JOURNAL OF MATERIALS SCIENCE 11 (1976) 341-355
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mixtures as starting materials for the
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glasses
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Nucleation and crystallization behaviour of glasses in SiO,—La,05, Si0,—La,03-Al,0;
and Si0,—La,0,—2r0, systems were investigated using glasses prepared by the fusion of
“gels’” and the mixtures of oxides in solar/image furnace. Two methods for the prepar-
ation of muiticomponent homogeneous non-crystalline products in the form of gels were
developed. The phase separation, devitrification and micro-hardness of the above glasses
were investigated in relation to the starting materials and the composition. The results
show that the glasses made from gels are more homogeneous than those made from oxide
mixtures. The phase separation characteristics of glasses made from gels are markedly
different from those of glasses made from a mixture of oxides. The addition of Al,0;to
the binary SiO,—La,0; glasses improves the homogeneity but reduces the micro-hardness
and the devitrification tendency, whereas the addition of ZrO, causes a considerable
increase in micro-hardness and enhances the devitrification. The rates of nucleation and
crystallization of glasses of different compositions made from gels are much higher than
those made from the mixture of oxides. The formation of the high temperature crystal
form, f—La,Si,0, is more evident with the crystallization of gel-glasses. When the rate of
nucleation is low, (in the case of glasses from the mixture of oxides), the curve represent-
ing the relation between the micro-hardness and the time of heat-treatment shows a
distinct minimum, whereas this minimum is not obtained with the gel-glasses. With most
of the gel-glasses, the micro-hardness rises very sharply with the length of heat-treatment.
The curve showing the relation between the micro-hardness and the volume fraction of
the dispersed crystalline phase also gives a distinct minimum which can be explained on
the basis of the fracture mechanism consisting of the processes of crack nucleation and of
crack propagation around the dispersed crystalline particles.

1. introduction

In recent years, the gel method of preparing start-
ing compositions for phase equilibrium studies in
silicate systems has been investigated by several
warkers [1-3] . It was also suggested [4] that this
gelling technique could be a method for preparing
homogeneous glass. More recently, another new
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method [5], similar to the gelling technique, but
based on the polymerization reactions of alkoxysi-
lane with other metal alkoxy compounds or
suitable metal salts, has been reported for the
preparation of glasses. However, no systematic
investigations into the physico-chemical character-
istics of the glasses prepared by the “gel” method
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have been published. The object of the present
work is to investigate the suitability and advantages
of using “gels” as the starting materials for the
preparation of high temperature glasses and glass-
ceramics. Hence, the following subjects were
studied:

(2) the development of the methods of prepar-
ation of “gels” in Si0,~La,03, Si0,—La,05—
Al,03 and Si0,—12,05-Z10, systems;

(b) the fusion of “gels” and oxide mixtures in
solar or image furnace to produce glasses;

(c) the micro-structures and micro-hardness of
the glasses thus prepared;

(d) the nucleation and crystallization character-
istics of these glasses;

(e) finally; the micro-structures and micro-
hardness of glass-ceramics produced from these
glasses.

The glasses of compositions within the stable
and metastable liquid—liquid immiscibility zone in
the Si0,—1a,0; system were investigated. The
influence of small additions of a third component,
Al,O3 or ZrO,, on the phase separation, micro-
hardness and volume crystallization characteristics
was also studied.

2. Experimental

2.1. Preparation of gels

The compositions of glasses in the binary system is
shown in Fig. 1 and Table I. The ternary compo-
sitions are based on binary compositions LS1 and
LS2; they have been derived by the gradual replace-
ment of Si0, by Al,O;or ZrO,.
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Figure 1 Phase diagram of SiO,—1a,0; system showing
the positions of the compositions investigated. After [37].
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TABLE I
Glass no. Sio, La,0,
wt % mol % wt % mol %

LS1 95 99.04 5 0.96
LS2 90 97.99 10 2.01
LS3 85 96.85 15 3.15
LS4 80 95.60 20 440
LS5 75 94.21 25 5.79
LS6 70 92.68 30 7.32

The compositions of glasses in the SiO,—
La,05-Al,0;5 system and the Si0,—1a,0;—Zr0,
system are given in Tables Ila, b and Illa, b respec-
tively. Since no chemical analysis of the glasses
was made, the compositions indicated are the
starting batch compositions before fusion.

Two methods for the preparation of gels were
developed on the basis of the investigations of
catlier workers [4, 5] .

TABLE Ila Compositions in the SiO,-1a,0,—AlLO,
system based on binary composition 1L.S1

Glassno.  SiO, La,0, ALO,

wt% mol% wt% mol% wt% mol%
LAS1 94 9842 5 096 1 0.62
LAS2 93 9779 5 097 2 1.24
LAS3 92 97.16 5 097 3 1.87
LAS4 90 95.88 5 098 5 3.14

TABLE IIb Compositions in the Si0,—La,0,—Al0,
system based on binary composition LS2

Glass no.  SiO, La,0, AlLO,

wt% mol% wit% mol% wt% mol%
LASS5 85 94.66 10 2.06 5 3.28
LAS6 80 91.18 10 2,10 10 6.72

TABLE Illa Compositions in the SiO,-La,0,-Zr0O,
system based on binary composition LS1

Glass no.  SiO, La,0, Z:0,

wt% mol% wt% mol% wt% mol%
LZS1 94 98.53 5 0.96 1 0.51
LZS2 93 98.00 5 097 2 1.03
LZS3 92 97.47 5 098 3 1.55
LZS4 90 96.40 5 099 35 261

TABLE I1Ib Compositions in the Si0,-1a,0,-Z10,
system based on binary composition LS2

Glassno. SiO, La,0, 710,

wt% mol% wt% mol% wt% mol%
LZSS 85 95.20 10 2.07 5 2.73
LZS6 80 92.25 10 2.13 10 5.62




2.1.1. Method |

This method is based on the gelling of silica hydro-
sol Ludox AS (Du Pont Co, USA) containing other
metal ions added in the form of aqueous solutions
of lanthanum nitrate, aluminium nitrate and
Z10Cl,-8H,0. The gelling takes place primarily
due to the change of pH. Details of the experi-
mental methods for the preparation of gels in
different systems are as follows.

