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Diffuse interface model of volume nucleation in glasses!
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Abstract

A diffuse interface theory (DIT) of nucleation is applied for the crystallization of various oxide
glasses showing volume nucleation. It is demonstrated that, in contrast with the classical theory
which often yields “anomalous” nucleation prefactors, the DIT is consistent with the experi-
ments. A method is outlined for distinguishing homogeneous and volumetric heterogeneous
nucleation mechanisms.
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1. Introduction

Crystallization in a pure liquid or glass starts with homogeneous nucleation [ 1], i.e.
small crystal-like particles (heterophase fluctuations) appear through stochastic pro-
cesses, of which those smaller than a critical size (20 to a few hundred molecules,
depending on the undercooling and the excess free energy from the interface region)
dissolve with a high probability, while the larger ones are able to grow leading
eventually to bulk crystallization. This picture is supported by computer simulations
[2] and calculations from first principles [3]. The formation of heterophase fluctu-
ations is often catalyzed by foreign particles distributed in the volume, or by the
presence of surfaces and container walls (bulk- or surface-induced heterogeneous
nucleation, respectively).

Since these processes (especially the heterogeneous ones) play an essential role in
a number of high technology applications, e.g. low thermal expansion glass ceramics
for the aerospace industry, optical memories, artifical teeth and bones, cryopreserva-
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tion, etc., a quantitative description would be of both scientific and practical import-
ance.

With a few exceptions, the theoretical approaches belong to two main groups: (i) the
classical nucleation theory (CNT) and its descendants, and (ii) the field theoretical
models. In materials science, nucleation experiments are interpreted almost exclusively
in terms of the CNT. However, this approach is not without problems [1]. The nuclei
are considered as particles showing bulk properties, assuming thus an extremely sharp
interface. In contrast, computer simulations [4] and more advanced theories [3,5]
predict interfaces of several molecular layers thick, implying that the CNT may be
seriously in error. Indeed, the comparison with field theoretical calculations reveals
substantial deviations at deep undercoolings [3]. Unfortunately, a direct experimental
test of the CNT cannot be performed, since one of the input parameters, the interfacial
free energy, y, of the undercooled crystal-liquid interface cannot be measured indepen-
dently of nucleation. Another difficulty is the almost inevitable presence of volumetric
heterogeneities that catalyze nucleation. An indirect test is still possible knowing the
nucleation rate / as a function of temperature T, and having a guess at the temperature
dependence of y: the classical expression for the rate of bulk heterogeneous nucleation is
I X1 o pom€Xp{ — Wi, f(0)/k T}, where x < 1 is the fraction of molecules active on
the surface of heterogeneities, I, ... and W¥ = (167/3)y*(Agg)~? are the prefactor
and work of formation for a homogeneous process, respectively, Agy is the volumetric
Gibbs free energy difference between the bulk phases, k is Boltzmann’s constant, and
£(0) accounts for the reduction in W by the heterogeneities, while 6 is the contact angle
between the crystal-melt and crystal-heterogeneity interfaces. Then, plotting
1g(I/14 o) VS- Xony = 23(Agg )~ 2T~ ! (“consistency plot”), where y, = #(T)/y(T;), one
should obtain a straight line intersecting the vertical axis at Igxy with a slope
proportional to f(0)y(T;)*. For more than the past 40 years, this analysis has been
performed for various substances (oxide glasses [1,6], molten metals [7] and water
[87). It is now well established that the assumption j, = 1 leads to unphysical xy values
(10°-10*°) known as “anomalous nucleation prefactors”. Obviously, xy <1. This
problem has not been resolved unambiguously so far. Although the “anomalous
prefactors” can be removed assuming a suitable temperature dependence (increasing
linearly with T[1,6-8]) or curvature dependence [8,9] of y (at the expense of
introducing further adjustable parameters), in the light of the problems mentioned
above it seems probable that an unphysical x, indicates a general failure of the classical
approach. This view is strongly supported by the fact that in the case of vapor
condensation, where y is known with a high accuracy, the predicted and measured
nucleation rates deviate by several orders of magnitude [10].

