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It is known that saturation effects can occur in heterogeneous nucleation due to depletion of nucleation sites. However, in
the present work additional mechanisms which could be responsible for saturation effects in both homogeneous and
heterogeneous nucleation are investigated. It is demonstrated that for homogeneous nucleation, saturation effects are possible
due to the reduction in volume available for nucleation as a result of crystal growth. Also, for heterogeneous nucleation an
additional mechanism causing saturation is the encapsulation (ingestion) of heterogeneous nucleation sites during crystal
growth. Equations are derived to describe the saturation effects in both cases, and numerical calculations are presented to
compare the importance of the two means by which saturation effects can occur in heterogeneous nucleation.

1. Introduction

During the past few years there has been con-
siderable interest in problems associated with the
crystallization of glass. One source for this atten-
tion is the potential discrepancy between Classical
Nucleation Theory and crystal nucleation events
in glass [1-4]. Another reason for interest in this
area originates in the numerous high technology
applications dependent upon control and/or
knowledge of glass crystallization phenomena
[5-8].

A key issue in the study of internal crystal
nucleation in glasses is the ability to distinguish
homogeneous from heterogeneous nucleation.
There have been several methods suggested for the
task [9-11], none of which provides completely
unambiguous results.

A second important consideration pertains to
nucleation measurement. The most direct method
of obtaining crystal nucleation data in glasses
involves many repeated particle counting trials.
This technique is tedious and slow, thus limiting
the amount of nucleation data which can be

* On sabbatical leave from Universidade Federal de Sio
Carlos, Brazil.

0022-3093 /88 /$03.50 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)

gathered in a reasonable time period. An indirect
method has been used [12] to ascertain nucleation
rates, which relies upon the measurement of the
volume fractions transformed and crystal growth
rates. This data used in conjunction with the
Avrami equation [13] allows for the determination
of nucleation rates. However, the implementation
of this method can be difficult especially if hetero-
geneous nucleation is possible.

In the present work an analysis is presented
which impacts both of the issues discussed above.
For example, one method which has been pro-
posed to enable one to distinguish homogeneous
from heterogeneous nucleation relies upon the
possibility of saturation effects for heterogeneous
nucleation [9]. In the latter case nucleation can
initiate at only a limited number of sites. Hence,
when nucleation occurs heterogeneously after a
sufficiently long time period the nucleation rate
should decrease as the impurity sites are “used
up.” For homogeneous nucleation, however, since
nucleation can take place anywhere in the bulk,
such effects will not come into play, and one
would not anticipate saturation effects for homo-
geneous nucleation. However, here it will be dem-
onstrated that a type of saturation effect can occur
even for the case of homogeneous nucleation. This



54 E.D. Zanotto, M.C. Weinberg / Saturation effects in homo- and heterogeneous crystal nucleation

phenomenon will take place only at a late stage
when nucleation is occurring in a glass which has
been substantially crystallized. Furthermore, it will
be demonstrated that this process occurs for het-
erogeneous nucleation, too. Hence, there are two
competing mechanisms which may contribute to
saturation effects for heterogeneous nucleation.

The physical bases for the decline in the nuclea-
tion rate at large volume fractions transformed are
similar (but not identical) for the circumstances of
homogeneous and heterogeneous nucleation. For
homogeneous nucleation, as the volume fraction
transformed (crystallized) becomes non-negligible,
the volume available for nucleation declines. Al-
though this effect is “automatically” accounted
for by the Avrami equation in the computation of
the volume fraction transformed, it must be ex-
plicitly considered in the determination of the
nucleation rate. For heterogeneous nucleation, the
nucleation rate will decline not only as a result of
heterogeneous sites being “used up,” but also it
will decrease since heterogeneous sites may be
ingested (i.e., incorporated) during crystal growth.
Although both of these cases may be treated in a
combined fashion, for pedagogical reasons it is
desirable to consider them separately.