(a) Si0,—La,04 system. 1a,0; is weighed and
dissolved in a minimum volume of dilute (1:1)
HNO;. The solution is evaporated to just dryness,
and the residue is dissolved in distilled water to
obtain a clear solution.

The pH of Ludox sol and of lanthanum nitrate
solution are so adjusted before mixing that on
mixing the pH of the final sol attains a value around
4.5. The solis then left overnight for gel formation.
A stiff, translucent gel is obtained.

(b) Si0,—~La,0s—~AlL,05 system. The source of
AL O3 is AI(NO3);-9H,0 (analytical grade, U.C.B.
Belgium) which is dissolved in water. Then, lanth-
anum nitrate and aluminium nitrate solutions are
added simultaneously to Ludox sol with constant
stirring. The pH of the final sol is maintained
around 3. A stiff translucent gel is obtained. The
presence of Al®* ions enhances the gelling process.
This could be due to the fact that the formation
of cross-linkages can be encouraged by the partial
substitution of AP* for Si** [6].

(c) 8Si0,-La,03-Zr0, system. The procedure
in this case is almost the same as in the case of the
Si0,—La,03—Al,05 system. An aqueous solution
of ZrOCl,-8H,0 (Fluka Co, Switzerland) is used
as the source of ZrQ,; but, because of slight hydro-
lysis of this salt, a perfectly clear solution is not
obtained. The pH of the final sol is adjusted to
around 4.

2.1.2. Method 11

This method is based on the polymerisation (i.e.
hydrolysis and polycondensation) reactions of
alkoxysilane with other metal alkoxides or with
suitable metal salts in the presence of a limited
amount of water to produce multicomponent

1n0rgan1c gels probably with networks like ——Sl—
O— M*O Sx~ where M is a metal atom, e.g. Al, T1
etc.

It is reported [7] that the hydrolytic polycon-
densation products of alkoxysilane gives poly-

alkoxysilane networks composed of chains, rings
or more complex combinations of silicon oxygen
tetrahedra joined together by shared oxygen atoms
reflecting in many ways the structure of silicates.
The inclusion of a foreign element in the poly-
organosiloxanes structure may be in a regular or
random fashion, but this inclusion causes an
increase in the polar character, and the stability of
the Si—O—M linkages towards hydrolysis depend
on the difference in electronegativity of silicon
and metal atom [8].

The methods of the preparation of gels in the
different systems are as follows.

(a) Si0,—La,03 system. The residue of lantha-
num nitrate obtained by the evaporation of lan-
thanum nitrate solution is dissolved in ethyl
alcohol. Tetraethoxysilane or tetramethoxysilane
(technical grade, Fluka Co, Switzerland) is taken
in a round bottom flask with a reflux condenser
and an agitator. Ethyl alcohol of about % volume
of alkoxysilane is poured into the flask; the
alcoholic solution of lanthanum nitrate is added to
it with constant stirring. The solution is then heated
to a temperature around 60°C with constant
agitation and is kept under these conditions for 1 h.
Then, a requisite amount of water is added drop-
wise.

The ratio of water (by weight) added and water
required for complete hydrolysis of alkoxy com-
pounds is in the range 0.7 and 0.9. The stirring and
heating are continued for a period of 1 to 2 h after
the addition of water. The solution is left overnight
for gelation. A transparent stiff gel is formed.

(b) Si0,-La,03-Al,05 system. The procedure
is similar to that used for the binary system, but in
this system, the source of Al,O5 is the aluminium
isopropoxide or aluminium tert. butoxide (tech-
nical grade, Fluka Co, Switzerland). The fine
powder of aluminium alkoxide in ethyl alcohol is
added to the mixture of alkoxysilane and lantha-
num nitrate in ethyl alcohol with constant stirring.
The mixture is then heated to around 60° C with
constant stirring and is kept under these conditions
for 2h to obtain a homogeneous solution. Then a
requisite amount of water is added dropwise. The
agitation and heating are continued for a further
period of about 3h, and the solution is then left
overnight for gel formation.

(¢) Si0y-La,05-Zr0, system. In this case, the
source of ZrQ, is the aqueous solution of ZrOCl, -
8H,0. Hence, alcoholic solutions of alkoxysilane
and lanthanum nitrate are first mixed by agitating
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for about % to £ h. Then ZrOCI, - 8H,0 in known
volume of water is added with vigorous stirring.
The temperature of the solution is then raised to
60°C with agitation. After 1h, a calculated
amount of water (after taking into account the
water added with ZrOCl, - 8H,0 solution) is added
dropwise. The agitation and heating are continued
for 2 h after the addition of water. The solution is
then left for gelation.

2.2. Dehydration of gels

The dehydration of gels prepared by method [ is
done by stepwise heating in the following sequence;
initial drying by an infra-red heater at 100 to
150° C; then the gel particles are ground to powder,
dried at 500° C for 2 h, then at 900° C for 2 h, and
finally at 1150° C for 2 h.

The dehydration procedure for the gels prepared
by method 11 is almost the same as that stated
above. But, as in this case, the gel particles become
slightly brown during the initial drying at 100 to
150°C, at this stage, the particles are often
moistened with a spray of water. After this initjal
drying, the particles are powdered and the powder
is heated very slowly to 500° C in an open furnace
and is kept at 500° C for 3 or 4h for the removal
of residual alkoxy groups until the powder becomes
white. The steps following this are the same as in
the case of gels prepared by method 1.

2.3. Fusion of “gels’”” and mixtures of
oxides in a solar or image furnace
2.3.1. Melting procedure
The products are prepared by fusion of the mix-
tures of oxides or the gels in air. Two types of
furnace are uvsed: a solar furnace and an image
furnace with vertical axes. In both cases, the heat-
ing is done by concentrated radiation.