Unfortunately, the more advanced field theoretical models of crystal nucleation [3]
require a knowledge of the Helmholtz free energy as a function of a suitably chosen
order parameter for all intermediate states between the equilibrium states, a relation-
ship known for only a few specific model systems (mean-field Ising model, van der
Waals gas, regular solution, etc.). It is generally inaccessible for experiments, while its
calculation from first principles requires numerous approximations, thus bearing
a substantial error. Furthermore, the square gradient approximation applied in
Ref.[3] is valid for only smooth order parameter changes through the interface,
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a condition which may be unrealistic for the crystal-liquid interface, as happened for
vapor condensation far from the critical point [11]. In summary, a well-proven
quantitative description of nucleation is not yet available; thus a different approach,
which accounts for interface diffuseness, may be of some interest.

Such a theory [12], relating W to a characteristic thickness é of the interface,
expressible in terms of bulk properties, has been proposed recently (Diffuse Interface
Theory, DIT) for both homogeneous [ 12a—e] and heterogeneous [12f ] nucleation. It
has been shown that, near equilibrium, the DIT and CNT are equivalent, while far from
equilibrium the DIT gives an improved description of the experiments [12b,d]. For
example, without introducing free parameters the DIT describes the condensation of
non-polar vapors remarkably better than the CNT [12a, b]. Predicting a size-depend-
ent y, which results in an apparent temperature dependence of y for the undercooled
crystal-melt interface [12¢], the DIT is expected to remove “anomalous” nucleation
prefactors. Its ability to do so has been demonstrated on pure metals (Hg, Ga) and on
Li,0-2Si0, glass [12¢,d,f]. Further tests on other substances would be essential to
clarify the applicability range of the DIT. The most pronounced “anomalies” were
reported for oxide glasses. Therefore, in the present work literature data on crystal
nucleation in five oxide glasses are analyzed in terms of the DIT. It will be shown that
the DIT is consistent with a variety of experimental data on crystal nucleation and that
“anomalous” prefactors do not occur. A unique possibility to distinguish between
homogeneous nucleation and a bulk heterogeneous process far from site-saturation is
outlined. (Site-saturation is defined as the extinction of heterogeneous nucleation sites
as they are used up by advancing nucleation. Accordingly, I decreases and the number
density of crystallites N, approaches a constant value. If heterogeneities are in
abundance, the homogeneous and bulk heterogeneous processes cannot be distin-
guished from the N, vs. time curve, and an electron microscopic study of the central
part of the crystallites is needed).

2. Diffuse interface analysis

It is assumed that the local physical state in the interface region can be characterized
by cross-interfacial number density (N), specific internal energy (u) and entropy (s)
distributions. Then the work of formation of (spherical) heterophase fluctuations can
be given as

Whom:f {AR*(r,T)— TAs™(r, T)}4nr*dr (1)
0

where Ah*(r,T)=N(r, T) {{ulr, T) — uo) + poLv(r, T) —vol}, As™(r,T)=N(r,T)
{s(r,T) — 50} Po is the external pressure, v is the molecular volume and the subscript
0 denotes the parent phase. Eq. (1) is equivalent to the respective equation of the field
theoretical approach [3]; however, instead of using the square gradient approximation
and solving the Euler equation for the order parameter profile, we relate W to
a characteristic thickness expressible in terms of bulk physical properties. The pro-
cedure is illustrated on interfacial distributions calculated for the vapor-liquid inter-
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face of water at T=273 K by the van der Waals/Cahn—Hilliard theory [13]. As
pointed out by Turnbull [14], in stable equilibrium (planar interface, Fig. 1a) the area
enclosed by the Ah" and TAs™ functions is equal to the respective interfacial free
energy y,,, (& quantity measurable in equilibrium even for the crystal-liquid interface
[15]). Let us introduce step-functions (one for Ah™ and another for TAs ™) of the same
integral and amplitude as the original distributions, and choose distance of their
positions ¢ = Zg — Zy; as the characteristic thickness. Evidently, the area enclosed by
the step-functions is also equal to y,,,, i.e. 4 is expressible in terms of measurable
quantities: 6 =7y, /Ah,, where Ah_, is the volumetric heat of transformation. Eq. (1)
for spherical fluctuations can also be evaluated in terms of the amplitude
(Ahg =Ah" (r—0), AS; =As*(r—0)) and position (R,, Ry of the step-functions
corresponding to distributions in the unstable equilibrium (nucleus, Fig. 1b):
Wioom = K{R3Ah; — R§TAsy }, where x =4n/3. Note that this expression is still
equivalent to Eq. (1). A simple diffuse interface model of nucleation can be obtained
assuming that (i) bulk properties exist at least in the center of the fluctuations (the
amplitudes are related to bulk thermodynamic properties), and (ii) the interface
diffuseness is essentially independent of undercooling (as expected from structural
models of the crystal-liquid interface [16]), i.e. Rg— Ry; & 0. Maximizing W, _ with
respect to size, the work of formation and size of nuclei are W¥, = —k6*Ag S and
RE=06-{1+gqin"', where Y=21+qn *—CB+29)n *+n ', g=(1-n'?
n=Ags/Ahy and Agy = Ahg — TAs;. A similar model containing additional free
parameters was proposed recently (F. Spaepen, Mater. Sci. Eng., A178 (1994) 15; F.
Spaepen, Solid State Phys., 47 (1994) 1).