2. Saturation effects in homogeneous nucleation

We consider a glass sample of volume ¥ which
is nucleating homogeneously. It is assumed that V'
is sufficiently large so that surface and edge ef-
fects may be neglected. Also, it is assumed that
transient nucleation effects are unimportant and
may be ignored. Hence, if I° denotes the steady-
state, homogeneous nucleation rate, then the num-
ber of particles nucleated, d N, in the small time
period d¢ is given by

dN =1,(¢) dz. (1)

In eq. (1) V;(2) is the part of the entire volume V
which is untransformed (i.e., still glass) at time ¢.
The actual rate of nucleation of particles at time ¢,
denoted by I and defined as

dN 1
=5 v

can be obtained from eq. (1). It is given as the
following;:

dn
I=—=1°1-x,).

= =1°01-x,) 2)
In eq. (2) x, is the volume fraction transformed at
time ¢ and n=N/V. If it is assumed that spheri-
cal growth occurs at a constant growth rate, g,
then use of the Avrami expression in eq. (2) lead
to

_dn_ T 70,34
I= dt_I exp( 3187 ) (3)
The cumulative number of particles nucleated per

unit volume up until time ¢ is obtained by integra-
tion of eq. (3).

w0=(2) () faventn. @

with
1/4
y' = (%Iog3) .

Equation (4) may be solved numerically or the
series solution

174/ 701\3/4 o [_1\/ X, j+1/4
=715 5w

may be employed. x, is the extended volume
fraction transformed and defined by x, =
(m/3%> 14,

The reduced nucleation rate, I(t)/I°, and the
reduced number density, n(t)-(7/3)"*(g/1°)¥*,
are plotted as a function of volume fraction trans-
formed in fig. 1. While the ordinary nucleation
rate I° is independent of x,, the actual nucleation
rate decreases linearly with volume fraction trans-
formed. This is a physically apparent result since
the volume available for nucleation decreases as
the transformation continues. Figure 1 also il-
lustrates the difference in behavior of the reduced
number density calculated from eq. (4) and that
found using a constant nucleation rate. The latter
number density is equal to x}7*, and thus diverges
as x, — co. On the other hand, the former number
density approaches 0.9064 in this limit, as one
may verify be setting the upper limit in the in-
tegral in eq. (4) equal to infinity. For volume

(5)
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Fig. 1. Reduced density of particles nucleated and reduced
nucleation rate vs. volume fraction transformed for homoge-
neously nucleated particles. A, particle density for constant
nucleation rate; B, particle density when saturation effects are
included; the dashed curve is the reduced nucleation rate.

fractions transformed of 15% or less, saturation
effects have negligible effect upon the number
density transformed. However, for moderate to
large x, saturation effects significantly influence
the number density. Also, it should be remem-
bered that saturation effects produce a non-negli-
gible reduction of the steady state nucleation rate
even at small x,.

3. Saturation effects in heterogeneous nucleation:
governing equations

We now turn to a consideration of heteroge-
neous crystallization of glass. It will be assumed
that a number density ng of identical foreign
particles are present initially in the glass and that
these particles serve as the sole source of crystal
nucleation. Furthermore, it will be supposed that
these particles are all of the same size and are
randomly distributed throughout the volume of

glass. It is presumed that each particle can par-

ticipate in solely a single nucleation event. The
assumptions of spherical growth and neglect of
transient effects in nucleation are involved once
again, too.

The foreign particle density (which can serve as
nucleation sites), n,(¢), will decrease with time
producing a time dependent nucleation rate. If,
again, one denotes dn as the number of particles
nucleated / (unit volume) in time d¢, then

dn=An (1) dr, (6a)

where A is yet to be determined. Thus, the nuclea-
tion rate is

I- % — An (1), (6b)
and clearly 4 = Iy, /n), where Iy, is the initial
(unperturbed) heterogeneous nucleation rate. The
nucleation rate will be determined if the time
dependence of the foreign particle density is ascer-
tained. There are two mechanisms by which this
quantity is depleted. First, as particles nucleate,
n,(¢) decreases since sites are “used up.” This
mechanism has been considered previously [14]. A
second mechanism causing a decline in n,(¢),
which has not been taken into account previously,
is due to impurity particles being ingested by
growing crystals.