The powdered sample is placed on a cooled
plate and is brought to the focal point of the
apparatus {9]. The material is heated by the
absorption of concentrated radiation. The radiation
density is higher than 1500 W cm™2. The radiation
spectra are fairly similar in the solar furnace and
in the image furnace [10]. The emitted energy is
mostly in the visible range. Even solids which are
either highly reflecting or quite transparent in
this range of wave lengths could be melted and
heated above the melting point.

The absorption of radiation in these cases could
be enhanced by very fine grinding of the materials.
However, in some cases with gels, it was necessary
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to add a small quantity of spectroscopically pure
graphite to the gels to initiate fusion. But these
specimens were not used for the systematic investi-
gations reported in this article.

The quantity of material melted at a time is in
the order of a gram. The melted specimens are in
the form of spherules having diameters up to
10 mm. However, the uniformity of temperature
is more easily obtained with smaller spherules
having diameters 5 mm or less. This melting tech-
nique has the following advantages: a very high
temperature above 2000° C can be easily obtained;
the preferential evaporation of components is
limited due to the short period of heating (about
30sec.). The specimens are not contaminated by
the substrate or support, and it is possible to devise
simple means for splat-ccoling. However, it should
be noted that because of the difference in the
absorption characteristics of the gels, the total
time of treatment is slightly longer in the case of
gels when compared with the time required for the
mixture of oxides. The melting of the powder can
be described as follows. At first, a very small liquid
droplet is formed at a point in the powdered mass
and, subsequently, this liquid droplet grows by the
coalescence of finer droplets which appear in the
vicinity of its periphery. In case of gels, the form-
ation of finer droplets is less rapid and, as a conse-
quence, the rate of growing of the initial droplet is
lowered.

2.3.2. Cooling procedure

The sample after melting is rapidly moved away
from the focal point of the furnace. The rate of
cooling is in the order of 10%° Csec™ during the
initial period when the heat losses by radiation are
preponderant. Samples of gels and of the mixtures
of oxides were melted under the same technical
conditions, but because of the difference in the
absorption characteristics, the effective conditions
of fusion are not strictly the same. However, the
rate of cooling for specimens of similar size and
composition in both cases should be nearly
identical.

2.4. Characterization of products
Microstructures of glasses and glass-ceramics were
investigated by electron microscopy using Pt-carbon
replicas of mechanically polished and etched speci-
mens.

The X-ray diffraction powder patterns of the
specimens were obtained for the identification of



the crystalline phases and also for the qualitative
assessment of crystallinity. The patterns were
taken either with a 114.6mm Debye-Scherrer
camera or with X-ray (Philips) diffractometer
using CuK« radiation with an Nifilter.

Vicker’s micro-hardness was determined using
the micro-indenter attached to Reichert microscope
“MeF”. A load of 100g was used. The standard
deviations obtained with most of the non-crystalline
specimens were in the range 10 to 15 kgf mm™2,

3. Results and discussion
3.1. Crystallinity, micro-structure and
micro-hardness of glasses before heat-
treatment
In order to distinguish between the glasses of the
same composition but made from different starting
materials, the glasses prepared from oxide mixtures
and those prepared from gels will be termed “‘ox-
glasses” and “gel-glasses” respectively. The prefix
“0x” or “gel” is used before the name of the com-
position; for example, ox-LS1 means glass LS1
made from oxide mixtures.

3.1.1. SiO,La,04 system

The compositions of glasses in this system are
shown in Fig. 1 and Table I. The X-ray diffraction
analysis shows that no devitrification occurs on
cooling with the compositions LS1 and 1LS2. But
volume crystallization occurs on cooling with com-
positions having 15% or more La,0j; and the
extent of crystallization increases with increase of
La,0;. The precipitating phase is $-La,Si,0,, a
high temperature form of lanthanum pyrosilicate.
The composition containing 30% La,0; is almost
completely crystallized. No quantitative compari-
son between the crystallinity of the ox-glasses and
gel-glasses has been made. But it is evident from
the diffraction patterns that the crystallinity of ox-
glasses is higher than that of gel-glasses, and the
crystals precipitated with ox-glasses are larger.

The glass of composition LS1 is opalescent, but
the transparency is higher with gel-glass. Glass LS2
is bluish-white in colour, and is almost opaque.
The glasses of other compositions are completely
opaque and bluish-white to white in colour.

The glass containing 5% La,O; (LS1) shows
phase separation in the form of spherical droplets
rich in La** content dispersed in La**-poor silica
matrix. It is evident from the micrographs, (Fig. 2a
and b) that the micro-structure of phase-separated
ox-glass differs from that of gel-glass in terms of
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Figure 2 Electron micrographs of glass LS1 (5% La,0,)
(a) from the mixture of oxides, (b) from the gel.

uniformity and distribution of particle sizes. The
micro-structure of ox-glass is not uniform through-
out the specimen, large scale (0.3 to 0.6 um) as well
as fine scale (300 to 1000 A) separation with a wide
variation of particle size and shape occurs; whereas
the micro-structure of gel-glass is more uniform
and the size of the droplets is smaller and more
uniform (600 to 1000 A).

Fig. l indicates that the metastable liquid—liquid
immiscibility zone at 1100° C obtained by extra-
polation of the stable immiscibility curve (not
shown in the figure) extends up to about 93%
Si0,.

On considering the lack of precision in extra-
polation of such an asymmetric curve and also a
slight preferential evaporation of SiO, during melt-
ing, it appears that the composition LS1 with 95%
Si0, should fall within the metastable liquid—liquid
immiscibility zone. The micro-structures obtained
with subsequent compositions correspond to the
micro-structures expected according to the phase
diagram. With the composition LS2 (10% La,0,)
also, the micro-structure of the ox-glass differs
from that of gel-glass in the same manner as it does
with the composition LS1, but because of extensive
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phase separation, the difference is not as distinct
as in the case of composition LSI1.

On further increase of La,03, the phase separ-
ation is so extensive that it is not possible to dis-
tinguish between the micro-structures of ox-glasses
and gel-glasses. The composition having 25% La,0;
(LS5) shows phase separation in the form of large-
scale interconnecting phases. The precipitation of
very fine (about 600 A) crystals of §-La,Si,0,
occurs in both phases, but the precipitation in
terms of number density is less in the silica-rich
phase.