For the nucleation of congruently melting compounds, Ahy and As; can be
calculated from the heat of fusion A H;, melting point T; and specific heat difference A C,

S=10 (spherical)
1 T=273 K “
)

Ah* Tas"(10°% /m®)
o

Fig. 1. Interfacial distributions and the definition of the characteristic thickness ¢ in (a) stable and (b)
unstable equilibrium. (The distributions were calculated for the liquid—vapor interface using the Van der
Waals/Cahn—Hilliard theory [13]. § = p/p, is the supersaturation, while p, and p, are the external and the
equilibrium pressure.)
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using the formulae Ahj = —{AH + [}AC,dT}v. "' and Asg = —{AH /T, + [},
[AC,/T]dT}v, ", where v, is the molar volume of the crystal. AC, = C; — C, where
superscripts g and ¢ stand for the glass and the crystal, respectively; note that for crystal
nucleation (as for vapor condensation) Ahy, Asg, Agy <0, while Rg— Ry =48> 0.)

Following the classical route, the nucleation rate for a homogeneous mechanism can
be givenas I, = I om €Xp{ — W /k T}, where I, . = NOT' Z[ 1], as in case of the
CNT, except that the new formulae for the work of formation and the size of nuclei are
used (O = N_A*, N, is the surface density of molecules, A* = 47 R*? is the surface area
of nuclei, I = 6 D/A%, D is the diffusion coefficient calculated here from the viscosity
u using the Stokes—Einstein relation, 4 is the jump distance of molecules, while the
factor Z = {2nk T)" '|d*W,,,./di*| ..} '/* accounts for the dissolution of nuclei, i is the
number of molecules in the fluctuation, and superscript * denotes quantities referring
to the nucleus). Although, in case of the DIT, the relation between the work of
formation of heterogeneous and homogeneous nuclei is more complex than in the CNT
[12f], e.g. a formal introduction of f(0) in the DIT is acceptable only if the ratio of the
volumetric and surface contributions to W§, is roughly independent of 6, i.e. near
6 = 1/2x, an analysis of bulk heterogeneous nucleation implies that in analogy to its
classical counterpart, the plot of Ig(/I ) vs. Xy = — Agg ¥ T~ can be used to
assess xy [12f]. Here, the slope is proportional to 6%, where d. is an apparent
characteristic thickness equal to § in the case of homogeneous nucleation and smaller
otherwise. Since I, ., weakly depends on d, a self-consistent plot can be found by
a simple iteration scheme: first calculate lg(I/I, ,.,), with a rough estimate of o,
determine & from the slope, then recalculate lg(I/1, ,,..), determine 6 again, etc. The
process converges rapidly. The assessed xy can be used to test the applicability of
nucleation theories. As well as xy <1, xy=nN, /N should satisfy xy > nx_ (with
the equality valid for site-saturation), where n is the average number of active molecules
on the surface of a heterogeneity, N, is the number density of heterogeneities,
x,= NN, while N_ is the maximum number density of crystallites seen in the
experiments. Unfortunately, experimental information on n is non-existent. Consider-
ing that the most potent nucleation areas (favored by local geometrical or chemical
conditions) probably cover only a fraction of the surface of a heterogeneity, the lower
limit of n is determined by the contact area between the heterogeneity and the nucleus,
which close to either the ideal or the non-wetting limits may be as low as 5-10
molecules. Thus a reasonable criterion of consistency with experiments is
10x, <xy <1

3. Results and discussion

In this work, five stoichiometric oxide glasses which show volume nucleation are
investigated: Li,O-2Si0, (LS,), BaO-28i0, (BS,) and Na,0-2Ca0-3Si0, (NC,S,),
where “anomalous” prefactors were reported, and two others Na,0-28i0, (NS,) and
Ca0-Al,0,-2Si0, (CAS,), for which no anomaly was found. For the sake of compari-
son, as well as the results of the DIT, those from the CNT analysis will also be
presented. With the exception of LS, these compositions melt congruently, but even
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LS, is completely liquid 1 K above its incongruent melting point, justifying the use of
the fomulae for Ahy and As; .