Thus, we consider the time interval dr and
calculate the incremental change, dnp, due to these
two mechanisms. Therefore,

dn,=dn} +dn}, (7)

where “u” denotes the change as a result of being
“used” and “e” as a result of being ingested.

Clearly, dn is given as follows:

dny,= —dn. (8)
Next, turning to dnj it is given by

dny = —Pn,, (9a)
where P is the probability of encapsulation (in-
gestion) and is given by

W ians _ Vieans/ V' dx,

P=50 “ Vv T1-x

(9b)

In eq. (9) dV,,, is the volume crystallized in
time d¢, V(¢) is the free or available volume for
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crystallization and V is the total volume. Combin-
ing egs. (8, 9a, 9b), one obtains,

dnp _ dn np(t) d‘xt

@ T A T1-x ar (10)

If one defines f= np(t)/ng and uses eq. (6b) in
eq. (10), then one finds

af _ _ ., _f dx
Friniecd 1-x, dr° (1)

Use of the Avrami equation, x, =1 — exp(—x,.),
followed by integration, yields

f(t)=n,(1)/n} = exp| —x, — At] (12a)
and

Xpe = %wg3ll?e,ft(t — t')3 exp[—4t'] d¢’.  (12b)
0

If is of utility to observe the behavior of f(¢) in
certain limits. If the volume fraction transformed
is sufficiently small so that for all times concerned
x,. > At, then “ingestion effects” may be ne-
glected. Here one recovers the usual expression for

ny(1), ie.,
n,(1)=ny exp(—tI}?et/ng). (13)

On the other hand, for those times such that
X, > At,

n,(1)=ng exp(—x,). (14a)

Use of eq. (6b) in eq. (14a) yields

I
— =exp(—x,). (14b)
het

The latter expression for the reduced nucleation
rate, which corresponds to the limit where inges-
tion effects predominate, is exactly on the form
found for homogeneous nucleation (i.e., eq. (2)).
Therefore, ingestion of nucleation sites in the case
of heterogeneous nucleation is in a sense equiv-
alent to volume reduction in the homogeneous
nucleation situation.

The extended volume x,, may be found ex-

plicitly by a simple integration and the result is
shown below:

4
tu
ve= 2] 5 = RO, (153)
h(y)=y’=3y*+6y—6(1—exp(—y)), (15b)
y=At, (15¢)
to=(4mg1%) ", (15d)
ty=A"'=nd/Ip,. (15¢)

Egs. (15d, e) define two characteristic times which
govern the relative importance of “ingestion” and
using up effects and R denotes the ratio of these
times (eq. (15a)). Hence, the reduced heteroge-
neous nucleation rate may be written as

1/1%, = exp[ —y — R*h(»)]. (16)

Also, the reduced crystallite density is given by eq.
a7n:

n(y)/n’= foyexp[—y'~R4h(y')] dy’.  (17)

In general, the reduced crystallite density can be
obtained only via numerical integration.

4. Saturation effects in heterogeneous nucleation:
numerical results

The parameter R is a gauge of the relative
importance of the two saturation mechanisms at
various time periods. Since R = ¢, /¢, large values
of R imply t,> ¢, and particle ingestion will
occur at short times on the ¢, time scale. Con-
trarily, for small R, particle ingestion will not
become evident until long times (on the ¢, scale).

