) (- 6.5%)
4 TBS; 3.9 x 103 a.c. 678 1160 12.8  12.8 13.5
(+ O%) (+ 5.5%)

* Run 3 size of pre-growth treatment spherulites (dia.)

With field 1.15 x 10-% cms, without field 1.22 x 10~% cme

Using the values of Mashkovich and Varshal(168) for the conductivity
of the crystals and a permittivity (Figure (8.10)) of 10, the relaxation
time e /X  is about 10~ sacs sc that electrodynamic conditions apply to
the experiments at 50 Hz and the conductivities control the field distri-
bution. Using Mashkovich and Varshal's results for the conductivities
of the glass ceramic at 685°¢; the average temperatures of the rums,

f(1) = - 0.64. BAn estimate of the critical field E; can be obtained from

equation (8.10). Thus taking the enthalpy of fusion AE‘'® ag 8.6 kcals

mle-lp see
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the liquidus temperature as 1420°C and hence the undercooling at the
average experimental temperature of £85°C as 4T = 735°C:

m
\ s, B

M TM-

= 1.58 x loll ergs mole~!

The irterfacial energy between Ba025i0, crystal and melt is

-2(18)

o = 132 * 4 exgs cm and the molar volume is 73.2 cm™~3. The

critical radius r* without a field is given by:

20VM
r* o= ——= = 1,225 x 1077 cms

Equation (8.10) then gives E_ = 1.43 x 106 v cm™!. The calculation of

Ec assumes the surface energy betwean the two phases is not altered by

the field. This is quite reasonable in BaO-SiO; glasses since the field
is likely to affect only the position of the mobile Ba?* ions in the glass

and not the rigid dimensional siliceous structure,

The calculated valua of Ec is so large that no detectable effect
could be produced by the fields of 103 to 10% vV em~! which were used in
the present experiments. TFields as high as 10% v cm~! could not be applied
continuously to Ba02SiO; glass at the temperature of nucleation since the
power dissipation due to joule heating would be excessive. Furthexrmore:
the value of Ec is of the order of the intrinsic breakdown strength of
glass. If the undercooling was reduced by an order of magnitude the
value of Ec would be reduced about 30 times; however,the rate of growth
of spherulites, once nucleated,would then be so high that the rate of
nucleation could not be dGetermined reliably. Thus it would seem to be
impossible to observe the change of nucleation rate due to a field

predicted by classical thermodynamics for this system.
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9.1 GENERAL

The importance cf crystal nucleation, crystal growth and liquid-
ligquid immiscibility in the formation of glass ceramics was outlined.
The thermodynamics of liguid-liquid immiscibility were discussed using
free energy diagrams, and simple solution theories were considered.
Theories of crystal nucleation and growth in glasses and the factors
affecting crysallization were described. The possible influences of liguid-
liquid immiscibility on crystal nucleation were outlined. This discussion
was centred principally on the four points mentioned by Uhlmann(g). Prev-
ious work desigmned to study the effect of liquid-liquid immiscibility on
crystal nucleation in glasses were critically reviewed. It was concluded

that the effect of immiscibility was far from understood and that further

carefully chosen experiments were required to clarify the position.

2.2 CRYSTAL NUCLEATION STUDIES

Three experiments to examine the influence of liquid-liquid immisci-
bility on the kinetics of crystal nucleation in baria-silica glasscs werec
performed.

In the first experiment six baria-silica glasses of different
compositions were heat treated for one hour at a series of nucleation temp-
eratures in the range €73-807°C followed by a growth treatment at a higher
temperature. At lower temperatures (673-720°C) nucleation of barium
disilicate crystals occurred in the glasses at quite different rates.
However, from 720-807°C nucleation occurred in all the glasses at approxim-
ately the same rates. Liquid immiscibility was present in most of the
glasses (except glasses 32 and 35G) heat treated at 720-807°C,but bolow

720°C all the glasses, with the exception of glasses 26 and 28, were free
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from liquid immiscibility. The morphology of ligquid phase separation was
found to vary considerably with composition of the glasses. The occurrence
of liquid immiscibility significantly affected the nucleation rates.
Subsequently small quantities of alumina impurity were detected in the
glasses. Experiment showed that 1 mole% Al,03 could depress nucleation by
approximately two orders of magnitude. A simple semi-empirical equation
was derived to correct for the presence of the alumina. The crystal
nucleation characteristics for each giass at lower temneratures were
explained simply on the basis of their composition and proximity to the
precipitating phase, barium disilicate. lucleation theory predicts that
nucleation behaviour in glasses should be sensitive to varia?ion in
composition. This is because the thermodynamic driving force AG for
crystal nucleation, the crystal-licuid surface energy and the nucleation
kinetic barrier are functions of composition.

