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Kinetics of sub-liquidus phase separation in silicate and borate glasses. A review
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Abstract. — Many silicate and borate glass systems exhibit sub-liquidus immiscibility. The fine-scale microstrocture of phase
separated systems has been studied mainly by electron microscopy and small angle X-ray scattening. The classical theones of
homogeneous nucleation, spinodal decomposition and coarsening, and more recent statistical theories of scgregation are
outiined. These theories are compared with experimental:data for the kirctics of amorphous phase separaton. In the early
stages of separation, for compositions and temperatures in the region petween the binodal and spinodal and m particular close
to the binodal. the results are consistent with a homogencous nucleatior prucess. The classical theory of spinodal decomposi-
tion only agrees qualitatively with experimental data for the centra) region of the miscibility gap. The kineti~s of coarsening are
m gencral agreement with theory. Recent predictions from computer «imulation studies on model alioys appear 10 be valid for
glass systems. Experimental studies of the influence of amorphous phase separation on crystallization of glasses are also
reviewed. In centain circumstances there is clear evidence that amorphous phase separation enhances the rates of crvstal

sucication and growth.
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Cinétique de la séparation de phases subliguides dans les silicates er borates vitreux.

Resumeé. — Beaucoup de silicates et borates vitreux ont une lacunc métastable de miscibilité. La microstructre trés fine des
verres avec separation de phases a €€ étudiée principalement par microscopie électronique et diffusion de ravons X aux petits
mgles. Les théories classiques de nucléation homogene., décomposition spinodale. *'coarsening’ et les plus récentes théones
satstiques de la ségrégation sont exposées. Ces théories sont comparees avec les données expérimentales liées a la CInétue
de ia séparation de phases. Les résultats associés aux premiers stades, pres de la binodale, sont en accord avec un modéle de
mucleation homogene. La theone classique de la décomposition spinodale montre un accord seulement qualtatif avec les
résultats expérimentaux dans la région centrale de la lacune de miscibilité. La canétique de “‘coarsening’’ aprés les stades
mitiaux, sont en accord général avec la théorie. Des predictions récentes des études par symulanon a |'ordmateur sur des
alliages modéles paraissent étre valides aussi pour les sysiemes vitreux. Les études experimentales de !'nfluence de la
s¢paration de phases amorphes sur la cristallisation des verres sont aussi présentées. Ces études montrent des évidences claires
permentant de conclure que la séparation de phases favorise ja nucleéation cristalline. |

Mots-clés : séparation de phases, silicates et borates. verres. diffusion aux petits angles. microscopie électronique.

I. - INTRODUCTION Glasses which are obtained by cooling Aomoge-
neous (single phase) liquids are generally transparent
but many of them have a heterogeneous struciure on 3

submicroscopic scale. This ‘‘microphase separation’”

Phase separation occurs in many organic and inor-
ganic matenials including polymers, metallic alioys

ind ceramics. It is observed in certain systems con-
Rining two or more components, for a limited compo-
sition and temperature domain of the equilibrium dia-
tram which 1s called a miscibility gap. Many silicate
Systems which show immiscibility in the liquid state
li.e. stable liquid-liquid immiscibility) form opales-
cnt glass on cooling (e.g. Ca0-Si0,. MgO-Si0,).
This opalescence is due to light scattering caused by a
heterogeneous microstructure compoused of phases
vith different compositions. The microstructure (fre-
quently droplets of one phase in another) is often suf-
iciently *‘coarse’’ to be revealed by optical micro-
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ts found in numerous binary. temary (and more com-
plex) silicate and borate systems (e.g. Na,O-SiO,,
L1,0-510,, Ba0O-S10,, ALO,-Si0;, Na,0-Ca0-Si0,,
Li:O‘BzO}. N3:O‘B:O3. Na‘:O‘BEOJ'S'O:L and is due
to the existence of a metastable gap below the liqui-
dus.

Heat-treatment of quenched giasses inside metasta-
ble miscibility gaps, leads to a verv fine microstruc-
ture. The morphological aspects and the kinetics of
phase separation of these systems are studied mainly
by electron microscopy and small angle X-ray scarter-

Ing.

The heterogeneous microstructure of phase separat-

13560 S3o  €d glasses can have a very significant influence on all
thetr properties. Experimental studies of density, elas-
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tic modulus, viscosity, electnical conductivity, etc., as
a function of composttion in these glasses, cften show
unexpected behaviour due to their heterogeneous mi-
crostructure. Moreover, the influence of amorphous
phase separation on crystal nucleation and growth be-
haviour has received particular attention by many
authors.

The origin of immiscibility in glasses in terms of
atomic coordination and bond strength, its thermody-
namical aspects and its influence on physical proper-
ties have been discussed in several review papers (Ja-
mes, 1975 ; Uhimann and Kolbeck, 1976 ; Tomo-
zawa, 1979).

Many theoretical and expennmental studies of me-
tastable phase separation have been concemed with
the kinetics dunng isothermal heat treatment of simple
binary glasses. Expenmentally, the specimens are first
rapidly cooled (quenched) from the one phase region
into the miscibility gap (see figure ). The structural
vaniations of the phase separated glasses are studied
from the early stages to advanced stages, when the
prases have their equilibrium composition. The heat
reatment temperatures of the studied glasses are
higher or lower than the glass transition temperatures.
No distinction between ‘‘glass’’ and *‘supercooled li
quid’’ states 1s made in phase separation studies. |
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HG. 1. — Schematic sub-liquidus miscibilitc gap. The ar-
rows indicate quenchings and later isothermal heat-
treatments within the *‘nucleation and growth®’ region (1)
and *‘spinodal’’ region (1I).

The classical theonies of nucieation, growth ang
coarsening involve structural parameters defined i
“‘real space’’ (time vanation of the diameter and num.
ber of segregated zones). These parameters and thejr
time evolution can be determined d:rectly by electroy
microscopy. Other theoretical upproaches express
thetr predictions in terms of the Founer transform of
the composttion function as, for example. the theory
of Cahn (1961) for spinodal decomposition. In thy
case the theory i1s more easily checked by small angle
X-ray (or neutron) scattenng.

Here we present the relevant theories and the man
expenmental studies of the kinetics of amorphous
phase separation and its influence on the crystalliza-
tion of glasses. Classically two mechanisms for the
early stages of phase separaton were proposed : nu-
cleation and growth of amorphous droplets (ne:r the
binodal curve) and spinodal decompositior (in the
central region of the miscibility gap). In the later sta-
ges it has been found that structural coarsening predo-
minates.

II. - SUMMARY OF RELEVANT THEORIES

I1.1. - Nucleation

According to the classical theory of homogeneous
nucleation (see, for example, Zettlemoyer (1969) ) the
rate of nucleation, J, is given by :

J=Aexp[~ (AGp + W?*) /[ ky T] {1

where W* is the free energy of formation of a critical
nucleus, AGg is the activation energy for atomic
transport across the interface. kg is the Boltzmann
constant, T 1s the temperature and A 1s essenually &
constant. W* s given by 16 0°/3 AG?3 for a sphen-
cal nucleus, where o is the interfacial free cnergy
between phases and AG, is the bulk free - 2rgy

change per unit volume of phase transformed.

In the classical theory it i1s assumed that the boun-
dary between nucleus and matrix is sharp. If we
consider the nucleation rate of droplets below the m-
miscibility temperature T,,. classical theory predicts 8
range of undetectable nucleation just below T, follow-
ed by a rapid rise in J at some critical undercooling. 1t
reaches a maximum as the temperature is further de-
creased and finallv decreases rapidly at high undef-
cooltngs due to a decrease in diffusion rates.

It should be emphasized that. in principle. 1- icle¥
tion (classical or otherwise) could occur even . ith®
the spinodal region of the miscibility gap (see nhguf®
1), although it is generally considered that nucieato®

is more likely to take place outside the spinodal and
close to the binodal. h
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Cahn and Hilliard (1958, 1959) have developed an
altemative ‘‘diffuse nucieus’ theory which avoids the
classical assumptions that the nucleus is uniform and
has the equilibnum composition of the separating
phase. They considered the free energy of a system
having a spatial variation in composition and expres-
sed the local free energy per unit volume as a sum of
two parts : the free energy per unit volume of a solu-
aton of uniform composition (Figure 2) and a term
representing the increase in free energy due to the
composition gradient (analogous to the interface term
in classical theory). Using this approach the properties
of the cntical nucleus in the metastable region were
dernived, At low supersaturations, the properties of the
nucleus were close to those assumed In the ciassical
' theory. However, as the supersaturation increased, the
frre energy needed to forrm a cntical nucleus, W*,
bccame progressively less than the corresponding clas-
sical value and approached zero at the spinodal. Fur-
thermore, the nucleus interface became more diffuse
nd the composition at the centre of the nucieus ap-

.roached that of the matrix.
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RG. 2. — Schematic free-energy per unit volume of a ho-

mogeneous binary solution as a function of the composi-

tion. b and b’ define the hinodal (Fiz. 1). The spinodal
line is determined from the con:positions s and s* associat-
¢d with the inflexion points of f(c). T, < T, < T. and T,
> T, (Fig. 1).