3.1. LS,

The nucleation rates were taken from Refs. [17-20]. Note that the composition of
the glass is critical [ 1]. If it is made lithia-rich ( > 35.5 mol%), some lithium metasilicate
crystals appear [21]; if it is made lithia-poor (< 32.0 mol%), there is a metastable
miscibility gap in the undercooled liquid leading to liquid-liquid phase separation. For
glasses at exactly the LS, composition, crystallization is expected to occur directly to
lithium disilicate, without phase separation or other crystalline phase [1]. A recent
work indicates, however, that even within 0.4 mol% of the stoichiometric composition,
the first-forming phase is a transient phase closely resembling lithium metasilicate [22].
Further investigations are needed to clarify this point. Following previous works
[1,17,18,22], thermal properties of the stable phase are used in this analysis. The
relevant data, with other physical properties used in the calculations, are listed in
Table 1. Of the conflicting thermal data available in the literature [ 25, 32], the results of
Takahashi and Yoshio [25] were adopted, since they are in excellent agreement with
a recent value of the heat of crystallization at room temperature, 53.5 + 4 kJ mol ™! by
Senet al. [33] compare 52.7 k] mol ™! in Ref. [25] and less than 45.1 kJ mol ~ ! from the
data of Ref. [32]. The AC (T) function was obtained by differentiating a polynomial,
least-squarefitted to the enthalpy difference from Ref. [25]. The temperature depend-
ence of the viscosity is described by Vogel-Fulcher expressions, u=A4
exp{B/(T[K] — O)}. It is argued [34] that, in order to ensure coherence with experi-
mental incubation times of nucleation, the parameters of Matusita and Tashiro (MT)
[24] should be preferred to those of Zanotto and James (ZJ) [17]. The respective
consistency plots for the CNT and DIT are shown in Fig. 2, while the relevant data are
summarized in Table 2. As noted in former works [17,18], the plots are essentially
straight lines except at low temperatures, where a pronounced downward curvature
can be seen. In accord with previous analyses [ 1,17, 18], the x values from the linear
portion of the plots are 17-20 orders of magnitude (0.m.) too high. In constrast, the DIT
results are all reasonable, indicating a homogeneous nucleation mechanism, a con-
clusion fully consistent with the experimental information, e.g. lack of site-saturation,
available on the system.

To clarify the significance of these results, both the statistical error of x5 and the
uncertainty originating from the experimental error of the input parameters were
determined. Leaving the points of the curved section out of the fit, the statistical error is
relatively small, about 0.4—1.5 0.m. (CNT) and 0.2-0.7 o.m. (DIT). The results are more
sensitive to the viscosity function. The x5 values obtained using the viscosity co-
efficients of MT and ZJ differ by 4.8-8.5 0.m. and 1.8-3.4 o.m.for the CNT and the DIT,
respectively (see Table 2). It is noteworthy that the low temperature curvature of the
plots is much reduced using the ZJ viscosity data. This does not imply, however, that
the ZJ parameter set should be preferred. A recent work shows that a substantial
curvature is present even if the diffusion coefficient is evaluated from the incubation
time of nucleation [35] which is exempt from many possible sources of error, e.g. the
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Fig. 2. Determination of xy from consistency plots of the DIT (solid line) and the CNT (dashed line) for LS.
(Xent=(Agg) 2T 'isgivenin units of (AH/v,)” *T¢ !, while Xp;r = — Ago T ! is presented in units of
AH/T;v,. Notations: O, experimental points with X -y on the abscissa; @, the same points with X ;; on the
abscissa. Nucleation rate data are from Refs. [17-20].)