The similar nucleation behaviour of the glasses at the higher
temperatures could ke explained most simply by a change in the composition
of the baria-rich phase brought about by the phase separation process.

This change to a composition richer in baria for the glasses within the
immiscibility dome could cause an increase in AG, the thermodynamic driving
force, giving an increase in crystal nucleation as a result of liquid
immiscibility. There might also be a simultaneous decrease in the crystal-
liquid interfacial free energy due to the composition change,which would
also increase nucleation. 1In addition, a shift in composition to a more
baria-rich phase might also decrease the kinetic barrier term and thus

enhance crystal nucleation. This experiment did not enable the possibil-

ity to be ruled out entirely that hereogeneous nucleation effects night
have occurred at the interfaces between the separated liquid phases but it
was unlikely., Thus the diffcrent phase separation morphology of each glass

was not reflected in the nucleation rates. It was also shown theoretically
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that the heteroceneous nucleation mechanism was unlikely,

The effect of liguid phase separation in this syster was to effect-
ively increase the range of glasses which exhibited hich nucleation rates
by shifting the precipitating baria-rich phase closer in composition to
barium disilicate (as determined by the immiscibility hinodal curve).

This general conclusion supported the work of Burnett and Douglas(ls) who
showed that immiscibility in the Na;0-BaO~Si0; system effactively enhanced
the region of intermal nucleation in the system by a similar process to
that described here.

To test the conclusions fxom experiment 1, two further experiments
were carried out. In experiment 2. the development of ligquid phase separa~
tion in glass 26 was found to have a marked influence on the rate of
crystal nucleation. This was reflected in rapid changes of crystal nuclea-
tion rate during the eorly staces of phase separation. The phenomenon was
rost pronounced for quenched glasses that experienced rapid vhase separa-
tion during the first few hours of heat treatment at 700°C. The nucleation
time lag that occurred in glasses at low nucleation temperatures could not
account. for the results. o correlation was found between the nucleation
curves and the interfacial areas or the number of droplets in the glass.
Again, the results were explained successfully by a consideration of the
composition changes that occur as a result of phase separation. These in
turn influenced the thermodynamic driving force for crystal nucleation AG,
the interfacial enexgy ¢ and the kinetic barrier, as descriped previously.

In experiment 3,similar conclusions were reached for glass 30.

Unlike glass 26,a constant crystal nucleation rate occurred during the
later stages of the experiment. It was shown that liquid immiscibility
was completed at the beginning of the period of consgtant nucleation rate.

The changes in crystal nucleation rate could be ralated to the development
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of liquid immiscibility and the accompanying compositional changes as
for 26, Again,no relation between morphology of phase separation and
crystal nucleation rate was detected.

Attempts were made to deduce the mechanism by which crystal nucleation
increased as the matrix compositior shifted towards barium disilicate.
Examination of the crystal growth rate data in the system suggested that
changes in the kinetic barrier term in the nucleation eguation during phase
separation could account in part (but not whole) for the observed changes
in nucleation rates. Calculations based on assuming ideal mixing between
BaO and Si0; suggested that AG changes during rhase separation might also
account for a large part of the observed changes.

Further work on this system is needed to clarify the relative
importance of the kinetic barrier, driving force and surface energy terms.
Lovw temperature viscosity data would be useful to assess the effects during
phase separation of a changing kinetic harrier. ZExperimente carried out on
rapidly cocled glasses at lower temperatures (such as 700°C) could be
particularly helpful in this respect ia detecting changes in viscosity
over extended periods of time, provided crystallization does not interfere
with the results. To assess the influence of the driving force term more
precisely detailed calculations are required using more realistic solution
models.Charles Me)has calculated an unmixing curve assuming regular mixing
between Ba0 and SiO;. Unfortunately activity data of BaO was not krnown
and the calculation could not be made for glasses richer in baria than
the eutectic (~ 26 molet Ba0)., 2lso,his predicted immiscibility dome was
at appreciably higher temperatures than that observed experimentally by

(14)

(28
Seward et al « Haller Aas shown that regular mixing between (si0;) g

and Ba025i0; describes accurately,liquid imriscibility in the baria-silica

system. Thus a more promising approach might be to estimate the liquid
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free energy curves at 700°C and then calculate the AG effect on crystal
nucleation during liguid phase separation.