The micro-structures obtained with gel-glasses
can be explained on the basis of a more uniform
distribution of La®" ions in gels and, it seems, the
homogeneity of compositions and the distribution
of La® jons achieved during the gel formation is
inherited to a great extent by the glass. However,
the thermal history of preparation of glass (i.e. the
time of melting and temperature of the melting)
is the important factor to be considered. The
presence of —OH groups which are not removed
during the dehydration steps and are incorporated
into the glass structure should enhance the kinetics
of phase separation [11], but without having
identical thermal histories and without quantitative
measurement of volume fractions of dispersed
phase in both cases, it is not possible to make any
comments on the effect of OH™ groups during
cooling.

The relation between the micro-hardness and
glass-compositions in the Si0,—La,0; system is
shown in Fig. 3. It is evident from the curve that
the hardness of silica glass decreases with increasing
La,03 content up to 10% La,0s;. However, on
further addition of La,Qs, the hardness increases
due to the precipitation of fine crystals of lanth-
anum pyrosilicate in the silica matrix, and this
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Figure 3 Relation between the Vicker's micro-hardness
and composition of glasses in Si0,—La, O, system (the
scatter = 2o, where o is standard deviation).
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increase which continues up to 25% La,0; is
primarily due to the increase in volume fractions
of dispersed crystalline phases. Beyond this
amount, the hardness appears to drop again; this
could be due to several factors such as crystal size,
percentage crystallinity, stresses, etc., which have
not been investigated. It should be noted that the
values of micro-hardness obtained with the ox-
glasses and the gel-glasses do not differ significantly.

Although the mechanism of the formation of
indentations in glass and the exact relation between
the micro-hardness of glass and its mechanical
propetties are not yet well established, it may be
stated that Vicker’s micro-hardness values provide
a measure of the yield stress of the glass-structure
[12-15]. The reduction in hardness on addition of
La,0; to silica glass can be explained by assuming
that 1a,0j3 acts as a modifier in the glass structure.

It has been reported [12] that the addition of
Na,O or K,0 to silica glass causes a continuous
decrease in Vicker’s hardness. This continues up to
a certain critical percentage of alkali and the
decrease is more with K,0. This decrease has been
explained as the decrease of mean bond strength
due to the breaking of Si—0--Si linkages. According
to Weyl and Marboe [16], the high value of the
micro-hardness of vitreous silica is the result of the
combination of strong binding forces and the very
low polarizability of the ions. The addition of
alkali oxides increases the polarizability of all non-
bridging oxygen ions, and so the hardness decreases.
It is also reported [17] that the indentation hard-
ness of different glasses can be correlated with
their molar refractivities, the polarizability of the
cations, and with softening temperatures of the
glasses. The addition of lanthanum oxide to silica
glass produces polarizable non-bridging oxygen ions
due to the breaking of the Si—0—Si linkages. How-
ever, because of the large size of lanthanum ions
(1.07 A), its field strength (2.62)is not high enough
to decrease the polarizability of non-bridging
oxygen ions; therefore, the addition of La,0; in
small proportions to silica glass causes a reduction
in hardness.

In order to obtain an idea of the estimated
values of the Young’s modulus, F, of the glass, a
calculation has been made using the empirical
equation of Makishima and Mackenzie [18]. The
estimated values of £ for glasses 0x-LS1 and ox-LS2
are 668 and 658 kbar respectively. Hence, it scems
that the Young’s modulus of silica glass (730 kbar)
decreases slightly on addition of La,03. From the



E values, Vicker's micro-hardness H, can be esti-
mated using the following empirical equation
developed by Yamane and Mackenzie [15],

H, = C'(aG-K)'"?

where C' is the proportionality constant to give
the ratio of the stress to the resistance to deform-
ation at the time when indentation ceases, & the
ratio of average single bond strength to Si—O—bond
strength, G and K the shear and bulk modulus,
respectively

E
=iy

E
k= 3(1—2)

Poisson’s ratio, v, can be estimated from the ionic
volume fraction [15}.

The constant C' as determined by these authors
using measured values of H,, K, and G for silica
glass as 650, 3600 and 3200 kg mm ™2 respectively,
and by putting o =1, is 0.19. The value of H, for
silica glass obtained in the present experiment is
698 kg mm ™2 which compares well with the values
reported {12, 14]. Using this value of H,, the
constant C' = 0.206.

Using the above equation, the calculated micro-
hardness values for ox-LS1 and ox-LS2 are 648
and 628 kg mm ™2, while the corresponding experi-
mental values are 680 and 664 respectively. The
estimated values are about 34 units lower than the
experimental ones, but, on considering the several
assumptions made for the deduction of the above
equation, this discrepancy is possible.

3.1.2. Si0,—La,045—-Al,04system
The compositions which have been investigated
systematically are given in Table Ila. No crystal-
linity was detected with any composition. The
transparency, as observed visually, increased with
increase in Al,O; content. The glasses of compo-
sitions LLAS3, LAS4, appeared transparent. It was
also observed that the transparency of gel-glasses
was higher than that of corresponding ox-glasses.
On comparing the micro-structures of ox-glasses
and gel-glasses, it was observed that the micro-
structures of gel-glasses are more uniform and the
size of the droplets is finer. In the case of ox-glasses,
non-uniformity, in the form of large-scale separ-
ation and of wide variation in particle size exists,
and this is more evident with the compositions

LAS1 and LAS2.
As regards the influence of Al,O; content on
the phase separation, it may be stated that on

addition of alumina the micro-structure becomes

uniform, and the uniformity appears to improve
until composition LAS3. It seems that a minimum
amount of Al,03is needed to improve the uniform-
ity. The sizes and volume fractions of the droplets
were not estimated quantitatively, but the qualita-
tive comparison indicates that the micro-structures
obtained with the composition LAS2 show separ-
ation of the smallest droplets in high volume
fractions.

~
)
o

a Gel
® Oxide

Al,0,

o
o
Q
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Figure 4 Influence on the micro-hardness of the addition
of AL, 0, or ZrO, (by replacing SiO,) to the binary com-
position LS1 (5% La,0,); (the scatter = 20).