0.2. - Particle growth and coarsening

Consider a distribution of isolated droplets produc-
ed by homogeneous nucleation in the region of the

muscibility gap berween the spinodal and binodal cur-
ves. In the very early stages, the matrix is highly
supersaturated and the dropiets. are expected to grow
by long range diffusion. Thus at constant temperature
for a given time ¢ :

o« g

where r is the average droplet radius. At a later stage
when the matrix approaches its equilibrium composi-
tion a coarsening process begins to dominate in which
the smalier droplets tend to dissolve and the larger
ones grow at their expense. This process is driven by
the overall decrease in interfacial free energy. For
long range diffusion controlied "growth (Wagner,
1961 ;. Lifshiz and Slvozov, 1959) the mean radius
increases with time according to :

P -7 = (89 (kg TIDC, V: [2]

where 7, is the mean radius at the stan of coarsening.
o the interfacial free energy, D the effective diffusion
coefficient, C, the equilibnium concentration of *‘so-
lute’” 1 the matrix and V the molecular volume of the
droplet phase. The theory also predicts the number of
droplets per umt volume Ny, is proportional to 1! and
that the size distribution of particles is a éertain uni-
versal function of /7. If the coarsening is aor control-
led by diffusion but by a surface reaction rate, process
theory predicts 7 o rand Ny « 372,

The coarsening of a highly inmterconnected two
phase system with constant volume fractions has been
discussed by Haller (1965). Where mass transport
across the interfaces is rapid and volume diffusion is
the rate controlling process, the total interfacial ares
Sy is proportional 10 t~'?. The mechanism is similar
to the coarsening of isolated droplets except that here
the process involves mass transport from convex
concave interfaces. In the casc of interface controlled
coarsemng, Haller found that S; is proporbonal to

1~ V-

I1.3. - Spinodal decomposition

The classical theory of spinodal decomposition des-
cnibes the kinetics of phase separation of binary solu-
tons in the central region of the miscibility gap. The
iheory starts from the definition of a free-energy func-
ton for the system in the two phase region. This func-
tion ts assumed to be valid for the non-equilibrium
solution obtained by quenching. Cahn (1961) derived
a lincar equation for spinodal decomposition which is
subject to the following :

a) The free energy F of the non-equilibrium phase
separating soluton can be expressed by

F = f{f{c. P + K {[va?)P} dr 3]
where f (¢, F) is the free energy density of the homo-

gpnemssystcm(ﬁng)asaﬁmﬁmofdnmrrTo-
sition ¢ and of the position vector 7. and K [ p oM} is
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" the contribution to the free energy from the gradient of
Composition.

b) The ‘"homogeneous'' free energy density can be
approximated by a parabolic function of composition
" (dashed lines in figure 2) which is a good approxima-
tion only for the early stages of phase segregation.

'Lc) There is no contribution from statistical fluctua-
tions in composition.

d) The atomic mobility is constant with time during
segregation (absence of structural relaxation pheno-
mena).

The linear diffusion equation of Cahn was solved
for isotropic systems by the Founer method. The Fou-
rier transform n(%,1), as a function of the wavenumber
k of the ‘‘composition wave’’ at a time ¢, of the com-
position fluctuation 8.(r.1) = c(F.1) = c,, where ¢, s

the average composition, should satisfy the exponen-.

tial relation

Wk.t) = n(k,0) eRA¥ [4]
where

R = ~DF (1 - {,) | 5]

is the amplification factor. In equation 5, k_ is a criti-
cal wave-number for which R(k) = 0. Equations 4 and
5 show that the amplitude of the composition wave
has an exponential vanation with time : for k < &_ the
amplitude increases and for & > k. the amplitude de-
cays 10 zero.

A non linear equation for more advanced stages of
the spinodal decomposittion which includes a fourth
order polynomial for the free energy density, was nu-
mencally solved by de Fontaine (1967). Cook (1970)
added the contnibution of statistical fluctuations in
composition to the equation of Cahn and solved it for
the linear approximation. Assuming a simple expo-
nential ime vanation of the atomic mobility, Craie-
vich (1975a) took into account the possibility of struc-
tural relaxations.

11.4. - Statistical theories

A new approach to the study of phase separation of

non-equtlibnum mixtures was put forward by Langer
(1971). It starts from a statistical distribution function
p( [c{P)] .1) over all the possible configurations [c(F)]
of the system. The statistical description of Langer's
theory s given as 2 function of the so called structure
function, S(k.r), which is the Fourier transform of the
correlation function G(7.1) defined by

G(F.1) = <d.(.Nd (u+T.0)> 6]

where the symbol <> indicates the spatial mean va-
lue. The relationship between the structure function
S(k.7) and the Fourner transform n(k.1) of the composi-

tion fluctuation 0.(7.7) is given by :

S(k.0) = mk.nf 7]

Due to the statistical nature of the Langer theory,
thc contribution of thermal fluctuations s impliciiely
included. Its range of validity allows the description
of more advanced stages of decomposmion than the
linear theory of Cahn. Qualitatively, Langer’s theory
predicts a non exponential growth of S{X.f) and a
continuous displacement of its maximum to lower k
for increasing time.

Recent numerical calculations by computer simula-
tion were carried out using a dynamic three-
dimensional Ising model (Sur er al., 1977). These
calculations for a model alloy start from a perfect
disordered assembly of atoms. the configuration chan-
ges occurring by atomic permutations. The time ¢ vir
lution, after an initial transient stage, of the isotropic
structure function, S(k.r), has the following features
(Marro er al., 1979) :

a) A dynamical scaling property expressed by :
Flx) = [k ()] S(k.1) 8}
where S is a normalised structure function -

S(k.n |

SED = T5mn R ax
k, is the normalised first moment of S(k,1),
[ kStk.ndk

k() = [Stkndk
and F(x) a function of x = k/k,(1), independent of
time.

b) The normalised first moment of S(k.r) is given, as
a function of ime, by :

ky(r) o 74 [9]

where the exponent g is temperature and composition
dependent.

The scaling property can be applied in the spinodal
region and also in the nucleation and growth regic of
the miscibility gap. In these statistical theones, ¢
1S no definite boundary between the spinodal anc au-
cleation and growth regions (Gunton, 1981) and they
do not show a ‘‘linear’” regime (i.e. the linear classi-
cal theories would be only approximations even in the
early stages).

I1.5. - The effects of amorphous phase separation
on crystal nucleation and growth

It has long been known from phase diagram: that
liquid-liquid phase separation can have a marke If-
fluence on the course of crystallization m a sy:.-m.
Thus. unmixing may produce two compositions one of
which has a greater tendency to crystallize than the
initial non-separated glass. However, it is also know®
that liquid phase separation is not essential to produc®
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internal crystal nucleation in glasses; e.g.
B20.2Si0,, Li,0.2S5i0,, Na,0.2Ca0._3510, and other
glass compositions do not show phase separation and
still crystallize internally. Also, several glass compo-
sitions in the Na,0-Si0,, alkali oxide-B,0, and other
svstems show extensive unmixing and do not crystal-
lize internally. At this stage it should be mentioned
that the great majority of glasses crystallize from the
external surface when heated, yielding coarse-grained
polycrystalline materials of poor mechanical strength.

For the of the well known glass-ceramic
materials, which have many unusual physical proper-
ties, internal nucleation of crystals is essential and this
is generally achieved by means of nucleating agents
which may be metallic or non metallic additions to the
glass composition. Among the most important nu-
cleating agents used in commercial glass-ceramics are
th= oxides TiO,, P,Os and ZrQ,, which are typically
used in quantities of several mol %. These agents
appear to operate in various ways in catalysing inter-

nal nucieation but their roles are often complex and
not fully understood. In certain cases (e.g. metallic
nucieating agents) precipitation of the nucleating agent
in the glass leads to heterogeneous nucleation of the
major crystalline phases in the glass-ceramic. In other
cases their catalysing action can best be understood tn
terms of the classical nucleation theory (Zettlemoyer,
1969). According to this theory an increase in the
nucleation rate may be due to the following :

{) an increase in the diffusivity of the appropnate spe-
cies,

i) a decrease in the crystal-glass interfacial energy
and

fii} an increase in the thermodynamic driving force.
Therefore the nucleating agent must produce one or
more of these effects.

Theoretically, amorphous phase separaton (APS)
could influence crystal nucleation in several ways but
most of the possibilities fall into two main categories
associatcd either with ) the different compositions of
the separanng liquid phases or with i) the interfaces
between the glassy phases. These points have been
fully discussed by several authors, including Tashiro
(1968) and Hammel {1969).