A complete analysis of the phase separation effect should also
include estimates of the macmitude of crystal--liquid interfacial energy
changes during phase separation, although there is no direct means of
doing this at present. Thus it may be only possible to estimate the effect
of surface energy indirectly after elimination of the AG and kinetic
barrier effects.

More generally,it would be appropriate to repeat the described
investigation on other systems, i.e. systems that exhibit both phase
separation and internal crystallization,such as Lij0--5i0;, Aly03-5i0;,

and Najs0--Ca0-S1i0;: for comparison with the present results.

9.3 CRYSTAL GROUWTH STUDIES

Early stage crystal growth in a Ba02Si0; glass was examined at 700°C
using electron microscopy. The first crystalline particles to appear were
small spheres,probably of h-BS;. The spheres appeared after a negligible
nucleation and growth induction time (~ % hr), and were composed of many
small crystallites, approximately 100 ﬁ in size, arranged radially.

After an induction time of 30-40 hours rapidly growing spikes began
to grow from the spheres. The spikes were composed of a central spine,
probably of £-BS;, and fine fibrillar crystallites growing laterally from
the spine,probably composed of h-BS;. The longitudinal growth rate of the
spikes (spines) was about six times the radial growth rate of the sphere.
The lateral growth rate of the spikes was similar to that of the spheres.
The spikes continued to nucleate and grow until they formed a larger

spherulite. The radial growth of the larger spherulites observed in the
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optical microscope was identified with the longitudinal growth of the
spikes. Also.the presence of an intercept time in crystal growth versus
time plots for the spherulites was attributed to the spike (or spine)
nucleation induction time during the carly stages of growth.

All the glasses, both phase separated and non-phase separated, gave
linear plots of spherulite radii versus time (constant growth rates)
except at high temperatures (generally above 850-900°C) , where curved rlots
were observad and growth rates increased with time. At low temperatures
the plots gave intercepts on the time axis due to the induction time for
formation of spikes already discussed above.

The linear growth plots were used to construct an Arrheniug¢ plot of
growth rate versus 1/T for each of the glasses. These Arrhenius plots
were straight lines for all the glasses, with the exception of glass 30.

At the lower temperatures studied,the glasses undercoing phase
separation had growth rates close to the glasses which did not separate and
which were just outside the immiscibility boundary. However, at higher
temperatures,the growth rates in the separated glasses tended to be much
lower than the non-separated glasses. This was due to the variation in
matrix (baria-rich) phase composition in the separated glasses with
temperature (as determined by the immiscibility boundary), the shift being
greater at lower temperatures. The same effect caused the slopes of the
Arrhenius plots to be less for the phase separated glasses (apparent ac-
tivation enthalpics AH, about 95 kcals mol~!) compared with the non-phase
separated glasses (AHD values about 120 kcals mole~l),

Th~- presence of alumina impurity was found to noticeably reduce the
growth rates in some of the glasses although it had no effect on the
measured AHD.

The intercept time Ty. attributed to the induction time for spike
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formation, decreased with rise in temperature for all the glasses. The
logarithm of the reciprocal of these times when plotted versus 1/T gave
approximate straight lines. The activation enthalpies calculated from the
slopes vere similar to those obtained from the growth rates. It was
suggested that the temperature dependence of the induction process was
probably similar to the temperature dependence of the viscosity. Bowever,
the relative values of induction time for the glasses could not be
explained in every case simply on the basis of variations in viscosity
due to the different compositions and on the basis of changes in composi-
tion due to phase separation.

Further studies of the induction times for different glasses as a
function of temperature might help to determine the factors affecting the
induction process for spike formation. It would be useful to examine the
effect (if any) of phase separation morphology on the intercept tinmes by
comparing glasses with coarse and fine scale phase separation. Low
crystal growth temperature (700-720°C) should be employed for this work.