The relation between the micro-hardness and
the composition is shown in Fig. 4. It is evident
that the hardness decreases on replacement of
SiO, by Al,0;, but there is a slight anomaly with
the composition LAS2 which will be discussed
later.

A preliminary investigation of the compositions
LAS5 and LAS6 based on binary composition LS2,
has been carried out. No crystallinity was detected
with these glasses. The nearly opaque binary LS2
glass changes to almost transparent glass on substi-
tution of 5% of SiO, by Al,O;. The glass LAS6
appeared completely transparent. The influence of
the addition of alumina in place of SiQ, to the
binary LS2 is similar to that as observed in the case
of binary LS1. The micro-structures become more
uniform, the size of the droplets becomes smaller.

The results on micro-hardness of compositions
LASS and LAS6 show that a substitution of 5% of
SiO, by Al,Oj; causes a sharp fall (about 120 units)
in the micro-hardness. But on further addition of
ALOj no significant decrease is observed.

The higher uniformity of the micro-structures
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obtained with gel-glasses is probably due to the
more uniform distribution of La3* ions in gels as
previously explained. The effect of the addition of
alumina on micro-structures obtained by phase
separation can be explained on assuming that AI®*
ions enter the network as AlQOj groups replacing
Si** ions isomorphously. The positive charges
required to maintain electroneutrality are supplied
by La3* ions which could fill in the holes near the
tetrahedral isites occupied by AlQj groups. Thus,
the distribution of La** ions may be affected on
small additions of Al,0j to binary glass, and so,
the nature of phase separation changes. This effect
may be similar to the effect of small additions of
Al,0O5 to alkali silicate glasses [19].

The drop in micro-hardness on small additions
of Al,0; is due to the structural change caused by
the introduction of AI** ions into the network as
AlQy groups. If a cation goes into the interstices of
the network, it will increase the overall bonding
more than if it takes part in building or continuity
of the structure, because, if its goes into the
“holes” it is adding its own contribution to the
strength in a smaller volume than if it goes into the
structure building positions where it will increase
the volume and, therefore, will make its own con-
tribution to a larger volume of glass [12]. The
lowering of Young’s modulus on small additions of
Al,O3 to a multicomponent base glass has been
reported and explained by Lowenstein [20] as the
entry of Al®" ionsinto the network as AlQ,4 groups.
Moreover, since the field strength of the AI’* ion
is much less than that of the Si** ion, the iso-
morphous replacement will weaken the network at
the point of substitution.

The slight increase in hardness with composition
LAS2 (2% Al,03) as compared to composition
LASI (1% Al,03) may be due to the smaller size
of the spherical dispersed droplets obtained with
LAS2. The increase of the ballindentation strength
of phase-separated glasses with decrease in spherical
particle diameter at constant volume fraction has
been observed by Utsumi and Sakka [21].

3.1.3. Si0y—La,05-2r0, system

The compositions that have been investigated
systematically are given in Table IIla. The glasses
are bluish-white in colour and opalescent. The
opacity increases with increase of ZrQ,, the com-
position LZS4 (5% Z10,) is opaque. No crystal-
linity is detected with compositions LZS1 and
LZS2, but a slight volume crystallization occurs
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with compositions 1LZS3 and LZS4. The phases
crystallizing are cubic or/and tetragonal ZrO, (ss)
and a-La,Si,0,, B-La,Si,0,. The electron micro-
scopic observation of glass 0x-LZS1 shows that the
addition of 1% ZrQ, enhances the phase separation
which is in the form of large interconnecting phases
and is extremely non-uniform. No further investi-
gation was made on this composition.

LFI s
3

..

Figure 5 Electron micrographs of glass LZS2 (a) from the
mixture of oxides, (b) from the gel.

The micro-structures of gel-glasses differ signifi-
cantly in terms of uniformity of particle size and
fineness. Electron micrographs of ox-LZS2 and
gel-LZS2 are shown in Fig. 5a and b respectively.
It should be noted that while in the case of
ox-glasses, with increase of ZrQ, content, the inter-
connectivity decreases, i.e. more discrete dispersed
phases are obtained, in the case of gel-glasses, the
morphology does not change appreciably.

The relation between the composition of glasses
in the Si0,—Lay05;—Zr0O, system and Vicker’s
micro-hardness is shown in Fig. 4.

The enhancement of phase separation on
addition of ZrO,, as is evident with ox-glasses, is
due to the fact that as the Zr** ion, is not a net-
work former, it takes up a position in the inters-
stices, and because of its high field strength,
enhances the phase separation. The development
of significantly different micro-structure with gel-



glasses may be attributed to the original gel-
structure having Zr** ions distributed on a molec-
ular scale. It has been suggested [22, 23] that the
basic unit in a zirconia sol from ZrOCl,-8H,0 is
a cyclic tetramer [Zry,(OH)s(H,0)s]®" of about
10 A diameter, and this could polymerize to form
large polymeric groups. Hence, it may be antici-
pated that during the formation of gels, the basic
units or smaller polymeric groups in a zirconia sol
may co-polymerize with polymeric groups of a
silica sol to give a uniform distribution of Zr*" ions
on a molecular level, and this structure may be
inherited to a great extent by the glass structure.

The sharp rise in hardness of LS1 glass on
addition of ZrO, is due to the fact that as the Zr**
ions have a high field strength and are positioned in
the interstices they increase the electrostatic bond-
ing per unit volume and the increase in positive field
strength is greater than the decrease in strength
due to the breaking of Si—0—Si bond. Moreover,
because of its high field strength, the Zr* jon
decreases the polarizability of the non-bridging
oxygen ions. It is reported [20] that the addition
of Zr0,, HfO,, ThO, causes a considerable increase
of Young’s modulus of silicate glasses.

3.2. Crystallization characteristics of
glasses and micro-structures and micro-
hardness of glass-ceramics produced

3.2.1. Si0,—La,04 system

The volume crystallization was induced by one

stage heat-treatment at 1150° C. The X-ray diffrac-

tion analysis shows that the rate of crystaliization
of gel-glasses is much higher than that of ox-glasses.