20

Table 2
Lg(xy) values and interfacial parameters assessed from the “consistency” plots for CNT and DIT

Composition Sample lg(x) T 1g(x))P"T /A 2

LS, FMT 16.8 +0.8 —-1.3+04 223 +0.02 0.478
™T 183408 -0.74+04 2274 0.02 0.486
ZMT 18.0+04 —-08+0.2 2.26 £ 0.01 0.485
JMT 19.5+04 —0.14+0.2 229+ 001 0491
F# 252415 20+0.7 242+0.03 0.519
T 2331413 1.2+ 06 2394 0.03 0.511
VAL 259409 23404 244 +0.02 0.522
J2 243+08 17404 2.40+0.02 0.515

BS, YAl 20.1+09 —-20403 2954003 0.596
JR 238+1.0 —-0.7+04 3.06 + 0.03 0.617

NC,S, Cc1< 472433 —6.7403 3.00+0.03 >0.505
G16% 57.14£28 —64+0.5 3.06 £ 0.06 >0.514
N2N2 63.5+ 5.6 —6040.5 3.16 £ 0.06 >0.532
CcinN? 40.0 £+ 2.1 —80+£0.2 2.89 +0.02 >0.484

CAS, H —15140.6 —173+04 1.144+0.03 >0.207
C —164+04 —199+0.3 1.29 4+ 0.01 >0.234

NS, K —84406 —145+04 1.31+0.02 >0.256

Notations: F, Ref. [20]; T, Ref. [19]; ZJ, Ref. [17]; JR, Ref. [18]; C1, Ref. [287; G16, Ref. [38]; N2,
Ref. [26]; H, Ref. [42]; C, Ref. [29]; K, Ref. [31]. Superscripts in column 2 indicate the set of viscosity
parameters used: ZJ, Ref. [17]; MT, Ref. [24]; GJ, Ref. [287; N2, fitted to data on high water content N2 glass
(see Table 1). The errors shown are standard deviations. For uncertainties of other origin see discussion in

text.
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application of the Stokes—Einstein relation for highly viscous media, the assumption
that bulk and cross-interfacial diffusion is comparable, etc.

The differences in viscosity may originate from minor deviations in the
water content, composition, relaxation, etc. Therefore, a further parameter set
was evaluated from least-square fitting to viscosity data on a glass containing water
in excess. The respective xy values are about 1 o.m. lower than those calculated
with the MT parameters. However, no coherence was found with the incubation times,
implying that water content alone cannot account for the differences between the
MT and ZJ viscosity data. To investigate the sensitivity for thermal data, AH; and
AC, were varied by 10% (a reasonable estimate of the experimental error, though
better data are also available for some systems). The resulting changes are of about
the same amplitude, (0.5 0.m. for CNT and 0.1 o.m. for DIT), but of opposite sign. The
combined uncertainties from all sources amount to 6.3-10.3 o.m. (CNT) and 2.2-4.0
o.m. (DIT), showing that (i) x, from the CNT is considerably more sensitive to the error
of the input data than the value from the DIT, and (ii) even the combined uncertainty
cannot explain the presence of “anomalous prefactors”. The importance of accurate
input data is, however, evident.

3.2. BS,

Nucleation rates from Refs. [17] and [36] are considered. The first nucleating
phase is the high-temperature monoclinic BS, (h-BS,) [37], metastable below
1623 K with respect to the orthorhombic low-temperature phase (1-BS,). Unfor-
tunately, the thermal data are incomplete. Although A H; (h-BS,) has been assessed
[27] from binary phase diagrams, to the author’s knowledge, neither the heat of the
h-BS, - 1-BS, transformation, nor AC,(T) has been measured so far. In contrast,
the heat AH_ and temperature 7T, of crystallization is known for 1-BS, [27]. Thus,
an average AC,=(AH; —AH)/(T; — T)) was computed from 7, AH,, T, and AH,.
Both the CNT and DIT results (and errors) are rather similar to those for LS, (see Fig. 3
and Table 1), indicating “anomalous prefactors” (CNT) and a homogeneous nu-
cleation mechanism (DIT). The latter conclusion accords with the lack of site-
saturation in the experiments. To see how the error from estimating the specific heat
difference may influence the results, the analysis was repeated with Turnbull’s approxi-
mation AC, = 0 representing the lowest physically meaningful value. In accord with
previous work [ 1], the CNT plot yields lower but still “anomalous” prefactors (about
12.8-15.8 0.m. too high). The DIT plot moves in the opposite direction: the respective
lg x values are also positive but much smaller, 1.3-3.0 o.m.,, still indicating a homo-
geneous process within experimental error. Doubling AC,, in contrast, increases
lgxQNT further (37.6-42.9), while IgxR'" is lowered into the domain of heterogencous
nucleation ( — 4.7- — 5.6).