Possible reasons were discussed for the non-linear behaviour of
crystal grov.th at higher temperatures in the baria-silica glasses. The
presence of non-linear growth is of great interest since few examples
have been observed in glass-forming systems. It was concluded that
temperature changes in the vicinity of the crystal-liquid interface caused
by the heat of crystallization were unlikely to explain the non-linear
behaviour. Also,the existence of temperature profiles at the interface
could not explain the crystallite branching processes responsible for the
spherulitic morphology,since at the growth temperatures involwved, growth
rates decreased with increasing undercooling.

The effect of concentrations of major components (e.g. 'rejected’

silica) or minor impurities (such as alumina or alkali) werc also unlikely



- 171 -

to cause the non-linear growth behaviour. Thus rejected components or
impurities, in most cases, probably did not build up ahead of the growth
front but were entrapped within the residual glass between the growing
spherulite fibres and were thus unable to influence growth. A possible
exception was iron impurity,which has been shown to cause non-linear growth
in another system(l46'l47) . Although the impurities did not cause non-
linear growth they might have been responsible for the branching process
causing the spherulitic morphology, in the manner suggested by Keith and
Padden (139)'
A possible reason for the non-linear growth could be the precipitation
of cristobalite at higher temperatures causing a depletion of silica from
the glass and an increase in the barium disilicate growth rate. However,
the most likely reason was considered to be the occurrence of the spherulite
to lath transformation of barium disilicate at the higher temperatures.

Further work is required to determine the cause of the non-linear
growth., First, a more detailed study of the spherulite to lath transforma-
tion should be carried out using high resolution tansmission electron
microscopy in conjunction with growth rate measurements. Secondly,
electron probe microanalysis in the interface region might also indicate an
accumulation of impurities, particularly iron. Further growth rate studies
of the effect of deliberate additions of impurity would also be useful.
Thirdly, it would be appropriate to extend the temperature profile analysis
of Hopper and Uhlmann(lso) described in section (7.4), to Bao-Si0, glasses.
Also, experimental verification of the temperature profile could be achieved
by observing the temperature variation of a thermocouple bead inserted in
a glass adjacent to a crystal face.

There is considerable scope for further studies of the mechanism of

spherulitic growth and the origin of the branching process. It would be of

interest to study the crystallization of glasses with baria contents grgatei
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than that of the disilicate composition, for comparison with the present
results. The precipitation of other phases,such as 2Ba035iO;, from baria-
silica,could also be studied in detail. The effects of deliberate
additions of small quantities of impurities on spherulite morphology (as
studied by electron microscopy) and on growth kinetics, could provide further
information on growth mechanisms and the factors controlling growth. 1In
addition, it would be of interest to assess the effect of phase separation
morphology on crystal growth in a silica-rich glass. At compositions near
the baria-rich end of the immiscibility boundary, the phase separation
morphology was shown not to have a large effect, probably because the baria-
rich phase was continuous and the silica-~-rich phase was non-continuous
(mainly droplets). However, for glass compositions much richer in silica,
the baria-rich phase becomes non-continuous and may have an effect on the

precipitation of barium disilicate crystals.

9.4 STUDIES OF THE EFFECTS OF ELECTRIC FIELDS

Static electric fields of approximately 4 kV cm~! were found to have
negligible effect on the phase separation and crystallization in a magnesia
aluminosilicate glass. Similarly,the application of an alternating (50 Hz)
electric field of approximately 4 kv cn~! had no effect on the crystal
nucleation and growth rates in a Ba02SiO2 based glass. A calculation based
on Isard's modification to Kaschiev's theory of field induced nucleation
implied that a field of the order of 106 volts cem~! was necessary to
influence the nucleation rates. Extensive joule heating limited the
magnitude of the applied field. However,this problem might be circumvented
by employing a condenser system that discharges pericdically and allows the
resultant heat to be dissipated in the charging cycle.