The sequence of crystallization of different phases,

the nature and amount of different phases obtained

with both glasses are not the same, and change
with their composition. This difference is most
pronounced in the case of composition LS1. In the
case of gel-LSI, the major phase precipitating
during an initial period of % h, is $-La,Si,0,, a high

temperature form; the other phase is a-cristobalite.
On further crystallization, a-La,Si,0, crystallizes,
but the intensity of a strong line at 4.43 A of this
a-form obtained, does not match the intensity of
the line at 4.48 A in the pattern of the a-form
reported [24, 25]; moreover, the intensity of this
line increases with increase of the period of crystal-
lization. It is most likely that this phase is a solid
solution of a-La,Si,0 with Si0,.

The crystallization of gel-LS1 is complete after
1 h heat-treatment. In the case of glas 0x-LS1, the
phase precipitating during the initial 2h is o-
La,Si,0,; the pattern, in this case, matches well
that of the a-form reported [25]. The crystalliz-
ation of a-cristobalite is observed after 4 3 h heat-
treatment, and the crystallization is not complete
even after 18 h heat-treatment.

The crystallization behaviour of glass LS2 is
similar to that of glass LS1. The diffraction pattern
of glass gel-LS2 crystallized for 2h at 1150°C
shows the presence of §-La,Si,0,, a-La,Si,0- solid
solution having a strong line at 449 A, and a-
cristobalite. The rate of crystallization of 0x-LS2
is lower than that of gel-1LS2. Unlike ox-LS1, in
the case of 0x-1.S2, the crystallization of the high-
temperature form, $-La,Si,0,, is also observed.

Comparison of the crystallization behaviour of
partially crystallized glasses, ox-LS5 and gel-LS5
shows that on heat-treatment at 1150°C for
different period up to 9h, the phases crystallizing
with ox-glass are $-La,Si,0,;, a-1a,S8i,0,, and the
phases obtained with gel-glass are §-La,Si,04, a-
La,Si,0, and a-cristobalite. Hence, the precipi-
tation of a-cristobalite does not occur with ox-glass
even on heat-treatment for 9h at 1150° C. Unlike
compositions LS1 and LS2, no strong line at
4.43 A was obtained with gel-LS5.

The results of electron microscopic observation
of glasses LS1 and LS2 are summarized in Table
IV. The volume fractions, V¢, of the crystalline
dispersed phase, the mean free distance X, between

TABLE IV
Name of Time of heat- Volume fraction of Average diameter (d) Mean distance (A) No. of nuclei
glass treatment at dispersed crystalline of crystals (&) between crystals per cm® (n)

1150° C (h) phase (Vy) (um) X 1018
Ox-LS1 F 0.046 405 0.840 1.322

1 0.126 539 0.374 1.54

2 0.156 550 0.298 1.79
Gel-LS1 i 0.095 190 0.181 26.44
Ox-LS2 1 0.071 580 0.769 0.695

2 0.154 722 0.397 0.787
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the particles, and the average particle diameter, d,
have been determined [26] from the electron
micrographs of the specimens which do not show
the crystallization of the matrix.

From the knowledge of V; and d, an estimate
of the number of crystals or number of nuclei per
cm?® has been made using the relation:

Vs

4 _(dV”
37\2

where d is average diameter of the crystal.

It is evident (Table IV) that the number of
nuclei produced with gel-LS1, heat-treated for 3 h
under the present experimental conditions, is about
20 times higher than that obtained with ox-1S1
heat-treated for 1h. The micro-structures of ox-
LS1 and gel-LS1 after 1 h of heat-treatment are
shown in Fig. 6a and b respectively,

number of nuclei per cm3,n =

Figure 6 Electron micrographs of glass ox-LS1 and gel-
LS1 after 1h heat-treatment at 1150° C (a) from the
mixture of oxides, (b) from the gel.

However, it should be noted that although
initially the micro-structure of as quenched gel-
glass appears uniform, a non-uniformity in the
form of larger droplets and separated “layers”
develop in some parts during the initial period of
heat-treatment. Subsequently, these separated
phases crystallize to impart non-uniformity in the
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micro-structure of crystallized glass. It appears
that coarsening, which has been enhanced due to
the presence of —OH groups [11] and crystaliz-
ation, occur simultaneously.

Comparison of the nucleation and crystalliz-
ation rates of ox-LS1 and ox-LS2 (Table IV) shows
that the increase of I1a,0; content (0x-LS2)
increases the rate of crystallization but decreases
the rate of nucleation. The higher nucleation rate
of ox-LS1 may be due to its phase-separation
characteristics consisting of discrete droplets
smaller in size than those obtained with ox-LS2.

The relation between the micro-hardness and
the period of heat-treatment obtained with com-
positions LS1 and LS2 is shown in Figs. 7 and 8
respectively. It is evident that there is an extremely
sharp increase in hardness in the case of gel-LSI,
whereas in the case of ox-LS1, a slight decrease in
hardness is observed during an initial period of 4 h.
The hardness then increases significantly during
the next 4h, but after this period, the increase is
insignificant: hence a minimum is obtained in the
curve. The shape of the curves obtained with com-
position LS2 (Fig. 8) is similar to that obtained
with composition LSI, but the increase in hard-
ness obtained with gel-LS2 is not as sharp as it is
with gel-LS1.

The higher nucleation rates obtained with gel-
glasses may be explained by assuming that —QH
groups that have not been completely removed
from the gels during the dehydration, are incor-
porated into the glass structure and subsequently
act as nucleating agents as with fluoride ions in
silicate glasses.

The nucleating action of fluoride ions has been
explained by Mukherjee and Rogers [27] on the
basis of the rearrangement of the double-chain
ribbon-like anionic structure into single pyroxenoid
chains due to the breaking of the linkage between
SiQ4 tetrahedra on introduction of single charge
fluoride ions into the network. The mineralizing
action of —OH groups and fluorine is well known
and is well explained by Buerger [28]. According
to him, when an OH™ or F~ ion is substituted for
an oxygen atom at the corner of asilicon tetrahedra,
the substitution will remove a Si—0-Si link and
transform the continuous silicate network into an
aggregate of tiny silicate islands of molecular
dimensions.