Extensive discussions were presented at a meeting
on “The Vitreous State’’ in 1970, University of Bris-
tol, by Scholes (1970), Uhimann (1970) and Zarzycki
(1970). Recently, Jumes (1982) summanzed the pre-
sent state-of-art on the subject. The compositional
changes resulting from liquid phase separation may
affect both the thermodynamic and kinetic bamers for
nucleation. For instance, phase separation could also
result in one of the amorphous phases being closer to
the composition of the crystallizing phase, decreasing

both the thermodynamic and kinctic barriers to crystal

nucleation. Also, the crystal-liquid interfacial energy
could be lower for one of the liquid phases than for

‘the parent phase, which could have an important ef-

fect on the nucleation rate of crystals.

The mechanisms for the enhancement of crystal nu-
cleation associated with the interface between the
amorphous phases could be of various types. “he first
possible mechanism is “‘direct’’ heterogeneous crystal
nucleation at the interface. The second possibility is
an enrichment of some component, perhaps a ‘‘mu-
cleating agent’’, at the boundaries between the amor-
phous phases causing a locally higher thermodynamic
driving force or atomic mobility or even a lower inter-
facial energy. It has been further suggested that a
sparingly soluble component might crystallize out at
the interface and promote heterogeneous nucleation in
the buik of the glass (Scholes, 1970). A third possible
mechanism, suggested by Tomozaws (1972), is prefe-
rential nucleation in the diffusion zones around liquid
phase droplets.

M. - EXPERIMENTAL METHODS

II.1. - Transmission electron microscepy (TEM)

Transmission electron microscopy (TEM) is the
mostdmmhodforﬂudmgthemphologyof
phase separation in glasses. It is particularly useful in
distinguishing between a2 microstructure of discrete
droplets and one of interconnected phases. Two main
techniques are used. In the first, surface carbon repli-
cas are prepared of fractured and etched giass speci-
mens.

Stereological analysis can be applied o electron mi-
crographs of the replicas to denve vanows parameters
including the mean rads rmdtl*aenm:bcrofptm
cles per unit volume Ny (in the case of a ‘‘droplet’
microstructure), the total surface area per unit volume
St and the volume fraction of a given phase V,.

In the second technique, thin specimens about
ZOUOAmlckmmpumdbychcmncalormbcm
thinning from the bulk glass, and examined directly.
Although often giving 2 higher resolutan of fine dro-
plets than is possible by using replicas (say down to
30 A or less) this method is more difficult to use in
quantitative studies. Two TEM micrographs of a

phase separated BaO-Si0O, glass near the edge of the
miscibility gap are shown in figure 3 (Zanotto, 1982).

Using these techmques much valuable information
has been obtained on the morphology and kinetics of
phase separation including nucleation aad growth and
particie coarsening. This information i complemen-
tary to the data provided by smalil angle X-ray scatter-
ing (SAXS), which has been applied extensively to
the kinetics of decomposition inside the unstable re-
gion of the muscibtlity gap.
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FIG. 3. — Transmission elccirin racrovraphs (Zanotto.
1982) of a 28.3 BaO-5i0~ tmn! ., giass heat treated at
760 °C for (a) 3.7 hours and (h) & 4 howurs. Nucleation
and growth region of the miscibility gap.

HI1.2. - Small angle X-ray scaﬁcriltg (SAXS)

Small angle X-ray scattering is an experimental
techmque which gives informations on fluctuations in
electronic density on a submicroscopic scale (Guinier
and Foumet, 1955). It is often used to study heteroge-
neous matenals such as segregating alloys, partially
crystalline polymers and phase separated giasses. The
SAXS method is not very sensitive 1o electron density

vanations on an atomic scale : this structural informa- -

tion is concentrated at higher scattering angles.

‘The amplitude of the waves scattered by a medium
with electronic density p(7) is given. as a function of
the scattering vector g, by :

AQ) = [ph e dT
4t sin © .

where [g| = 7 the Bragg angle 8 is half the
scattering angle, £, and A the wavelength of the X-ray
; |

A

radiation. At small angles |g| = 2%t —. Different sym-

bols are used in the literature for the scattering vector
(7. k. B or h). In some cases the SAXS intensity is
given as a function of the scattering angle (€ < g).

Instead of the amplitude A(), the function whict: is
obtained from experiments is the scattered intensity

I@:

(@) = |A@)I*

The scattering intensity I(g) from isotropic systems is
related to the Fourier amplitude n(k.r) of the composi-

tion fluctuations of classical theories and to the struc-
ture function S(k.1) of statistical theories by :

- Kq.n) = ntk.nf? [10!

and
l{q.1) = S(k.1) - {11]

for g (modulus of the scattering vector) = k (wave-
number of the composition wave).

It is apparent from equation {10] that the original
theory of Cahn (equations 4 and 5) can be tested di-
rectly with SAXS data. The cniteria are :

a) Maxima in the I(q.r) vs g curves, for different 1, at
constant ¢ = 4,,.

b) Exponential growth of 1(q.f) as a function of 7 or
hineanty of log Kq.t) vs t plots, for different g.

¢) Cross-over of the SAXS curves {(g.1). for differnt
ratq = Vig,

These cnteria are summarised in figure 4.

The existence of a maximum in the SAXS curve is
also expected for systems within the nucieation and
growth region of the miscibility gap. The maximum
may be due to interferences of the scattered waves
from different droplets in dense systems or to the
complex structure or the segregation *'particles’” (dro-
plets and surrounding depleted zones) in dilute sys-
tems. as described by Guinier (1964). Therefore. ac-
curate SAXS data are necessary to establish the narre
of the mechanism of phase separation.

Equation [11] allows an experimental test in real
systems of the simulation results (equations 8 and 91.

The conditions to be satisfied experimentally are
!

i} Dynamical scaling, i.e. invanance of the product
[¢,(n]® Uglq,.t) = Figlq)) [12]

where |
[ qig.n dg

Nin = [ 1(q.0) dg
t1) Lineanty of log q, vs log 1 plots.

The above mentioned conditions are schematicalh re-
presented in figure 5. More detailed, critical. tests
should include the comparison of theoretical and expe-
nmental results as a function of composition and tem-
perature.
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IV. - ELECTRON MICROSCOPY RESULTS

In the following survey of results only a selection of
references is given. For more comprehensive lists the
reader 1s refered to the reviews by James (1975), Uhl-
mann and Kolbeck (1976) and Tomozawa (1979).

IV.1. - Earlier work

Some of the earliest kinetics studies were those of
Ohlberg et al. (1965), Haller (1965) and Moriya ef al.
(1967). Ohlberg er al. (1965) found, using surface
replicas, that the average radius of the silica rich dro-
plets Fin a 13 Na.O - 11 Ca0 - 76 SiO,* was propor-
tional to 1'2 (¢ is the duration of the neat treatment at a
given temperature), indicating growth controlled by
diffusion. This result was confirmed by companson of
light scattering data with the theory of scattering for
diffusion controlled phase separation (Goldstein,
1963). Also light scattering measurements on a CaQO-
Al.U;-B.04-S10, glass (Hammel and Ohlberg, 1965)
indicated that compositional gradients occurred around

the srowing droplets in agreement with the theory of

diffusion controlied growth. It appears that these studies
were concemed with the early stage growth of the
Jroplets before the onset of coarsening. Monya ef al.
(1967) studied the phase separation in a number of
binary and ternary alkali silicate glasses using TEM of
replicas and thin glass films. The average radius of the
droplets r was proportional to ' indicating a later
stage diffusion controlled coarsening. Little could be
inferred about the initial mechanism of separation.

IV.2. - Studies of later stages (coarsening)

A very thorough quantitative study of late stage
coarsening was made by McCume and Douglas
(1967) for a 1 K,O - 26 LiO, - 73 SiO, glass. Glass
sample< were 1sothermally treated at varnous tempera-
tures for a senies of imes and examined usm surface
replicas. The relations 7 o 1//*, N, o« 1~ S-,- oc ¢~ /3
and V, = constant were observed, as predlcted for
diffusion controlled coarsening (7 o r”3 since experi-
mentally 7 => #,). The growth rates for various parti-
cle stzes were in pood agreement with theory.

A detailed study of particle coarsening in a 30 Li-O
- 70 $10, glass and m P,O.-Li,O-S10. glasses was
made by James and McMillan (1970). Instead of re-

* All compositions are given in mole %.
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plicas, thin samples of the glasses were prepared from
bulk matenal by chemical thinning. The true size dis-
tributions of parsticles were detenmined from the apna.
rent size distnbutions on the micrographs, using ste-eq
pairs of micrographs to determine tne thickness of the
thin films directly. The size distributions were in ge.
neral agreement with theory although some deviations
from theory were apparent. However there was very
little systematic change in the shapes of the distnby.
tions with time, suggesting that the equilibrium shape
of the steady state size distnbution was achieved at an
early stage in the coarsening process. Values of 7, N,

and V, were also determined from the mtcmgraphs

The initial separation was essentially compiete after 3
very short peniod. as observed in other studies,ang
therezfter the particles coarsened with 7 « ¢ and N,
o 1~ 1 as observed for other compositions. One a:v.n-
tage of the thin foils over replicas is the better resolu-
tion, which is particularly useful for studying distribu-
tions of very fine droplets. The effect of adding P,
to the lithia-silica system is to produce a higher degree
of connectivity in the phase separation due to the grea-
ter volume fraction of the silica nch phase. This effect
can be attnbuted to an increase in the immuscibility
temperature (Monya, 1971 ; Tomozawa, 1971) and
may aiso be connected with a tendency of P,Oq to
associate with Li,O in the continuous lithia nch phase
In these glasses.