3.3. NC,S,

In addition to the nucleation rates of Refs.[22,28,38], the average rates N /t,
determined from data of Ref. [26] were also investigated, where N, is the number



92 L. Grandsy/Thermochimica Acta 280/281 (1996 ) 83100

30

20 Lo Ba0.2310, |
Eo10F N _
< ____DIT

S Ok ~___CNT |
=10t -
20
_20~ _
_30 | 1 |
0 X 20

Fig. 3. “Consistency plots” for BS, from the CNT and the DIT using nucleation rate data from
Refs. [17,36]. (Units and notations as in Fig. 2.)

density of crystals after a heat treatment period ¢,. At high temperatures, the incubation
time 7 of nucleation is negligible on the time scale of the experiments; therefore
N, /t,~ 1. However, with decreasing temperature 7 becomes comparable with ¢,
leading to an increasing underestimation of I by N/t [28]. The first nucleating phaseis
the high-temperature NC,S, modification (stable in the temperature range of nu-
cleation experiments) [28,38]. The experimental 7;, AH; and AC, were taken from
Ref.[28]. The viscosity coefficients for the pure glass are given in Ref, [28]. A second set
was evaluated for increased water content (Table 1). In accord with previous analyses
[6,28], the CNT plots yield enormously high x values (about 47-64 o0.m. too high, see
Fig. 4a and Table 1). A small downward curvature at low temperatures, not unlike the
one seen on LS,, can also be observed. In contrast with previous expectations of
a homogeneous nucleation mechanism [28, 38], the x, values (~ 10~ ¢*)from the DIT
analysis indicate a bulk heterogeneous nucleation (Fig. 4b). The combined uncertain-
ties of =~ 28.4 o.m. for the CNT and = 3.2 o.m. for the DIT do not influence the
conclusions.

Possible clues of the predicted heterogeneous mechanism were sought among
experimental data. A heterogeneous process close to site-saturation can be identified
from a leveling of the N (t) curve at long times. Similar behavior was observed by
Zanotto and Galhardi at 627°C [39]. However, at this temperature crystal growth is
important, and N (t) can be explained solely by the ingestion of nuclei by growing
crystals [39]. Site-saturation is expected to show up at high nucleation rates. Indeed,
such a behavior can be seen at the temperature (595°C) of maximum nucleation rate,
where the growth rate is too small for perceptible ingestion of nuclei (see insert in
Fig. 4b), although the magnitude of the effect is close to the statistical error of the
experiments. The respective number density of heterogeneities is about
Npo ®22x10°m™2 (x,,= N, o/ N=4.62x 103 and lgx, = — 12.33), putting
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Fig. 4. Assessement of xy from the CNT (a) and the DIT (b) for NC,S;, and results from Ref. [28] implying
site-saturation at 595°C (insert in (b)). Notations for (a),(b): solid lines, linear function fitted to points from
nucleation rate data (full symbol): @, C1 glass in Ref. [28]; A, G16 glassin Ref. [38]; %, from Ref. [22]; W, x,,
for Ny, =22 x 1013 m~3; ], N/t for glass N2 containing extra amounts of water [26]; dashed line in (a),(b),
linear function fitted to the points for N/t ; in insert of (b), line to guide the eyes. Units on the abscissas are as
in Fig. 2.

the average diameter of heterogeneities into the (rather wide) range of 0.008—12 pm.
The TEM results [40] do not exclude the presence of such particles in the center of
crystallites, provided that they are at the lower end of the allowed sizes. A comparison
with the assessed x = 107 ¢4*32 shows that the criterion 10x,,, < xy <1 is satisfied
with an ample safety margin. It is worth mentioning that the presence of such
nucleation centers could explain a puzzling result obtained by comparing nucleation