Figure 2 contains plots of the reduced heteroge-
neous nucleation rate, I/I.,, as a function of
reduced time, p, for several different cases. The
dashed line near the top of the figure represents
the reduced nucleation rate when both types of
saturation effects are ignored; i.e., a constant rate.
The solid lines marked R=1 and R =(90)'/*
were generated by use of eq. (16), which accounts
for both depletion mechanisms. It may be noted
that the decrease of the reduced nucleation rate
with time is more rapid for larger R. For R =20
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Fig. 2. Reduced heterogeneous nucleation rate vs. reduced
time. The dashed line corresponds to a constant nucleation
rate, while the dotted line was calculated via use of eq. (16)
with R = 0. The solid curves were generated by use of eq. (16).

the decrease is so rapid such that it is essentially
zero on the time scale shown in this figure. This
type of behavior was indicated in the discussion
above and corresponds to significant encapsula-
tion effects at relatively short times. The relative
importance of the two mechanisms for the reduc-
tion of the nucleation rate, for R=1 and R=
(90)'74, can be assessed by comparing the two
solid curves with the dotted line. The latter curve
was generated from eq. (16) with R =0, and cor-
responds to the case where nucleation declines
solely as a result of particle depletion (i.e., no
ingestion effects included). It may be noted that
for R =1 the decline in the nucleation rate is due
almost totally to heterogeneous nucleation sites
being used up (except for long times where the
nucleation rate is already small). On the other
hand, for R=(90)'/* a very marked deviation
from the dotted curve occurs at short times indi-
cating that encapsulation of particles is a signifi-
cant contribution to the decrease in the nucleation
rate.

A somewhat different, yet very illustrative, per-
spective may be gained by considering //I7, as a
function of volume fraction transformed for vari-
ous values of R (see fig. 3). Here one observes that
the reduced nucleation rate falls most rapidly with
x, for R =1; unlike the behavior exhibited in fig.
2 which showed that R=1 had the slowest de-
crease with time. The reason for this apparently
paradoxical behavior is as follows. The larger the
value of R, the shorter the time required to reach
a given volume fraction transformed. In all cases
at relatively small x, (or short times) the predomi-
nant mechanism for the decrease in the nucleation
rate is particle depletion. However, since the larger
R corresponds to shorter times (for a fixed x,),
fewer impurities will be depleted and the nuclea-
tion rate will be relatively larger. At larger x,
where ingestion becomes important, (d/dx,)(I/
12.) will have a larger magnitude for bigger R,
and thus the nucleation curves will tend to con-
verge for the different values of R. Since all such
curves must vanish at x,= 1, the values of /1,
for all R are similar at very large x, (as illustrated
in fig. 3).

09

Fig. 3. Reduced heterogeneous nucleation rate vs. volume
fraction transformed.
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Fig. 4. Reduced particle density vs. reduced time for heteroge-

neous nucleation. R =1, calculated from eq. (17) (site deple-

tion +ingestion); R =0, calculated from eq. (13) (site deple-

tion only); the straight line corresponds to constant nucleation
rate.

Now, we turn to a discussion of the behavior of
the reduced nucleated particle density, n(t)/ng.
First, we consider the variation of the latter quan-
tity with time as a function of R. This behavior is
illustrated in figs. 4 and 5, for R=1 and R=20
respectively, where the reduced particle density
has been plotted as a function of reduced time.
For comparative purposes the reduced number
densities corresponding to a constant nucleation
rate and pure site depletion are shown, too. For
both values of R, at the shortest times, n(r)/n3
follow the curves found by using a constant
nucleation rate. At longer times, where deviations
occur and particle saturation begins, the small R
and large R behavior of n(t) /ng differs. For the
case of R =1, there is an intermediate time period
where the particle density curve found via use of
eq. (17) is fitted quite accurately by a curve in
which only site depletion effects are accounted
for. At somewhat longer times ingestion effects
become important and complete saturation rapidly
ensues. For R = 20, however, at intermediate times,
eq. (13) follows the constant nucleation curve, but

the number density computed from eq. (17) de-
viates from these curves since ingestion effects are
significant. This difference in behavior is an-
ticipated since particle depletion effects play a
major role for small R (as discussed previously).
One should also observe that the value of n(r)/n,
at saturation is much smaller for large R than for
small R. This, again, is a reflection of the fact that
in the former case nucleation is reduced primarily
as a result of rapid particle growth.