Studies of particle coarsening using & XS
(Zarzycki and Naudin, 1967 ; Neilson, 1972), have
also shown that » « ¢, indicatine difiusion controlied
coarsening in agreement with the TEM work.

Mahoney er al. (1974) have examined the kinetics
of coarsening of a highly interconnected microstruc-
ture, in a study of the effect of phase separation on the
viscosity of a sodium borosilicate glass. To characte-
rize the ‘‘scale’’ of the separation, a ‘‘correlation
length’” A was defined which was related to the ave-
rage distance between boundaries d measured from
replica electron micrographs (A = 0.63 d). They
found that A> o r, where ¢ is the heat treatmen’ e,
demonstrating that the kinetics of diffusion con: olled
coarsening of a highly interconnected microstructure
obeys the same power law as that of a distribution of
discrete spheres.

IV.3. - Phase separation in the soda-lime-silica

system

Important studies using TEM were camed ¢ ! of
the temary soda-lime-silica system by Ohlber and
Hammel (1965), Hamme! (1967) and Bumet and
Douglas (1970). Immiscibility temperatures (T,,) were
determined for compositions between 50 and 85 St0; %
by observing the temperatures above which Opalcscﬂ‘
samples “‘cle:
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Bumett and Douglas (1970) very carefully examin-
od the errors associated with the TEM repiica method.
Thev found that the etching fime (prior to depositing
the surface carbon layer) has a marked effect on quan-
titative measurements. Thus excescive etching caused
serious errors in the measured values of Ny and V,.
However by using controlled light etching these errors
were small.

Two compositions were studied in detail by Bumett
and Douglas : glass 80 (10 Na.O - 10 CaO - 80 SiO,)
and glass 75 (12.5 Na,O - 12.5 Ca0O - 75 $10,). Glass
80 was representative of compositions well within the
region of immiscibility and just below T, separated
very rapidly into droplets which coarsened according
to F < '3, At lower temperatures this glass produced
s more connected microstructure. The scale of separa-
ot increased with time but the degree of connectivity
decrcased, showing that the structure was tending to-
wards a configuration of mimmum interfacial area,
i.e. a collection of spheres. From the replicas V, was
constant with time but Sy o r~ 7 indicating volume
diffusion controlled coarsening (Haller, 1965).

* Glass 75 had a lower T,, than Glass 80 and separat-
ed sufficiently slowly as droplets, to enable the early
stages of separation to be studied. It was possible to
determine the rate of nmucleation of droplets by heating
glass samples at temperatures within the nucleation
range for various times followed by a ‘‘development’’
heat treatment just below T, to grow the particles
which can be then studied by rephca TEM. The nu-
cleation rate of droplets just below T, at the develop-
ment temperature was negligible. The results showed
that the nucleation rate was not constant but increased
with time until a steady state constant value was ob-
tmned after a certain induction period, in agreement
with the work of Hammel (1967). According to theory
(Zettiemoyer, 1969) this behaviour arises from the fi-
mite time required to achieve a steady state distribution
of subcritically sized embryos in the glass. Such tran-
sent nucleation effects become progressively more
Important at lower temperatures as the transformation
range 15 approached and have been observed also for
(ystal nucleation (James. 1982).

" At constant temperature the droplets in glass 75
grew initially with 7 = 7' but at longer times ¥ « '3
This is expected for diffusion controlled growth fol-
lowed by coarsening. The onset of coarsening corres-
ponded to an approach to a constant volume fraction
V,. The number of droplets N, increased initially due
© nucleation but reached a maximum and then de-
Ceased due to coarsenmng. In contrast, for glass 80
“paration occurred much more rapidly and only the
Qarsening stage was observed.

~ Very similar results have been obtained by Neilson
(1972) who used SAXS to study the early growth and
;‘T coarsening of droplets in a Na,O-510, glass.

IVA. - Comparison of experimental nuocleation
rates with theory

The work of Hammel (1967) is worthy of particular
note since 1t represents one of the few attempts to test
classical homogeneous nucleation thcory quantitati-
vely (equation |). Hamme! determined nucleation ra-
tes of droplets in a 13 Na,O - 11 Ca0 - 76 S, glass
compositon, ncar the edge of the miscibility gap
where the classical theory should apply, using replica
electron micrographs of samples heated for vanous
times at temperatures below T, . AGy (see equation 1)
was calculated at vanous undercoolings by fiting a
thermodvnamic model tn the experimental miscibility
gap data. By measuring the vanation of solubility
temperature with particle radius, a value of
4.6 m] m™? was found for the mnterfacial energy o,
and AGp was obtained from measured particle growth
data. When th=se values were substituted in equation
[1]. the calculated nucieation rates were within an
order of magnitude of the expenmental results. This is
good agreement but does not constitute a critical test
of the classical theory, as was pointed out by Ham-
mel. Thus there are uncertainties in the calculation of
AGy using thermodynamic models and only a small
error in the value of AGy would alter the caiculated
nucleation rates very considerably, since J is very sen-
sitive to the value of AG,, (and also 0).

For more cnitical tests of the classical theory of
homogeneous nucleation, 1t is necessary to consider
systems other than glasses. A thorough expernimental
test was carmned out by Heady and Cahn (1973) in the
CH,,-CF,, hquid-liquid muscibility gap system. A
large discrepancy was found between classical theory
and expeniment for a wile range of initial composi-
tnons. For example, the observed undercoolings below
T, for detectable nucleation were much greater than
predicted by classical theory (typically four times
those predicted). Heady and Cahn (1973) could not
expiam the discrepancy either in terms of heteroge-
neous nucieation or by using the diffuse nucleus
theory of Cahn and Hilliard (1959), and concluded
that their result challenged the basis of classical

theory.

Recently James (1982) reviewed the evidence on
crvstal nucleation in glasses and concluded that the
classical theory gave a sdtisfactory explanation of
many of the experimental results as for exampie the
general dependence of nucleation rate J on temperature
and composimion {equation |). However, there are cer-
tain quantitative discrepancies between experimemnt
and theory which are still unresoived.

One of the main obstacles to experimental tests of
the classical theory in silicate and borate systems exhi-
biting hquid-liquid immiscibility is the present lack of
sufhiciently accurate thermodynamic data (AG, va-
lues). There s considerable scope for further expen-
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mental work similar to that of Hamme! (1967) and
Bumett and Douglas (1970) but in simpler binary sys-
tems such as L1,O-Si0,or Na,O-Si0,, provided accu-
rate thermodynamic free energy data can be obtained
for these systems.

IV.5. - Other evidence for phase separation me-
chanisms

The highly interconnected microstructures revealed
in many phase separated glasses by electron micro-
scopy was taken as evidence, in many earlier studies,
for spinodal decomposition. The morphologies ap-
peared very similar to the in‘erconnected morpholo-
gies predicted theoretically for spinodal decomposition
using computer modelling (Cahn and Charles, 1965).
However it is now clear that morphology alone is not
a sufficient criterion to decide the mechanism. Haller
(1965) has shown that an interconnected microstruc-
ture can be produced by classical nucleation leading
to a distribution of discrete spherical particles,
which then grow radially until impingements occur.
The mmportant guantities goveming interconnectivity
are then the volume fractions of the two phases ; the
closer they are to 50 % the greater will be the ten-
dency for interconnectivity.

An objpction to the impingement and coalescence
of particles based on the theorv of diffusion controlled
growth ha. be-r advanced. Thi< and counter argu-
ments suggcesnn: po.sible mechanisms of impinge-
ment are fvily discussed by James (1975) and Uhl-
mann and Kolbeck (1976).

The intersecting growth mode! of Haller has receiv-
ed support from the work of Seward er al. (1968) who
examined thin films of Ba0O-510, glass which had
been vapour deposited on a cold substrate. The films
were electron beam heated and the separation process
was observed directly. For compositions near the cen-
tre of the miscibility gap. fine isolated droplets (30-
50 A diameter) were observed during the eariy stage.
However at a later stage two interconnected phases
were observed. This appeared to indicate nucleation
and intersecting growth for a composition within the
spinodal region. However these observations cannot
be regarded as conclusively against a spinodal decom-
position mechanism. With an electron microscope it is
difficult to determine if very fine *‘droplets’” (< S0 A
diameter) are really discrete particles with sharp inter-
faces or are more gradual compositional fluctuations.
Also. observations of morpholygv alone, even when
obtained as a function of time. may be of limited
value mn deciding the mechanism. especially if the
temperature of heat treatment is not far below the
spinodal. Here fluctuations rapidly sharpen and begin
10 coarsen and the process 1S not readily distinguished
from nucleation and growth.