94 L. Grandsy/Thermochimica Acta 280/281 (1996) 83100

kinetics in pure NC,S, and a glass containing ~ 1 pm Pt precipitates [41]: for short
times, the nucleation rate of the Pt containing sample is the higher, but soon after the
transient period the pure sample takes over. Were a homogeneous nucleation present
in the pure sample, and a homogeneous plus a Pt particle induced process in the other,
the nucleation rate in the Pt-containing sample would always be higher. In Ref. [41],
small composition differences are held responsible for the unexpected “crossover™.
Another possibility is that such heterogeneities dominate nucleation in the “pure”
glass, which can also catalyze the Pt precipitation. Then, during preparation of the
Pt-containing sample, the original heterogeneities are engulfed by Pt particles,
completely “erasing” the previous nucleation mode. Accordingly only nucleation
on Pt surfaces could be seen later which may have an incubation time and rate dif-
ferent from those of the original process. Although lacking decisive evidence, the
experimental information on NC, S, is not inconsistent with the conclusion of the DIT
analysis.

3.4. CAS,

This composition normally crystallizes with surface nucleation. Efforts devoted to
finding volume nucleation usually fail [6]. There are only two data sets in the literature
on the rate of volume nucleation, one from a direct measurement [42], and another
with I evaluated from X-ray detection of crystallinity while assuming constant nu-
cleation and growth rates [29]. The latter method is expected to underestimate I in the
presence of transient effects or site-saturation. Indeed, data from the indirect method
are lower than those from the direct measurements by about 4.5 o.m., giving a hint of
the error involved. (The possibility that substances of different heterogeneity concen-
trations were used in the two experiments is considered less probable, since the samples
were prepared in the same laboratory.) A metastable phase nucleates [42]. However,
thermal data are available [30] for only the stable phase (anorthite). The Vogel-
Fulcher parameters were determined from a least-square fit to viscosity data of
Ref. [29]. The Ig(I/] 1,.,) vs- X plots for the CNT and DIT are presented in Fig. 5 and
the relevant data are given in Table 2. The xy values assessed from both the CNT and
the DIT analyses (i) indicate a bulk heterogeneous process, and (ii) satisfy the criterion
10x, < xy < 1, where x_ was estimated from the maximum nucleation rate and time
(lgx, = — 21.6). The presence of heterogeneous nucleation is supported by the small
slope of the plot, yielding &, values which are about half of those for other substances
of similar molecular size. Also, the closeness of the CNT and DIT plots is expected
for heterogeneous processes close to ideal wetting [12f]. In summary, the range
of data suggest a heterogeneous mechanism as did the DIT (and the CNT) analysis.
Note, that the present results for the CNT deviate considerably from those in Refs.
[297] and [42], which indicate a homogeneous nucleation mechanism. The source of
the discrepancy is that instead of Hoffman’s expression for the Gibbs free energy
difference (known as a rather crude approximation [1]), the measured thermal
properties were used here, which demonstrates again the importance of accurate input
data.
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Fig. 5. Estimation of xy from the DIT and the CNT for CAS,. Notations: @, O, data from direct
determination of nucleation rate [42]; A, A, data from an indirect method [297; dashed lines and open
symbols, CNT; solid lines and full symbols, DIT; B, x_estimated from the maximum nucleation rate and time
given in Ref. [29]. Units are as in Fig. 2.

3.5. NS,

Matusita and Tashiro [43] and Scott and Pask [44] observed only surface nu-
cleation for this composition. In the only work on volume nucleation [31], I was
determined by the indirect method applied for CAS, in Ref. [ 29], which may underesti-
mate the nucleation rate considerably. Thermal and viscosity data from Refs. [25] and
[31] were used to obtain the AC (T) and Vogel-Fulcher parameters. As in case of
CAS,, both the CNT and DIT plots indicate a heterogeneous nucleation mechanism
(Fig. 6). Here the DIT fit does not meet the condition 10x_ < x, where Igx, = — 12.1
was assessed from the maximum nucleation rate and time given in Ref. [31]. However,
the discrepancy (& 3 o.m.) is of about the same magnitude as the uncertainty of xy (see
LS, and NC,S,), rendering the discrepancy insignificant. Another factor acting in the
same direction is that the indirect method is expected to underestimate the nucleation
rate. Adopting the magnitude indicated for CAS, (~ 4.5 0.m.) may restore 10x, < xy.
Thus the results on NS, are still compatible with the quantitativity of the DIT. As for
CAS,, other features of the consistency plot (low é,,, comparable x, values from 