It has been reported by Verduch [29], in his
work on the transformation of silicic acid to cristo-
balite, that at low temperatures, the presence of
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Figure 8 Relation between the Vicker’s micro-hardness and the period of heat-treatment of glass LS2 (the scatter = 20).

water molecules has a much stronger depressing
action on the nucleation potential barrier than it
has on the growth barrier. It has been also shown
[30] that the activation energies for viscous flow
of silica glass decrease fairly smoothly as the
number of either hydroxyl groups or chlorine
atoms increase. The presence of 0.12wt%
hydroxyl groups reduces the activation energy
from 170kcal mol™ to 122 kcal mol ™.

The influence of hydroxyl groups in enhancing
the crystallization rate of vitreous silica is well
established by several authors [31, 32].

Hence, it may be concluded that the anionic
structure as well as the distribution of cations in
gel-glasses differs significantly from those of ox-
glasses. This is also evident from the fact that the
crystallization of the high temperature form, §-
La,Si;0- is more pronounced with gel-glasses. The
transition from §-La,Si,0; to a-La,Si,0, is a
reconstructive type of transformation, according
to Buerger’s classification, and the temperature of
transition is 1200° C [25] . In reconstructive trans-
formation [33], on falling temperature, the units
of the high temperature (open) structure may
become relinked in an entirely different network.

The relinking is not feasible with gel-glass because
of the presence of —OH groups, so the structure
remains open and, thus, the formation of the high
temperature form should be facilitated.

To have a better understanding of the relation
between the micro-hardness and the micro-structure
of glass-ceramics, the volume fractions of dispersed
crystalline phases were ploited against the micro-
hardness and are shown in Fig. 9 for ox-LS1 and

%
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o ! _OXLS2
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5 i
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0 005 01 015 02

Volume fraction of dispersed
crystalline phase

Figure 9 Relation between the Vicker’s micro-hardness
and the volume fraction of dispersed crystalline phase.
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ox-LS2. The relation between the micro-hardness
and volume fractions of crystalline phase of glass-
ceramics as obtained in the present investigation
can be adequately explained on considering the
theories of the mechanical strength of glass-crystal
composites, proposed by Hasselman and Fulrath
[34] and Miyata and Jinno [35], and recently
analysed, with special reference to glass-ceramics,
by Zarzycki [36].

According to the theory of Miyata and Jinno
[35], the fracture mechanism consists of two pro-
cesses: (a) crack nucleation and (b) crack propa-
gation around the dispersed phases. At lower
volume fractions of dispersed phases, macroscopic
fracture will occur as a result of the growth of
micro-cracks originating through a nucleation pro-
cess in the matrix close to the glass-crystal com-
posites. In this case, strength decreases with the
proportion of dispersed phase. At higher volume
fraction, when interparticular distances are small,
the micro-cracks formed by the nucleation process
may cease to grow once they reach the mean dis-
tance between the dispersed phase, but after some
increase in the applied tensile stress, these cracks
may propagate around the dispersed particles by a
process involving a high surface energy in the
cracks. In this case, strength is an increasing func-
tion of the volume fraction. These two processes
are represented by two curves which intersect in a
certain volume fraction depending upon the grain
size.

As a result, the measured strength—volume
fraction curve will have a minimum near the point
of intersection of the two curves, and the mini-
mum will shift to lower volume fractions with
smaller particle sizes and the strength reduction is
less with finer particles. Hence, the minimum
observed in the micro-hardness versus volume frac-
tion curve is in agreement with the above theory,
and a slight shift of the minimum obtained with
0x-LS2 may be ascribed to its slightly larger
particle size which is-around 720 A compared to
550 A obtained with ox-LS1.

3.2.2. Si0y—La,05—Al,05 system

In this system, the crystallization behaviour of two
compositions LAS2, LAS4, based on binary LSI
were investigated. The volume crystallization was
done by one stage heat-treatment at 1150° C for
different periods. The results of X-ray diffraction
studies show that as for the binary composition, the
rate of crystallization of gel-glass is higher than
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that of ox-glass. However, the rate of crystallization
of gel-glasses containing Al,O; is considerably less
than that of binary glass gel-LS1. The same result
is obtained with ox-glasses. Hence, the addition of
Al,0; diminishes the overall rate of crystallization.
However, surface crystallization in the form of a
thin layer was observed with glasses containing
Al,03. It was also observed, particularly with ox-
glasses, because of their lower rate of crystalliz-
ation, that the rate of surface crystallization of a-
cristobalite is higher with glasses containing Al,05
compared to the binary ox-LS1.

The crystalline phases appearing are the same
in both gel- and ox-glasses. One of them is a-
cristobalite. The other is most likely an a-La,Si,04
solid solution as obtained with binary gel-1LS1, but
it needs more investigation for definite identifi-
cation. The isomorphous replacement of Si* by
AlI3* reduces the rate of crystallization of lanthanum
silicate phase, but increases the rate of surface
crystallization of a-cristobalite. The effect of the
addition of Al,0; on the crystallization rates of
La,Si,0, and a-cristobalite can be explained if it is
assumed that the effect of the replacement of Si**
by AI** ions in lanthanum silicate glass is similar to
the effect of addition of Al,O5in alkalisilicate glass
where the devitrification tendency is reduced on a
small addition of Al,O5 [19].
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Figure 10 Relation between the Vicker’s micro-hardness
and the period of heat-treatment of glass LAS2.

The electron micrographs supported by the
results of the X-ray powder diffraction patterns of
the heat-treated glassesindicate that the droplets as
well as the matrix crystallize slowly with increase
in periods of heat-treatment, and the rate of
crystallization is higher with gel-glasses. The relation
between the micro-hardness and the period of heat-
treatment of glass LAS2 is shown in Fig. 10.

The sharp increase in hardness with gel-glass is
due to its higher crystallization rates of both drop-
lets and the matrix. The decrease of hardness after



reaching a maximum may be due to several factors
developed due to the grain growth and crystalliz-
ation of the matrix which have not been investi-
gated.