An attempt to overcome these difficulties and y
distinguish between nucleation and growth and spino.
dal decomposttion using replica electron micrcscopy
has been made by Snnivasan er al. (1976). They sug.
gested that for nucleation and growth the volume fruc.
tion transformed should increase with time, but {or
spinodal decomposition the volume fraction V, would
tend to decrease with time. Thev studied the eariy
stages of separation in a sodium borosilicate glass in ;
composition near the centre of the miscibility gap. for
which the immiscibility temperature T,, was abouy
5 °C higher than the spinodal temperature T, Replica
micrographs indicated that for temperatures between
T, and T, the volume fraction increased with time
(suggesting nucleation and growth) and for temperat-
res just below T, the volume fraction decreased with
time (suggesting spinodal decompositon). This ap-
pears an interesting approach, but has been critici; od
by Uhlmann and Kolbeck (1976) and Tomorawa
(1979) on the grounds that volume fractions determined
from replicas are influenced by the etching conditions
(Bumett and Douglas, 1970). Hence uncertainties
could anse for the early stages of spinodal decomposi-
tion when the compositions of the separating phases
(and their etching behaviour) are changing with ime.

Tomozawa (1978 and 1979) has suggested an enti-
rely different approach to distinguish the above
mechanisms. He measured various properties such as
viscosity and chemical durabtlity as a function of hea
treatment time for glasses undergoing phase separation
inside the spinodal region. He interpreted the results
in terms of a simultaneous gradual composition vans-
tion of both phases. indicating that spinodal decompo-
sition was taking place,

V. - EXPERIMENTAL SAXS STUDIES

V.1l. - Comparison of experimental results - ith
the theory of spinodal decomposition

SAXS studies of many phase separated glasses have
been reported. Nevertheless. two svstems have receiv-
ed particular attention from a number of authors : the
PbO-B.O, system containing minor additions of Al-O,
and the Na,0-SiO. system. PbO-B.O, glasses were
chosen because of the high electronic contrast produc-
ed by the chemical heterogeneities. The addition of

some AlO, is necessary to reduce phase separ tion

dunng the quenching.

Zarzycki and Naudin (1969) studied 4 AlL.O. - 7

PbO - 89 B,O, glasses duning phase separation &
350 °C and 450 °C. The scattering curves from the
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specimen heat treated at 350 °C, showed a maximum
g constan: g for the early stages of decomposition.
pisplacement to lower ¢ was observed at more ad-
vanced stages. The lineanty of the log I(q.1) vs 1 plot
was found in the early stages, but a single cross-over
point of the SAXS curves was not found. A glass of
gmilar composition was also studied by the same
guthors (1971) by *‘in-situ’’ heat-treatment. The re-
pgrted f(g.r) vs 1 curves show a sudden increase in the
arliest stages and, consequently, a clear deviation
fom lineanty of the log I(q.t) vs ¢ plot. The linear
behavior was vernified for the later stages. According
o these authors their borate glasses were quenched at
s rate high enough to retain the quasi homogeneous
high temperature structure. Zarzycki and Naudin ar-
sued that the deviations from the Cahn theory may be
due 10 its intrinsic inadequacy to describe phase sepa-
ation cven in the early stapes.

Snimivasan et al. (1973) also studied a Al.O,-PhO-
B0, glass. Thev did not find the cross-over point
wedicted by Cahn theory. They attnibuted this absence
o thermal fluctuations in composition (Cook. 1970).
These authors observed secondary peaks in the scatter-
ng curves which they associated with contnbutions
frorn higher harmonics of the spinodal wavelength.

Another SAXS studv with “‘in-situ’’ heat treatment,
m a 4AL0O;-5Pb0O-91B.0, glass was camed out by
Crarevich (19755h). His expennmental results confirmed
that the position of the maximum of the SAXS curves
&d not change in the early stage. Deviations from
imeanty in the log I(g.r) vs 1 plots were also found for
the very early stage and no definite cross-over point
vas observed. A ume constant SAXS iniensity was
found for the I(g.7) vs ¢ plot in the high ¢ domain. The
deviations from linearity of the log 1(g.1) vs r curves
were explained in terms of structural relaxation dunng
B very first stage of phase separation (Craievich,
1975a).

*

A SAXS study of binary Na.O-SiO. glasses was
made by Neilson (1969) in two samples containing
Wproximatelv 13 % Na,O. One of the glasses was
pidly quenched and the other cooled at a lower rate.

SAXS curves showed a maximum at a constant
?= g, value for the first stage of phase separation
®d a Jowering of ¢, .n the more advanced stages.

log Itg.n) vs 7 plot was linear for the verv early

Rge. A well defined cross-over point of the SAXS

Wves was found for the glass gquenched at the lower
e b, surprisingly. no cross-over was observed in
% more rapidly cooled glass. Neilson (1969) puinted
M that the initial state of the plass can affect the
Anetics of phase separation. The observed deviauons
| Cahn’s theory werc attributed to a competitive

L‘Chanism of nucleation and growth.

Another study of Na.O-Si0. glasses of similar
composition was camed out by Tomozawa er al.
(1970}. The log l{(g.f) vs r plots were not lincar. The
curves obtained were approximated by several straight
lines. In the early stages. the amplification factors
R(q) showed two peaks, instead of one as predicted by
Cahn's theory (equation 5). Only one peak was found
in the later stage. These experimental observations are
not compatible with the linear theory of Cahn. Tomo-
zawa et al. (1970) showed that therr results can be
described by the late stage non linear solution of
Cahn’s equation (De Fontaine, 1967) and thev sug-
gested that in practice the early stages cannot be ob-
served in the Na.O-Si0O- system.

These experimental studies have i common that
for the early stages they show only a qualitative agree-
ment with the theory of Cahn. The g, values. asso-
ciated with the maximum of the scattenng curves.
were found to be approximately independent of time
and. disregarding the very first stage of separation, a
linear dependence of log 1(g.1) on 1 was observed. In
general, the experimental dependence of Rig) showed
clear deviations from the theoretical predictions and
no definite cross-over point was found. It should be
stressed that each author used a different argument to
Justify the deviations from the onginal theory of
Cahn. These arpuments are related to contributions
from : statistical fluctuations in compesition, non li-
near terms, structural rejaxation and competitive nu-
cleation and growth mechanism These additions to
the hnear equation of Cahn jpstified qualitatively the
observed deviauons from theory. Nevertheless no uni-
fied quantitauve theory was used to explain the SAXS
results.

V.2. - Comparison of SAXS experiments with st-
tistical theories

Recently. Craievich and Sancher (1981) analvzed
expenmental SAXS curves of a 4 ALO, - § PhO -
91 B.O, glass. heat treated at 450 °C for differem
times, in terms of the predictions of the statistical
theones. These expenimental curves correspond to a
glass 1in advanced stages of phase separstion The
piots of [g,(N] Sig.n vs g/q, for differemt times r.
showed a good quantitative agreement with the scaling
relation (equation 12). The log q,(n vs log 1 plot has
the predicted linear behavior giving an exponent a of
0.23 (see equation 9). in agreement with the computer
stmulation caiculations for the centre of the miscibility
gap. This quantitative agreement berween the compu-
ter simulation calculations for a model allov and the
expenmental SAXS results suggests that the statistical
theory of phase separation is valid in glasses.



V1. - EXPERIMENTAL STUDIES _

OF THE EFFECTS OF AMORPHOUS PHASE

SEPARATION ON CRYSTAL NUCLEATION
AND GROWTH

V1.1. - Amorphous phase separation and crystal
npucleation

There are many experimental studies on the rela-
tionships between phase separation and crystallization
(especially nucleation) but only a number of the most
important will be discussed. In a review on catalyzed
crystallization of glass, Stockey (1959) suggested that
liquid phase separation could help subsequent crystal-
lization because homogeneous crystal nucleation could
occur in one of the separated amorphous phases. In
much of the earlier work, complex composibons were
used and only qualitative studies with optical and elec-
tron microscopy were carried out (see for example
Vogel, 1971). Excellent micrographs showed crystals
growing in the amorphous matrix or within the dro-
plets. but no positive evidence of crystallization start-
ing at the interfaces of the amorphous phases was ever
presented, although some authors have claimed such
evidence.