The variation of the reduced number density
with volume fraction transformed, for several val-
ues of R, is shown in fig. 6. Several features of this
figure should be noted. First, it is observed that
the smaller the value of R the larger the saturation
value of n/n) at x,= 1. In addition, the reduced
number densities for small R are greater than
those for larger R at all x, > 0. This follows from
the fact that large R corresponds to the situation
where the relative growth rate to steady state
nucleation rate is large. Hence, for a given x, in
the large R case there will be few particles, but of
large size, while in the small R situation the same
x, will be constructed from many small particles.
Hence, in the latter case n(x,)/nj will be larger.
Second, at very small x, a rapid increase in the
reduced particle density seems to occur solely if R
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Fig. 5. Reduced particle density vs. reduced time for heteroge-
neous nucleation. Curves labelled as in fig. 4.
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Fig. 6. Reduced particle density vs. volume fraction trans-
formed. All curves computed from eq. (17).

is not too large. This rapid rise in n(x,)/ ng corre-
sponds to the region of x, where the reduced
particle density is accurately described in terms of
the constant steady state nucleation rate. It occurs
for all finite values of R, but it cannot be ob-
served in fig. 6 for large R as a result of the scale
chosen for the y axis to accommodate the various
curves shown simultaneously in this figure. Fi-
nally, it appears that at intermediate values of x,
(from 0.1 to 0.5) that the larger the value of R the
more gradual is the change in slope of the curve.
Again this feature is to a large extent a feature of
scale, but there is a difference between the behav-
ior of n(x,)/ng for small and large R in the
moderate x, range. Both of the latter features are
more readily discerned by an inspection and com-
parison of figs. 7 and 8.

Figure 7 contains plots of the reduced particle
as a function of x,, using egs. (13) and (17) and a
constant nucleation rate for the case of R =20.
The rapid increase of n(x,)/n) for small x, is
easily observable, and it is seen that neither inges-
tion nor depletion effects are significant in this
region. At intermediate to rather large x,, the
curve generated from eq. (13) is in substantial
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Fig. 7. Reduced particle density vs. volume fraction trans-

formed for R=20. C, D, and D+1 were computed with a

constant nucleation rate, solely including depletion effects, and
including depletion and ingestion, respectively.

agreement with the one produced from the con-
stant nucleation rate calculation, but the actual
values of n(x,)/ng deviate from the latter as a
result of particle ingestion effects. Thus, for this R
value it is observed that particle depletion effects
have an inconsequential effect upon the reduced
number density for virtually all x,. The latter case
may be contrasted with the situation when R=1
(see fig. 8). Although the general shape of the
reduced particle density curves shown in figs. 7
and 8 appear quite similar, it is clear that the
origins of the saturation effects are quite different.
The reasonably close correspondence between
n(x,)/n) found via use of egs. (13) and (17)

oo b — 400

[s1e] o] 02 03 oL 05 06 o7 o8 09 (0
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Fig. 8. Reduced particle density vs. volume fraction trans-
formed for R =1. Curves denoted as in fig. 7.
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indicates that particle depletion effects are prim-
arily responsible for saturation when R = 1.

5. Discussion

It is important to note that the present work is
restricted to a discussion of isothermal transfor-
mations, where nucleation and growth occur
simultaneously at a given temperature. For some
systems [1] homogeneous nucleation and crystal
growth curves (i.e. I vs. T and g vs. T') have little
overlap, and hence only the small x, region may
be probed. However, other glasses [15,16] which
appear to exhibit homogeneous nucleation are such
that substantial overlap of g(T) and I(T') occur.
Hence, for these systems the full range of x,
values may be reached.

As mentioned previously, the detection of
saturation effects in nucleation measurements has
been argued to be a telltale sign of heterogeneous
nucleation. However, it has been demonstrated
here that saturation effects can occur for homoge-
neous nucleation, too. Thus, is it possible to use
the appearance of saturation effects as a sign of
heterogeneous nucleation? Clearly, if the volume
fraction transformed is = 10% or less upon com-
pletion of single stage nucleation experiments and
saturation effects are in evidence, then it is safe to
assume that heterogeneous nucleation has oc-
curred. Thus, for systems such as Li,O - 2Si0O, the
appearance of saturation in nucleation in all prob-
ability would signal heterogeneous nucleation. On
the other hand, detection of saturation effects in
nucleation experiments for systems in which the
volume fraction transformed was found to be
greater than 10 or 15% would not necessarily
indicate heterogeneous nucleation. The data would
have to be analyzed making use of the equations
presented here in order to determine the nature of
the nucleation process.