3.2.3. Si0,~La,052r0, system

In this system, the crystallization behaviour of
three compositions LZS2, LZS3 and 1ZS4 were
investigated. The volume crystallization was
induced by one stage heat-treatment at 1150°C
for different periods. The rate of crystallization of
gel-glass is much higher than that of ox-glass.

In the case of ox-glass, during the initial period
of heat-treatment, the precipitating phases are
cubic and/or tetragonal ZrO, (ss) and o-La,Si,0.
The period of heat-treatment necessary for the
onset of crystallization of a-cristobalite increases
with increase of ZrO, content. With ox-LZS2, the
crystallization of a-cristobalite was detected after
43 hof heat-treatment ; with ox-LZS3, a-cristobalite
was not detected even after 18 h. In the case of ox-
glasses, the silica matrix crystallizes less readily,
when compared with gel-glasses. The phases pre-
cipitating with gel-glasses are the same as those
obtained with ox-glasses. With gel-LZS2, the onset
of crystallization of silica was observed after 1 h of
heat-treatment. With gel-LZS3 and gel-LZS4, the
crystallization of silica was observed after 2h of
heat-treatment.

The micro-structures of gel-glasses and ox-glasses
developed after different periods of heat-treatment
differ markedly in nature. In the case of ox-glass,
the micro-structure after 2 h heat-treatment shows

ae
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the coarsening of separated phases, resulting in a
large-scale phase separation with particles of
different shapes and sizes (0.2 to 0.5 um). The pre-
cipitation of large (0.8 um) cubic and/or tetragonal
Zr0, (ss) crystals also occurs. The coarsening pro-
ceeds on further heat-treatment up to 43 h. The
micro-structure obtained after 9 h heat-treatment
shows distinct crystalline particles growing within
the separated phases.

In the case of gel-glass, no coarsening and no
precipitation of large ZrO, crystals occur. During
an initial period of 1 h, the micro-structure shows
the separation of fine droplets which might have
very slight crystallinity; on further heat-treatment,
the dispersed droplets crystallize without coarsen-
ing and so the sizes of the crystals which are around
800 A are almost the same as the initial size of the
droplets. The matrix starts to crystallize after 2h
heat-treatment. This difference in micro-structures
and the crystallization behaviour of the gel-glasses
could be attributed to the original gel-structure
having Zr* ions distributed in a molecular scale as
previously explained. The higher rate of crystalliz-
ation of a-cristobalite in gel-glasses is due to the
presence of hydroxyl groups incorporated in the
glass-structure.

The relations between the micro-hardness and
the period of heat-treatment obtained with com-
positions LZS2, LZS3 and LZS4 are shown in Fig.
11. This sharp fall in micro-hardness during the
initial period of heat-treatment obtained in the
case of ox-glasses is most likely due to the following
factors:
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Figure 11 Relation between the Vicker’s micro-hardness and the period of heat-treatment of compositions: LZS2,

LZS3, 1LZ54.
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(a) the Zr*" ions when initially incorporated in
the glass-structure, increase the strength [20], but
on heat-treatment, the Zr*" ions are removed from
the glass structure and precipitate as ZrO,;

(b) because of the low rate of nucleation, the
mean free distance between the particles is larger;

(c) the coarsening which leads to large droplets
and interconnected phases [21].

in the case of gel-glasses, the shape of the curves
is different from those obtained with the ox-
glasses. There is no sharp fall in micro-hardness,
only a slight drop during the initial period of 1h
or 2h, after which the micro-hardness increases
very sharply and the shape of the curves is similar
with all compositions.

This increased hardness of gel-glasses may be
due to the following factors:

(a) during the initial period, the precipitation
of Zr0Q, is less, and so, the Zr** ions remain in the
glass structure, and increase the strength.

(b) coarsening does not occur;

(c) the higher rates of nucleation and crystalliz-
ation give higher volume fractions of dispersed
phase resulting in a small mean distance between
the particles.

It may be stated in conclusion that the structure
of gel-glass differs significantly from that of ox-
glass, and as a consequence, the physico-chemical
properties such as phase separation, nucleation and
crystallization differ markedly. It does not seem
possible, with the present experimental results, to
clarify precisely the structural differences between
the gel-glass and the ox-glass.

4. Conciusion
The following general conclusions can be drawn
from the results obtained with different systems:

(i) The gelling technique which is normally
used for the preparation of starting materials for
solid-state reactions, can be advantageously util-
ized for the preparation of non-crystalline multi-
component inorganic oxides. The subsequent
fusion of these “gels” produces glasses which are
more homogeneous (in terms of phase separation)
than those prepared from the mixture of oxides. It
appears that the homogeneity and the structure of
gels obtained during gel formation are inherited to
a great extent by the glass.

(i) It is also evident that the —OH groups
which are not removed during the dehydration of
the gels and are incorporated into the glass-
structure have a great influence in increasing the
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nucleation and crystallization rates.

(iii) The formation of high temperature crystal
form is more evident with the crystallization of
gel-glasses.

(iv) Small additions of Al,Qj in place of SiO, to
the binary SiO,—La,05 glass improve the hom-
ogeneity but decrease the micro-hardness and the
rates of devitrification of the glasses.

(v) Small additions of ZrQ, in place of S§i0, to
the binary SiO,-La,0; glass increase the micro-
hardness but with increase of ZrO, content, devitri-
fication occurs.

(vi) When the rate of nucleation is low, (as in
the case of glasses from the mixture of oxides), the
curve representing the relation between the micro-
hardness and the periods of heat-treatment shows
a distinct minimum, whereas this minimum is not
obtained with the gel-glasses. With most of the gel-
glasses, the micro-hardness rises sharply with the
period of heat-treatment. The curve showing the
relation between the micro-hardness and the
volume fraction of the dispersed crystalline phase
also gives a distinct minimum which could be
explained on the basis of the fracture mechanism
consisting of the processes of crack nucleation and
of crack propagation around the dispersed crystal-
line particles.
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