The first quantitative attempts to test the relation-
ships between amorphous phase separation {APS) and
crystal nucleation and growth were by Harper er al.
(1970) and Harper and McMillan (1972) with glasses
of the Systems LIIO'SIO: and LizO'P:OS'SiOZ. They
observed that the finest crvstals were produced In
glasses which contained both P,Os and a phase sepa-
rated microstructure. In later work McMillan (1974)
studied the crystallization of a 1P,0s-30Li,0-69510,
plass. Specimens were nucleated at 550 °C from 0.1
to 6 hours and *‘developed’” at 750 °C for 1 hour. A
maximum crystal nucleation density was found for 20
minutes of heat treatment at 550 °C. There was no
simple correlation between this observation and the
phase-separated microstructure, since the number den-
sity of amorphous particles and the total interfacial
area decreased throughout the heat treatment perniod.
This result did not support the idea that the interface
of the amorphous particles provides nucleation sites
for subsequent crystallization,

Studving a 28.6Li.0O-71.45i0, glass, Nakagawa
and Izumitani (1969) observed that the difference in
the number density of Li,0.2Si0, crystals formed in a
previously phase separated specimen and 1n a quench-
ed specimen was negligible, For a 9.5L1,0-22.5TO,-
68Si0)- glass, micrographs showed lithium titanate
crystals around the amorphous droplets. These crystals
apparently acted as nucleation sites. These authors
concluded that crystal nucleation was indépendent of
amorphous phase separation.
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A very detailed study was carried out by Tomozaw,
(1972) who compared the kinetics of amorphous sep,
ration for Li0,.-Si0, glasses with the nucleation of
lithium disilicate crystals as a function of temperaur.
and time. The nucleation rate of crystals, mn a 2l
outside the immiscibility gap was constant wit:1 time,
but for glasses inside the gap 2 marked increase in
crystal nucleation rate was observed in the initial stage
of amorphous phase separation. This increase was .
tributed to the presence of a diffusion zone (depleted
in silica) surrounding the silica-rich droplets, which
acted as a favourable site for crystal nucleation by
lowering the effective surface energy. Straightforward
heterogeneous nucleation did not provide a compiet
answer since the period of enhanced crystal nucleation
at a given temperature did not correspond to the pe.
riod during which the interfacial area of the liqui
droplets attained a maximum.

A similar study was made recently by Zanotto and
Craievich (1981) using splat cooled glasses and 3
more rigorous technique for measuring crystal nucles
tion densities. Although the general conclusions were
in agreement with Tomozawa's work, the observed
increase in crystal nucleation rate was smaller. t was
also shown that the crystal nucleation density (N,) vs
time curve for glass samples previously phase separat-
ed at 500 °C and then nucleated at 475 °C was diffe-
rent from that of non phase separated quenched sam-
ples nucleated at 475 °C. These results did not agree
with those of Nakagawa and Izumitan (1969).

Matusita and Tashiro (1973) determined th_ effed
of a series of oxide additives on the crystal nucleation
and growth of a Li;0.SiO, glass. They showed that
the nucleation rate was inversely proportional to the
viscosity of the glass, except for additons of P,O, md
VEO_:,. Thcy also Suggcstcd that PIOS and V:Oj -
fluenced the nucleation kinetics by inducing Liquid
phase separation.

Matusita er al. (1974) examined the effect of oxik
additions (RO,) on the crystal nucleation and growth
kinetics of Li,0.28i0, crystals in Li;0.35i0 (RO)
and Li,0.25i0, (RO,) glasses. The ratios f e
number of crystals between glasses Li,0.3SiC. RO
and Li-0.2Si0, (RO,) and also the ratios of the 0¥
tal growth rates were shown 1o increase with To. the
immiscibility temperatures of the Li,0-35i0, (RO
glasses. The results were partly explainable on the
basis that immiscibility in the higher T, glasses p*
duced a liquid phase closer to the Li,0.25:0, compo
sition. However, the growth rate ratios were alway’
less than the nucleation rate ratios. From the classt
nucleation and growth theories they showed that ™
cleation rates should be more sensitive than o€
growth rates to composition shifts in the mat "< P
duced by phase separation. Thus, the nucleatic 130%
should be lower than the growth ratios. It wa> S
gested that the nucleation ratios in the phase sc
glasses were higher than expected because

!.
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wcleated at or near the interfaces between the two
glassy phases.

Hautojirvi et al. (1978) studied Li,0-S10, glasses
vith positron life-time. annihilation iine-shape and
dectron microscopy. They showed that phase separa-
son :ncreased the number of crystals and the rate of
volume crystallization.

_ Another very extensive study was camed out by
gamdsen (1977). He studied the nucleation kinetics of
e barium disilicate crystal phase for glass composi-
sons in the range 25 to 34 % BaO. Three sets of
specimens from a glass containing 25.3 % BaO (and

pving a miscibility temperature T,, of 1.140 °C) were

prepared as follows : glass A was rapidly cooled In
dr, glass B was heated at 800 °C for 1 hour and glass
¢ was heated at 900 °C for 10 minutes. Thus resulted in
dree glasses in which the number and size of the
exsol ved SiO,-rich droplets were compietely different.
Then. all the glasses were nucleated at 700 °C for
various times and given a crysial growth treatment at
240 °C so that the number densities of crystals could
be determined by optical microscopy. The effects of
he different heat treatments prior to the crystal nu-
deation treatments were striking (nucleation produced
in the pnor treatments was negligible compared with
erystal nucleation at 700 °C). The crystal nucleation
rate was significantly higher in glass B than in glass C
or A. This was atributed to the greater degree of
phase separation initially present in glass B and hence
o the significant shift in matrix composition that had
siready occurred in this giass.

Estimations of the interfacial area per unit volume
of the phase separated glass. using replica electron
microscopy. showed that this quantty changed only
very slowly at 700 °C for glasses A. B and C. How-
ever, the crystal nucleation rates changed considerably
vith time at 700 °C indicating that the interfacial area
was not affecting crystal nucleation directly. Also the
mmber of droplets per unit volume in glass A was
shout ten times greater than in glass C, but initially A
had a crystal nucleation rate less than, but similar to
C. It was concluded that the morphology of the phase

sparation had little or no influence on crystal nuclea-
on.

The importance of compositional shifts due to li-
quid phase separation in the bara-silica sys«cm has
recently been confirmed by Zanotto (1982). The kine-
- tics of amorphous phase separation in baria-silica glas-
®s with well characterized impunty contents were

studied by SAXS and TEM and related to the kinetics

nd morphology of crystal nucleation and growth de-
emmined by quantitative optical MICrosScopy and
TEM. Zanotto used various crystal nucieation iempe-
Mtures higher than 700 °C (Ramdsen used 700 “C).
Amorphous phase separation caused a marked tn-
fease in crystal nucleation rates with time due to
Pradual compositional changes occurring in the bana-

highest nucication ‘rmcs were observed tn the stmc'rn-
menic Ba(.2Si0- glass, which did not phasc sepa-
rate. ) :

Zanotto (1982) has also observed the compositional
effect of phase separation on crystal nucleation rates
in the Li,0.SiO, system. However, the nuclecation ra-
tes in phase separated glasses were higher than in the
stoichiometric Li,0.2S8i0, glass, tn contrast 1o the
BaQ.SiO- system. This was shown to be due tc the
crystallization of a solid-solution phase in the phase
separated Li,0.Si0, glasses rather than the stoichio-
metric Li,0.28i0, crystal phase.

Again, no correlation was found .between crystal
nucleation and phase separation morphology in the
lithia-silica and baria-silicu systems. However, there
was some evidence of a small additional nucleaton in
the early stages of phase separation sirular to that
observed by Tomozawa (1972) in the lithia-silica sys-
tem. and possibly due to nucleaton in the diffusion
zones around the droplets, as described earher.

VI.2. - Amorphous phase separation and crystal
growth

Before ing it is convenient to consider very
briefly the theory of crystal . There are vanous
possible mechanisms for crystal growth but the sim-
plest applicable to glass systems is the ‘‘normal’
growth mechanism. in which the growth rate at a gi-
ven temperature is constant and controlied by the ato-
mic movements near the crvstal-melt imerface. At
high undercoolings below the meltung point (which is
most relevant to the present discussion) the growth
rate v can be expressed in the form

v = B exp (~AG p/kgT) [13]

where B is essentialiv a constant and AG'y, the acova-
tion free energy for atomic transport across the inter-
face (kinetic barrier). AG'p can also be expressed as
AH’B — TQS'[, where .&H'D and ﬁS'D are the en-
thalpy and entropy of activation, respectvely. Thus a
plot of log v vs 1/T will yield a straight line of siope
AH'p/kg according to equation [13]. It should be not-
ed that AG'y, is not necessary identical to the kinetic
barrier for nucleation (AGp) in equation [1]. A review
ofcrystalgmwmmglasscsisgivenbyUhlmnn
(1971).

Phase separation can affect crystal growth rates.
However. experimental studies on the subject have
vielded conflicting results. Some authors suggested
that ‘*mechanical”” interference could occur between
the growing crystals and amorphous droplets resulting
in an overall decrease in growth rates (Harper and
McMillan, 1972).