Thus a very large
field could be applied intermittently to the glass.
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Furthe - work on the effects of electric fields should be carried
out on glasses that possess the following characteristics: a) a high but
measurable homogeneous nucleation rate, b) preferably simple compositions,
c) as high an interfacial enexgy between crystals and liquid and as low a
thermodynamic driving force as possible; to give a higher critical radius
r*,  d) a large difference in dielectric permittivity between crystals and
dglass - for example a high TiO2 glass may precipitate high dielectric
titanate crystals; e) a high electrical resistivity. Unfortunately, the
requirement of high resistivity of the glass can only usually be satisfied
at low temperatures where the size of the critical nucleus is small
and Ec is large.

More success might be achieved if the kinetics of liquid phase
separation were studied. A glass composition with a low miscibility
temperature TM will have a relatively larger r* for phase droplets at

temperatures near Tg,where the electrical resistivity is also high.
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BPPENDIX 5.1

CALCULATION OF N , THE NUMBER OF PARTICLES PER UNIT VOLUME
v

The following results were obtained for glass 32 nucleated for

4.5 hours at 700°C.

Mean Size of Particles Number of particles N A

in interval i within size range i Ai i
(D, = "33 cm NA, en~}
i Zi i
0.101 1 9.90
0.125 4 32,00
0.151 8 52.98
0.177 15 84.75
0.207 14 67.63
0.234 12 51.28
0.259 27 103,85
0.284 14 49,12
0.311 19 60,90
0.338 49 144.54
0.363 49 134.99
0.389 62 159,38
0.414 75 180.72
0.440 29 65.76
0.466 31 66,52
0,492 10 20.28
0.518 5 2.69
0.620 1l 1.61

The area of the print was 284,14 cmZ and the magnification of the
print was 1008 times,

n
] N 7 = 1295.9
e By
substituting into equation (5.1)
N =2y 1295.9 1003

v ¥ ¥ 284.12

= 2,97 x 109 cm-?



APPENDIX 5,2

CALCULATION OF THE ERRORS TN Nv, THE NUMBFR OF PARTICLES

PER UNIT VCLUME

A print depicting a typical area from glass 30 heated first at 780°C
for one hour (to give phase separation) and then at 700°C for 9.25 hours
(to give crystal nucleation) was divided into 14 equal areas of 15.2 cm?2.
The number of particles NA in the total area considered (i.e. 14 x 15.2 or
212.8 cm?) was 361, about the average number of particles counted in a
typical Nv calculation.

The values of Nv determined for each area are given bhelow:

1.608, 1.460, 2.590, 1.185, 1.732, 1.552, 1.468, 2.085, 1.790,

1.930, 2.130, 1.272, 2.080, 1.475 (all N_ x 107° em™?).

Assuming the values are normally distributed,the standard deviation of n

data is given by

n
I (x
i=1

a2z
i x)

o Tl

where x is the property (e.g. Nv, Vf. ST etc.) whose statistical error is

to be determined.

0

.D.
n

Standard error of the mean (S.E.) =

The 95% confidence limits lie within the range:
z $2 8.E.

In this example, ﬁ; = 1,708 x 10?

S, 8.D. = 0.50 x 10°

S.E. = 0,134 x 10°

’. 95% confidence limits in M are 1.430 x 102 and 1.987 x 102 with the

mean at 1.708 x 10%, i.e. the 95% confidence limits are approximately +16%

of the mean.



A similar calculation was carried out on glass 30 heated,first at
780°C for one hour (to give phase separation) and then at 700°C for six
hours to give crystal nucleation. Twelve areas of size 21.2 cm? were
chosen, containing a total of 345 particles.,

The mean value of Nv was 9.65 x 10% cm™3 and the 95% confidence limits
were 8.2 x 10% and 11.11 x 108, 1In this case the confidence limits were

approximately *15% of the mean.
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s e et

CALCULATION OF VOLUIME FRACTIONS

The following results were obtained for volume fractions in glass 26
phase separated at 900°C for 1C minutes, and are the number of grid points

in a 16 point grid that fell within the dispexrsed phase:

«fp A8y B 8.8, 1.5, 6,5, 1.8, 8, 4:5, 5, 4; 6.5; 5.5; 6,
3:5,.-8; 5.5, 7, 3.5,

The volume fraction for 20 trials is 31.25%.

Using equation (5.2), we can approximately calculate the number of counts

necessary to limit the 95% confidence limits to within *1C% of the mean.

The error required is:

0.313 %£.031
i.e. 0 = .01l6 and

y om 0:31300 « .3,3)
(.016) 7

= §72 points
or 55 trials

Thus 60 trials were used to estimate the volume percentages.



