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ADIABATIC NUCLEATION AND CRYSTALLIZATION OF GELS
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Adiabatic Nucleation Theory (ANT) has been successfully applied to pure liquid metals, oxide glasses, metallic glasses and
polymers. This paper shows that ANT gives an interesting correlation between the crystallization dnta of gels of both reluctant
and good (dense) glass forming systems. For reluctant plass formers, one finds that T, < 773, whereas for good {(dense) glass
formers, Ty, > Tiy. Ty is the temperature predicted by ANT at which nucleation starts in cooling experiments or ceases
during heating and T,,, is the experimental temperature of crystaflization on heating. For systems with T, considerably lower
than Tiy, as observed for reluctant glass formers, it is doubtful that one can obtain dense glasses by heat treatment of gels.
This conclusion is in disagreement with the often advanced idea that the gel route can lead 1o dense glasses of unusual,

reluctant glass forming compositions.

1. Introduction

A recently developed Adiabatic Nucleation
Theory (ANT) shows, that pure liquid elements
can be supercooled down to

Tra/Ta = (8hy/c,Ty)[1.67 - 026//0] -

x [exp(Ah /e, Th) = 1], (1)

where T;; and T, are the absolute maximum
supercooling and melting temperatures, respec-
tively, Af is the latent heat of melting, c, the
‘average specific heat of the liquid and solid at the
melting temperature and @ the number of atoms
per molecule [1].

This theory has been been used to predict
whether oxide glasses, metallic glasses and poly-
mers show homogeneous nucleation or not [2-6].
For those systems where

I,>Ta, (2)

where T, is the normal, slow cooling glass transi-
tion temperature, nc homogeneous nucleation is
expected during cooling. Such materials can be
classified as good glass formers.

In those cases where
=T, (3)

homogeneous nucleation can be avoided by fast
cooling or quenching from the melt, because in
this case the effective, fast cooling glass transition
temperature T,* can be increased above Ty, (by
quenching). It has also been shown that the rela-
tion T, =Ty is, in general, valid for eutectic or
nearly eutectic metallic glasses [6]. Systems with
T, = T, may form glasses by quenching. In this
paper these materials are classified as pglass
formers.

When

T, <« Ty, (4)

no glass formation is expected when liquids are
cooled or quenched from the melt, because these
materials nucleate and crystallize near T3, before
having a chance to freeze in at T,. In this case T,
cannot be found experimentally due to complete
crystallization and, therefore, T, < T}, has to be
postulated. Copolymers (with unequal repetitive
units) can be exceptions to this rule [4].

It is the purpose of this paper to investigate
whether gel-derived (dense) crystalline or non-
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crystalline materials, which form when these
materials are heated instead of cooled (as in the
cases discussed above), can also be classified by
relations (2)-(4).

2. Classification of gel-derived materials

A first attempt to classify gel-derived materials
was made by Mackenzie [7], who argued that there
are two groups of gel-derived materials:

(A) Oxides with experimentally determined
crystallization temperatures on heating, T,,, such
that

H..__ 2 U...?_\M_ AMV

were called good (dense) glass forming oxides.
(B} Oxides with

Th<Tw/2, (6)

were called non-(dense) glass forming oxides or
reluctant glass formers.

Table 1 and fig. 1 show these two groups of
materials. Reduced crystallization temperatures
T/ T (full triangles) and reduced glass transi-
tion temperatures T./Tyw (full circles) of good
dense glass formers, and reduced crystallization
temperatures (open triangles) of reluctant (dense)
glass formers are shown in fig. 1. The dotted lines
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Fig. 1. Reduced crystallization temperatures T, /Ty, (full tri.
angles) and reduced glass transition lemperatures T, /Ty, (full
circles) of goed dense glass formers and reduced crystallization
temperatures (open triangles) or reluctant (dense) glass formers
are shown. The dotted lines show Ta/Twm as a function of
Ahy /e, Ty for molecules with 2 and 4 atoms (O=2and 4
and for the limiting case of very lnrge molecules (Q =),
Materials with T;,, < T7; do not form dense glasses.

show T.,/Ty as a function of Ahy /e Ty for
molecules with 2 and 4 atoms (Q =2 and 4) and
for the limiting case of very large molecules (0=

Table 1
Group (A) are good (dense) glass formers. Group (B) are reluctant (dense) plass formers
T ahy c, T 7 Ta Rel.
(K) (J/mol) (J/mol K) ﬂ.. ﬂ HIZ
Group (A)
1 sio, 1998 9600 79 0.75 0.74 0.64 [2.8]
2. Ca0-Al1,0,-15i0, 1826 135500 376 )| 0.61 0.57 1291
3. Ge0, 1387 15100 T2.6 0.78 0.59 0.61 [2,10]
4, Li,0-25i0, 1307 57300 243 0.61 0.55 0.58 [2.11]
Group (B)
& Al,0, 2323 108700 140.% 0.32 0.54 [12,13]
6. TiO, 2143 47650 86.9 022 0.58 [12,14]
7. Zr0, 2993 86940 74.4 0.26 0.54 [12,15]
8 Ta, 0 2150 200600 213.2 0.29 0.51 [12,16]
9. Y,0, 2693 104500 131.7 0.31 0.55 [12,17]
10 V,04 2250 0.25 [18]
1. BaTiO, 1885 0.46 [19]
12. PbTiO, 1593 0.49 [20]
13 LiNbO, 1523 0.50 [21]
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|

E. Meyer et al. / Adinbatic nucleation and cyrstallization of gels 281

o). The corresponding numerical values are given
in table 1. One sees that for materials of group
(A), where eq, (5) is valid, egs. (2) or (3) are also
satisfied. For materials of group (B), where eq. (6)
is valid, no T, has ever been reported. As, in
general, it can be assumed that significant erys-
wllization is only detectable above T, for all
materials,

T, < T (N
and, therefore, eq. (4) is also satisfied for group
(B).

These new correlations can be understood in
the following way: materials of group (A), when
heated, densify at T=T7,. ANT predicts that
nucleation only occurs for temperatures smaller
than or equal to T7,. However, since T, > Ty, in
this case, homogeneous nucleation on heating is
not detectable experimentally due to slow molecu-
lar rearrangement. These materials may crystallize
at a temperature T, above 7, by heterogeneous
nucleation, because foreign particles always exist,
at least at the surfaces. However, if these materials
are cooled immediately after densification, stable
glasses are obtained. That is why these materials
are called good (dense) glass forming oxides and
consequently

T, 2T,> T

is valid.

Materials of group (B), should also densify at
T=T,. However, in this case T, << Tj; and thus
nucleation occurs at high rates and the system can
crystallize completely, at an eventually higher tem-
perature T, For this class of materials the follow-
ing equation
T=T,=Ty
is valid.

These two last equations can then be written in
a simplified approximate way:

(8)

(9)

ﬁ: = _M ﬁ.—cv
for good (dense) glass formers and
Th= T (11)

for reluctant glass formers.
Consequently, egs. (8)-(11) can substitute Mac-
kenzie's empirical egs. (5) and (6).

3. Conclusions

The fact that the same egs. (8)-(11) indicate
which materials are good or reluctant glass
formers, for melt-derived as well as for gel-derived
materials, indicates that similar results (in this
sense) are expected for both processes, at least for
stoichiometric and homogeneous materials. Obvi-
ously the presence of heterogeneous nucleation
centers (impurities) may stimulate crystallization
at rather low temperatures, including the gel state.
Overall, the present paper demonstrates that the
gel route cannot lead to dense glasses of unusual,
reluctant glass forming compositions.
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