Ogura et al. (1968), Tomozawa (1973) and
Kommpa (1981) have measured the crystal growth
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rates v, and activation enthalpies, AHb in several
Li-0.Si0, glasses with compositions inside and out-
side the miscibility gap. These studies show that, for
all glasses inside the gap. both crystal growth rates
and activation enthalpies are very similar. r'or glasses
outside the gap the crystal growth rates and activation
enthalpies increased as the stoichiometric Li,O.2510,
composition was approached (with increasing Li,O
content). These results demonstrate that the composi-
tional shifts caused by the amorphous phase separation
have a marked influence on the growth of Li,0.2810,
crystals. Otherwise, the crystal growth rates in the
several phase separated glasses would be different due
to differences in initial compositions (and diffustvities)
of the parent glasses.

Ramdsen (1977) made a study of crystal growth in
phase separated and homogeneous BaO-510, glasses
He showed that induction periods were caused by a
change in growth morphology and crystal form, from
spheres to rapidly growing needles nucleated at the
sphere-glass interfaces. The induction time decreased
with rise in temperature. Phase separation increased
the growth rates due to an accompanying shift in com-
position of the BaO-nich phase during heat treatment.
This shift also caused an apparent reduction mn the
measured activation enthalpies for growth in the phase
separated glasses. The morphology of the two liquid
phases had no influence on crystal growth rates.

Schercr and Uhimann (1976) in a detailed study of
the crystallization kinetics of cnstobalite in Na.O-S10,
glasses with 1.5, 10.0 and 15.0 % Na,O tound no
significant effect of phase separauon on crystal growth
kinetics. This work was later cnticized by Tomozawa
(1979) who repiotted the data of Scherer and Uhimann
for the glass containing 10.0 % Na,O in the form
log v versus 1/T. A kink at 845 °C, approximately the
same temperature as the immiscibility temperature for
that glass, was clearly observed. Thus, the phase se-
paraton did appear (o influence the crystal growth
rate.

VII. - CONCLUSIONS

After the initial stage of phase separation the kine-
tics of coarseming of both droplet and interconnected
microstructures are well established and in general
agreement with theory,

In the region between the spinodal and binodal
boundanes and, in particular, close to the binodal the
results are consistent with a classical homogeneous
nucleation mechanism. However, there is scope for
further gJuantitathve work on nucleation kinetics n
simple bmary systems to test the predictions of the
classkcal theory of nucleation.

TEM studies of glass compositions within the spi-
nodal region of the miscibility gap have so far yielded

conflicting results and srinodal decomposition has ney
been conclusively demonstrated by TEM alone.

It is clear that morphological observations by them.
selves are inadequate for determining the mechanism,
of amorphous phase separation. Furthermore, high ip.
terconnectivity in the later stages of separagon is not ,
sufficient critenion for spinodal dJdecomposttion by,
may arise also from nucleation and intersecting
growth. Here the equilibrium volume fraction of the
phases has a very important influence.

The SAXS studies of phase separating glass sys.
tems, within the spinodal region of the miscibilin
gap, are in qualitative agreement with the classical
model of spinodal decompositon according to Cahn
Nevertheless, quantitatively there are clear deviations
from the predictions of the onginal theory. These de.
viations have been only qualitatively explained in eac,
case on the basis of different contnbutions to the clas

sical model.

Most of the published studies on phase separation
have dealt with crystalline solid solutions which gene-
rally show anisotropy of the structure function in the
advanced stages of segregation. Thus glass systems
seem to be better candidates for testing the validity of
the statistical theonies because of the absence of aniso-
tropic effects. The only reported quantitative compar:-
son of experimental SAXS data with the statistical
theories showed a remarkabie agreement. A closer
experimental test of the validity and generality of the
scaling properties in glasses will require a sy<:.matic
study of binary systems for several compositi:ns and
temperatures, and more accurate SAXS measure-
ments. SAXS studies using a X-ray beam with point-
like cross-section (instead of linear cross-section) and
‘*in-situ”’ heat treatment of the specimens., may fur-
nish experimental data with higher precision than pre-
viouslv reported. The increasing availability of ‘ugh
intensity beams from synchrotron radiation sources
will help to perform experiments satisfying these
conditions.

At present, there is growing evidence of er - anced
crystal nucleation in certain glasses undergoir iouid
phase separation. From recent detailed work ¢ Crys
tal nucleation kinetics in phase separated and not
phase separated BaO-SiO, and Li,O-SiO, glasses. it 8
clear that compositional shifts caused by phase senarn
tion play a very significant part in increasing crysil
nucleation. It should be stressed. however, that m-
cleating agents have a much more pronounced effect
on nucleation rates, increasing it by 5 or 6 orders of
magnitude in some cases, while the amorphous phas
separation usually produces an increase of less than
one order of magnitude.

It is clear from the reported results that liquiy.-?ifl‘_'id
immiscibility also effects crystal growth rates. Agaf
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ses and of the relation between phase separation and
cryvstal nucleation and growth in glasses will continue

this is mainly due to compositional shifts in the amor-
phous matrix.

For the future. there is no doubt that further studies
of the kinetics of amorphous phase separation in glas-

to be of both fundamental and practical imporance.

REFERENCES

- BURNETT, D.G. and DouGLAas., R.W. (1970). — Liquid-
liquid phase separation in the soda-lime-silica system.
Phvs. Chem. Glasses, 11, 125-135.

CaHN. J.W. (1961). — On spinodal decomposition. Acta
Mer.. 9, 795-831.

CaHN, J.W. and CHARLES. R. (1965). — The initial stage of
phase separation in glasses. Phys. Chem. Glasses, 6. 181.
CauN, J.W. and HnuarD, J.E. (1958). — Free energy of a
. non-uniform svstem. I. Inierfacial free energy. J. Chem.

Phvsics. 28. 258-267.

CaiN, 1.W. and HiLLIARD, J.E. (1959). — Free energy of a
non-uniform svstem. [11. Nucleation in a two component
mcompressible flmd. J. Chem._ Physics. 21. 688-699.

(oox. H.E. (1970). — Brownian motion in spinodal de-
composition. Acta Mer.. I8, 297-306.

CRATEVICH, A. (1975a). — Spinodal decomposition in vi-
treous svstems with relaxing structure. Phvs. Srar. Solidi,
A. 28. 609-612.

CRAIEVICH. A. (19756). — Small angle X-ray scattering
study of phase separation in a B:O;-PbO—ALO; glass.
Phvs. Chem. Glasses, 16. 133-138.

CrAIEVICH, A. and SANCHEZ. J.M. (1981). -— Dynamical
scaling in the glass system B.O;-PbO-Al.O;. Phvs. Rev,
Lent., 47, 1308-1311.

pE FONTAINE, D. (1967). — PhD Thesis. Northwestern Uni-
VEersity,

GOLDSTEIN. M. (1963). — Theorv of scattering for diffusion
controlied phase separations. J. Appl. Phvs., 34, 1928-
1934,

GuINiER, A. and FOURNET, G. (1955). — Small Angle Scat-
tering of X-rays. Wiley. New-York. Chapter [.

GUINTER, A. (1964). — Théone et Technique de la Radio-
cnstallographie. Chap. 13, Dunod. Pans.

GuNTON, J.D. (1981). — The coarse graining procedure in
the theorv of spinodal decomposition. Lecture notes, Nu-
cleation Workshop. Les Houches.

HALLER, W. (1965). — Reamangement kinetics of the
licuad-liquid tmmiscible microphases in alkali borosilicate
meits. J. Chem. Phvs.. 42. 686693,

HamMmEL, J.J. (1967). — Direct measurements of homoge-
neous nucleation rates 1n a glass forming system. J.
Chem. Phvs., 46, 1234-2244

HAMMEL. J.J. (1969). — Nucleation in glass torming mate-
rials, Chapter IX in Nucleation. Ed. Zettlemover A.C..
M. Dekker. New York. ~.

HamMEL . J.J. and OHLEERG. S.M. (1965). — Light scater-

ing from diffuxmn controlled phase separation in glass. J.

HAUTOIARVI, P., VEHANEN, A., KOMPPA, V. and PajanwE,
E. (1978). — Crystallizaton and phase-separation of
Li-O-5i0, glass. J. Non-Crvst. Solids, 29, 365-381.

HeEaDY. R.B. and Capn, J W, (1973). — Expenmental test
of classical nucleation theory in a hiquid-higquid miscibility
gap svstem. J. Chem. Phvs., 58, 896-910.

James, F.F. (1975). — Review ; Liquid-phaee separstion in -
glass-forming systems. J. Matrer. Sci., 10. 1802-1825.

Jamtis, P.F. (1982). — Nucieation in glass forrming systems

- - A review. To be published in Advaces m Ceramcs 4,
Amer. Ceram. Soc., Colombus. Ohio. USA.

JaMes, U F. and McMiLLAN, PW_ (1970). — Quantitative
measurements of phase separation in glasses using trans-
mission elecron microscopy. Part . Experimental techni-
que =end method of analysis ; Pant [1. A stady of lithia-
stica glasses and the influence of phosphorous pentoxde.
Phvsics Chem. Glasses. 1]. (3). 59-63, 64-70.

Koumppa, V_(1981). — Crvstallizatson kmmetxcs of Li-0O-S10-
glasses Proc. Symp. on Phase Transformatson in vitreous
systems, Warwick, UK., p. I.