Also, nucleation rates may be determined indi-
rectly by measuring x, and g and using the Avrami
equation for obtaining /. However, if the volume
fraction transformed is large, then it has been
demonstrated here that one must account for the
depression of 7° due to reduction in volume caused
by crystal growth.

When heterogeneous nucleation occurs, then
saturation may occur via at least two mechanisms.
The impurity particles may be used up to a signifi-
cant degree or they may be encapsulated by grow-
ing crystallites. The latter mechanism is very simi-
lar to, but not exactly the same as, the one re-
sponsible for saturation in homogeneous nuclea-
tion. For the case of homogeneous nucleation the
decline in the nucleation rate is produced by the
continual decline in the volume available for
nucleation. This decline in free volume results
from crystal growth. For heterogeneous nuclea-
tion, however, the nucleation rate does not depend
on the untransformed volume, but it is propor-
tional to the number density of available active
impurity sites. The latter, though, are reduced in
number via crystal growth. Thus, if they are dis-
tributed randomly, crystal growth should produce
equivalent effects in reducing the heterogeneous
and homogeneous nucleation rates.

Finally, it is illustrative to obtain an estimate of
the crystal growth rates necessary to detect inges-
tion phenomena as the predominant path for
saturation in heterogeneous nucleation. In the pre-
vious section it has been demonstrated that for
R =20 particle depletion effects may be ignored
in computing saturation. Hence, R = 20 will arbi-
trarily be selected as the limiting value. Using egs.
(15a, d, e), one finds that

g = (204(1%.))/(47(n2)") (18)

as the required condition. If the case of equality in
eq. (18) is taken as well as a typical value of
12, =10°cm™* s~ then

8= (337x10) /((n%) ") (/). (19)

A plot of the log critical (minimum) growth rate,
log (g.) as a function of log (ng) is presented in
fig. 9. An upper limit to typical impurity particle
densities of carefully prepared samples is taken to
be approximately 10° cm™> [17]. One may note
that for small impurity densities (n)~ 10°-10°
cm™?), growth rates of 0.1-1 u/s are required.
This condition implies substantial overlap of the
growth and the nucleation curves. However, for
n%>10" em 3, g <10 A/s. Thus, for systems
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Fig. 9. Required minimum crystal growth as a function of
foreign particle density for ingestion effects to be dominant.
12, =10"cm™3 s~ L.

which are intentionally heterogeneously nucleated
(e.g., glass-ceramic formation) particle encapsula-
tion probably would be the dominant mechanism
producing saturation effects for nucleation.

6. Summary

A description was presented of the potential for
a decline in the steady state homogeneous nuclea-
tion rate due to the reduction in untransformed
volume caused by crystal growth. This effect was
seen to be significant for x, > 0.15. In order to
satisfy the latter inequality it was noted that sub-
stantial overlap of the nucleation and growth
curves was required.

Saturation effects in heterogeneous nucleation
were considered too. It was demonstrated that the
latter could occur via two processes: impurity
particle depletion and particle ingestion. The
former mechanism was observed to be favored by
small impurity particle densities, small crystal
growth rates, and large nucleation rates, while the

latter mechanism was seen to be significant for the
reverse of these conditions. Furthermore, it was
demonstrated that the latter three parameters
could be combined into a single parameter, R,
such that for small R depletion effects prevailed
while for large R encapsulation effects were pre-
dominant.

Finally, a discussion was presented of the
importance of a complete description of satura-
tion effects in efforts to distinguish between
homogeneous and heterogeneous nucleation and
for the tailoring of crystallite densities in glass-
ceramic formation.
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