APPENDIX 5.4

CALCULATION OF THE INTERFACIAL AREA OF DISPERSED PHF JE

The following data gives the number of interfaces that an arbitrary
10 cm line intersects on the twce dimensional section (print).

20, 15, 1é, 10, 11, 19, 8, 12, lo0, 8, 15, 13, 15, 11, 12, 17, 11,

13, 11, 1s, 19, 15, 13, 15, 15, 15, 14, 14, 14, 14, 11, 17, 12, 19,

o0, 7, 17, 18, 15, 13. Average = 13,75,

The average number of interfaces per cm of line is 1.375. The
magnification of the print is 70470 times and hence the number of inter-

sections that are made per cm is

96800 = NT

Substituting into equation (5.3) the surface area Sv is:

2 x 96800 = 1.938 x 10° cm? cm3

The procedure used to calculate the 95% confidence limits is similar
to that described in Appendix (5.2). The 95% confidence limits for the

gurface areas is 1.795 x 105 and 2.080 x 10° cmz/cm3 i.e. 8% of the mean.



APPENDIX 5.5,

CALCULATION OF THE BEST STRAIGHT LINE FOR A

LOG g (GROWTH RATE) VERSUS 1/T°K PLOT

Call %-n x and log)g(growth rate) = y

(x) x 1ot v xy x 103 2?2 x 1077

9.132 -6,09626 -5.5671 8.33934

9.328 ~-6.62206 -6.177 8.70115
9.5%1 -7.28233 ~6.9553 9.12216
9.794 ~7.84283 ~-7.6812 9.59224
8.711 -5.15243 ~-4. 4882 7.58815
8,576 -4,84285 ~4.,1532 7.35477
8.873 -5.62342 -4.9896 7.87301
8.361 -4.58503 -3.8335 6.99063
8.197 -4,38405 ~3.5936 6.71908

8.039 -4.15243 -3.3381 6.46255

z = 8.8562 x 10°* y = -5.658371  Jx? = 7,87431 x 1076

x? = 7.84322 x 1077 Jxy = -.0507772

Assuming that x is not subject to error, the best straight line by the
method of least squares is given by

y—;-m(x—z)

where m(slope) = %3—:—%— (5.5R)

and n is the number of observations (in this case n = 10).
Substituting the data into equation (5.5A) the best value of m is
48970 X~1, The activation enthalpy is
slope x 1.98 x 10~3 Kcals mole~}

= 97,94 Kcals mole~!



RPPENDIX 6.1

According to theory, the nucleation rate is:

AG
_ NKT W D
==t exwl- 59

Let us assume that addition of small quantities of alumina affect the

free energy term in ¥W* but not 0 or AGD

W
I, o exp(- ‘k-'F)

where Ij 1s the nucleation rate in pure glass. Henceforth, subscripts 1

2 refer to the pure glass and the impurity-containing glass respectively.

3y 2
wr 16ng VM A
kT 3kTAG12 7 TAG;2

Also E; A

~

kT -'.'-[‘—AGZ 2

For a pure glass, the driving force for crystallization is

AB A
TM

AG ~ -

where AH is the enthalpy of fusion

AT is the undercooling

Tﬁ‘ is the melting temperature

Assuming that small quantities of impurity depress the liquidus ideally,

the driving force forx crystallization



AH
AGy ~ __.é!; - KT In Y

M

=AG~1—RTlnY

wiiere Y is mole fraction of BaC2SiO,

. *

R W A
RT  T(AG) - RT 1ln Y)?

A RT In Y  _»
= o AG12 a 4Gy )

On expanding, and assuming that RT ln << AG; for small additions of

alumina (i.e. Y ~ 1):

Comparing the nucleation rates I (for pure glass) and I, (for impurity

contaminated glass,:

___A 2RT 1ln Y,
I . exp ( T AGlz[l * AG, N
I A
exp (= 7562’
A
= exp (- m [2R 1n ¥])

A .
1“12’1“11"an (2R 1n Y)



“~Blny
arTS
where B = AE_J(AT)3 ~ constant for a given AT
f

1n12~1n11~-8(1-'x') ifvy.1

where YA is mole fraction of impurity (alumina)
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