LANGER, J.S. (1971). — Theory of spmodal decomposition
in allovs. Annals Phvs.. 65. 53-86.

LirsHITZ, 1M, and SLyozov, V.V, (1959). — Kinetics of
diffusive decomposition of supersaturated solid solutions.
Sov. Phvsics JETP. 35. 331-336.

MAHONEY. R.. SrinMivasan, G.R.. MaCepo. P.B., NaroL
TANO, A. and SIMMONS, 1. H. (1974). — Effect of subcrni-
tical microstructure on the viscosity of a sodum borosili-
cate glass. Phvs. Chem. Glasses, 15, 24-31.

Marro. J.. Lesowrrz, J.L.. KaLos. M H. (1979). — Com-
puter simulanon of the ume evolution of a guenched mo-
del allov in the nucleation region. Phvs. Rev. Lent.. 43,
282-285.

MaTtusita, K., Maki, J. and TasHiro, M. (1974). — Effect
of added oxides on the crvstallization and phase separs-
tion of Li1.0-3810- glasses. Phvs. Chem. Gia.urs 15,
106-108.

MAaTuSITA, K. and TasHRO. M. (1973). — ERect of added
oxides on the crvstaihzation of L1.O-2Si0- glasses. Phvs.
Chem. Glasses. 14. 77-R0.

McCURrRrie, R.A. and DOUGLAS. R.W. (1967). — Diffusion
controlled growth of second phase particies i a fithwum-
stlicate glass. Phvs. Chem. Glasses. 8. 132-139.

McMiLLax, P.W. (1974). — Phase-separation, cry«ialliza-
tion and microstructure of Glass-Ceramucs. Proc. X Inter-
national Congress on Glass. 14-1. Kvoto.

Appl. Phyvs.. 36. 1442-1447 MORIYA, Y. {197]). — A studv of phase separation and
HarPer. H.. jq.mgs PF. and McMiLLan, P.W._ (1970). , crystalhzation process in glasses. Report Gov. Ind. Res.

— Cnfﬂal nucleation in lithium silicate glasses. Disc. Inst.. Osaka, Japan n” 339, 101 p.

Fumdm Soc. 50. 206-213. Moriva, Y., WarringTON. D.H and DouvGias, R. W,

HarPer . H. and McMILLAN, P.W_ (1972). — The formation
of glass-ceramic microstructures. Phvs. Chem. Glasses,
/3. 97-101.

(1967). — A studv of metastable liqui-hquid immiscibi-
litv 1n some binary and ternary alkah sibcate glasses.
Phvs. Chem. Glasses, 8. 19-25.



184 A F. CRAIEVICH., EE, ZANOTTO, P.F. JAMES

NAKAGAWA, K. and IzvMiTaN, T. (1969). — Relationship
between phase separation and crystallization i Li,O, 2.5
510,, plass and a lithium silicate containing a large
amount of ttanium oxide. Phys. Chem. Glasses, 10, 179-
184.

NERSON, G.F. (1969). — Spinodal decomposition in soda-
silica glass. Phvs. Chem. Glasses, 10, 54-62.

NEILSON, G.F. (1972). — The nucleation process in the
metastable region in a Na,O-Si0, glass. Phys. Chem.
Glasses, 13, 70-76.

OGURA, T., HAayaMmi, R. and KApOTA, M. (1968). — Kine-
tics and mechanistn of crystallization of lithiom silicate
glasses. /. Ceram. Soc.. Japan, 76, 277-284.

OHLBERG, S.M., Gowos, H.R., HAMMEL. ].J. and LEw.
CHOIC, R.R. (1965). — Non-crystalline micro-phase sepa-
ration in soda-hme-silica glass. J. Amer. Ceram. Sco.,
48, 331-332.

OMLBERG, S.M. and HAMMEL, J.J. (1965). — Formation and
structure of phase separated Na,O-Ca0O-SiQ, glass. 7th
Jm.matonal Congress on Glass, Brussels, paper 32.

RAMSDEN, A H. (1977). — Crystal sucleation and growth in
BaO-§i0, glasses. Ph. D Thesis, Shefficld University,

SCHERER, G.W. and UsiMANN, D.R. (1976). — Efiects of
phase-separation on crystallization behavior. /. Non-
Cryst. Solid., 21, 199-213.

SCHOLES, S. (1970). — General discussion. Disc. Faraday
Soc., 50, 222-223.

SEWARD, III T.P., UHLMANN, DR. and TuemnnuiL, E.
(1968). — Development of two phase structure in glasses
with special reference 1o the system Ba0O-S10,. J. Amer.
Ceram. Soc.. 51, 634-643.

SRINIVASAN, G.R., CoLeLLA, R., MACEDO, P.B. and VoL.
TERRA, V. (1973). — Small angle X-ray scamering study
of spinodal decomposition in the B,Oy-PbO-ALO, sys-
tem. Phys. Chem. Glasses, 14, 90-95.

SRINIVASAN, G.R,, SARKAR, A., Gurta, P.K., MACEDO,
P.B. (1976). — Llectron microscope  observations of
phase separation near spinodal boundary in a sodium bo-
rostlicate glass. J. Non-Crvst. Solids, 20. 141-148.

STOOKEY, §.D. (1959). — Glass-catalized crystallization of
glass in theory and practice. Proc. V Isternational
Congress on Glasses, Glast. Ber., 32K, 16.

SUR, A., LErowtTZ, J.L., MARRO, J., KALOS, M.H. (1977).
~— Time evolution of a quenched binary alloy IV Compu-
ter stmulation of a three-dimensional model system. Phys.
Rev. B IS5, 3014-3026.

TASHIRO, M. (1968). — Nucleation and crystal prowth in
glasses. Proc. VIIT Intemnational Congress on Glass, Lon-
don, 113-122.

Tomozawa, M., Mac, CroNE, R K., HERMANN, H. (1970).
— A study of phase separation of Na2,O-S10, glass by
X-ray small-angle scatiering. Phys. Chem. Glasses, 11,
136-150.

Tomozawa, M. (1971). — Effects of oxide agents on phase
separation of simple glass systems, in Advances in Ny.
cleation and Crystallization in Glasses. Amer. Ceram.
Soc.. Columbus, Ohio, 41-50.

ToMOzAWA, M. (1972). — Liquid phase separation ang
crystal nucleation in Li,0-Si0, glasses. Phvs. Chem
Glasses, 13, 161-166.

Tomozawa, M. (1973). — Liquid phase sepacation ang
crystal growth in Li,O-S10, gliss. Pavs. Chem. Glasses
4, 112-113.

Tomozawa, M. (1978). — Compositional changes as evi-
dence for spinodal decomposition in glass. J. Am. Ceram,
Soc., 51, 444,

ToMozawA, M. (1979). — Phase separation in glass i
Treatise on Materials Science and Technology (Ed. . To-
mozawa M. and Doremus R.H.), Academic Press, /7,
71-113.

UHLMANN, D.R. (1970). -— Disc. Faraday Soc., 50, 233-
234,

UHLMANN, D.R. (1970). — Adv. Nucleation and Crystall-
zation in Glasses, American Ceramic Society, Columbus,
Ohio, p. 91-115.

UHLMANN, D.R. and KOLBECK, A.G. (1976). — Phase seps-
ration and the revolution in concepts of glass structure.
Phys. Chem. Glasses, 17, 146-158.

VOGEL, W, (1971). — Structure and Crystallization of Glas-
ses, Pergamon Press, Oxford.

WAGNER, C. (1961). — Theory der Alterung Niedersc-l:eea
duch Umildsen (Otswald-Reifung). Z. Elektrochem . 65,
581-59).

ZANOTTO, E.D. (1982). — The effect of amorphous phase
separation on crystal nucleation.in baris-silica and lithia-
stlica glasses. Ph. D Thesis, Sheffield University.

ZANOTTO, E.D. and CRAEVICH, A F. (1981). — The role of
amorphous phase separation in crystal nucleation in spiat
cooled Li,0-Si0, glasses. J. Mat. Science, 16, 973-981.

ZARZYCKL, J. (1970). — Phase separated systems. Disc. Fa-
radayv Soc, 50, 122-133.

ZARZYCK], J. and NAUDIN, F. (1967). — A study of the
metastable phase separation in the PbO-B,O, system by
small angle scattering of X-rays. Phvs. Chem. Glasses, 8,
11-18.

ZARZYCK1, J. and NAUDIN, F. (1969). — Spinodal de. po-
sttion in the ByO;-PbO-AlLO, system. J. Non-Crys.. sol.,
!, 215-224.

ZARZYCK!, J. and NauDIN, F. (1971). — Supercritical fluc-
tuations in the B,0,-PbO-A),0, system. J. Non Crvst.
Sol., 5, 415-428.

ZETTLEMOYER, A.C. (Editor) (1969). — Nucleation, Marce!
Dekker, New York, p. 26.



