Short Communication

Behavior of glassiness in alkali silicates

James C. Phillips
AT & T Bell Laboratories, Murray Hill, NJ (USA)

The original experiment of Dietzel and Wickert on this subject is revisited and compared with recent Raman studies of vitreous silicates

prepared by the sol-gel method.

Verhalten der Glasigkeit in Alkalisilicaten

Die experimentelle Arbeit von Dietzel und Wickert tiber dieses Thema wird dargestellt und mit neueren Raman-Untersuchungen an
Silicatglasern verglichen, die nach dem Sol-Gel-Verfahren hergestellt wurden.

1. Introduction

The problem of the molecular structure of network
glasses has recently attracted much interest. Because
of their low melting points, ease of alloying, and
variety of morphologies (ranging from one-dimen-
sional chains to two-dimensional layers to three-di-
mensional networks), chalcogenide alloy glasses have
provided many opportunities for experimental
research using modern techniques (Raman scattering
[1], M6Bbauer spectroscopy [2] and both ordinary [3]
and High Resolution [4] Transmission Electron
Microscopy). These techniques independently pro-
vide a wide range of complementary information,
which goes well beyond that contained merely in
radial distribution functions obtained by diffraction
methods [5 and 6]. The emergence and analysis of this
information has been greatly aided by parallel
theoretical developments, including constraint theory
[7] and vector percolation [8 and 9], as well as by the
construction of large scale molecular models [1]
which describe medium-range order [10].

Long before this new wave of sophisticated
microscopic experiments and theory appeared, glass
scientists had carried out many basic experiments
using simple techniques on oxide (and especially
silicate) glasses. The purpose of this paper is to
present again, in a readily available form, results
obtained in one of the most informative of these
“old” experiments, and to analyze these results in the
light of modern experience. The experiment, by
Dietzel and Wickert [11], at the Max-Planck-Institut
fiir Silikatforschung, Wiirzburg (FRG), measured the
composition dependence of the glass-forming ability
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in sodium silicates. As shall be seen, their results are
exceptionally interesting, especially when compared
to those recently obtained for g (= glassy)-SiO,
formed by the sol-gel method [12 to 14].

2. Experimental method

Glassiness is defined as the reciprocal of the maxi-
mum crystallization velocity at each composition.
Measurements were made on small samples (0.2 g)
with isochronal annealing. The maximum lengths of
crystallites were measured in each sample after
annealing, and this length was divided by the
annealing time and temperature to obtain the crys-
tallization velocity. This procedure was used as early
as 1909, and it seems well-defined and reliable. Its
primary limitation is a dead time of about 10s for
heating and cooling the samples which places an
upper bound of about 0.7 mm/min on measurable
glass velocity.

3. Results and discussion

This experiment was carried out in order to test
Dietzel’s idea that glassiness in silicates was the result
of two effects. One effect is simply phase separation,
which means that glassiness will be minimized at
crystalline compositions, such as pure silica, the
disilicate and the monosilicate. Moreover one would
expect that these minima would be lower for the more
stable compounds. Thus, the monosilicate is lower
than the disilicate. However, this reasoning also
predicts that the deepest minimum is pure silica,
which obviously contradicts experiment. Thus, Diet-
zel introduced a second idea, that addition of alkali

292

Glastech. Ber. 60 (1987) Nr. 8



Behavior of glassiness in alkali silicates

\
)‘\\” loosening of the
I\\\ | network "

|

| !
N I

F o
£ 3 | | g
5 [ v (2l
=2 L ol o
U oen \ ] ~| | S,
2= \ I = rEE 'y
am A\, Z I z\l z}
na‘:".; | / | N
e | N
Sie liniet | |
© .y glassiness | |
wn / | |
w a | |

Q =

2] \ I |
0 / | |
v E b 4 / N
2| N / Y
© .2 \_ /7 result of the | I
) |
€ | i
! |
i |

[~~—1

0 10 20 30 40 50 60 70
NaZO content in mol % ——— ==

Figure 1. Qualitative sketch of Dietzel’s description of glassiness,
showing the two mechanisms described in the text, reproduced
from [11] for the reader’s convenience.

oxides to silica loosens the network. When the two
effects are combined, the composition dependence of
glassiness in alkali silicates is predicted as shown in
figure 1.

Today it is recognized that “network loosening”
(Netzwerkaufspaltung) is a qualitative description of
one of the basic ideas behind constraint theory [7] and
vector percolation [8 and 9]. A pronounced similarity
between the plot in figure 1 using only the phase
separation effects, and the composition dependence
of the glass-forming tendency in Ge,Se;_, alloys
measured at different quenching rates [7 and 15] is
also noticed.

In figure 2 the actual experimental results for
(Na,0),(Si0),_, are shown. At first sight these seem
to agree well with qualitative expectations (figure 1).
However, as Dietzel and Wickert carefully discuss,
there are very large quantitative differences between
figures 1 and 2 near x = 0. The kink near x = 0.5 %
is, as they say, probably the result of the lower bound
imposed by the experimental technique. They go on
to note that the strong decrease in glassiness between
x =0and x =5 1072 is especially interesting. They
say that in this regime changing the local volume
concentration of the structure-breaking Na,O mole-
cules is not decisive. (It might be said that such
concentration changes are significant on a scale of
15 % for the di- and monosilicates, not 0.5 %). They
make an analogy to the effect of softeners on
polymerization and melting of organic glasses.

These explanations can now be discussed in the
context of recent studies of silica prepared by the
sol-gel method. This method indeed produces silica
by polymerization in the gel, which is subsequently
dried and densified. Studies of the Raman spectra of
silica prepared by the sol-gel method have shown
striking correlations between “defect” Raman bands
and internal surface chemistry, including OH™~ and
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Figure 2. Measured values of glassiness, also from [11].

F~ anions [12 to 14] as well as alkali groups [16]. The
key point is that the silica network is not monolithic,
as envisioned in “continuous random network”
models, but instead should be pictured as distinct
clusters. As shown in figure2, up to x =20 %
cristobalite is the devitrification product, even at
temperatures as low as 900 °C (800 °C in the sol-gel
data [16]), where tridymite and quartz are the
equilibrium phases. Thus, it seems reasonable to
describe these clusters as submicrocrystallites with a
cristobalite topology, and with a diameter [17] near
6 nm.

It shall be concluded with a quantitative expla-
nation of the smallness of the “loosening” scale
(0.5 %) compared to the molecular scale (15 %) in
alkali silicates. The softening near x = 0 occurs on the
cristobalite cluster surface, not interior [18]. (The
mono- and di-silicates have chain and layer morpho-
logies, so that in those cases the alkali molecules
intercalate pervasively and softening occurs specifi-
cally as a volume effect.) The surface/volume ratio
defines a distance which is approximately the cluster
diameter. The molecular Na,O diameter is about
0.2 nm, and the ratio 6/0.2 nm neatly matches the
ratio 15/0.5 %. It would be worthwhile to repeat the
Dietzel-Wickert experiment for other alkalies, for
which parallel Raman studies of defect bands have
been made [19 and 20].

*

The author is grateful to L. Pfeiffer for discussions which led him to
Dietzel and Wickert’s paper.
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