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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 [13. 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, 7, 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 I as a function of temperature T, and having a guess at the temperature 
dependence of 3': the classical expression for the rate of bulk heterogeneous nucleation is 
I ~ XN/O,homeXp{ - -  W ~ h o m f ( 0 ) / k  T}, where x N _< 1 is the fraction of molecules active on 
the surface of heterogeneities, /0,horn and W~hom = (16~/3)73(A9o) -2 are the prefactor 
and work of formation for a homogeneous process, respectively, Aog is the volumetric 
Gibbs free energy difference between the bulk phases, k is Boltzmann's constant, and 
f (O) accounts for the reduction in W by the heterogeneities, while 0 is the contact angle 
between the crystal-melt and crystal-heterogeneity interfaces. Then, plotting 

= Z~. (A90) r ("consistency plot"), where )~;, = 7(T)/7(T0, one lg(I/10.hom) vs. XCN x o 3 + 2 - 1 
should obtain a straight line intersecting the vertical axis at lgx N with a slope 
proportional t o f ( O ) 7 ( T O  3. For more than the past 40 years, this analysis has been 
performed for various substances (oxide glasses [,1,6], molten metals [7] and water 
[8]). It is now well established that the assumption Z~. = 1 leads to unphysical x N values 
(106-1049) known as "anomalous nucleation prefactors". Obviously, x N _< 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 7 (at the expense of 
introducing further adjustable parameters), in the light of the problems mentioned 
above it seems probable that an unphysical x N indicates a general failure of the classical 
approach. This view is strongly supported by the fact that in the case of vapor 
condensation, where 7 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 ~ 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 7, which results in an apparent temperature dependence of ~ for the undercooled 
crystal melt interface [12c], the DIT is expected to remove "anomalous" nucleation 
prefactors. Its ability to do so has been demonstrated on pure metals (Hg, Ga) and on 
Li20.2SiO 2 glass [12c, 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 v approaches a constant value. If heterogeneities are in 
abundance, the homogeneous and bulk heterogeneous processes cannot be distin- 
guished from the N v 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 

Who m ~- {Ah + (r, T ) -  TAs+(r, r)}4nr2dr (1) 

where Ah + (r, T) = X(r, T) {[u(r, T) - uo] + Po Iv(r, T) - Vo] }, As + (r, T) = N(r, T) 
{s(r, T) - So}, 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 interracial 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. la) the area 
enclosed by the Ah + and TAs  + functions is equal to the respective interfacial free 
energy 7Nan (a 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 6 = Z s - Z H as the characteristic thickness. Evidently, the area enclosed by 
the step-functions is also equal to ~p,,, i.e. 6 is expressible in terms of measurable 
quantities: 6 = ]~,plan/Aheq, where Aheq  is the volumetric heat of transformation. Eq. (1) 
for spherical fluctuations can also be evaluated in terms of the amplitude 
(Ah o = A h + ( r ~ 0 ) ,  AS o = A s + ( r ~ 0 ) )  and position (R.,Rs) of the step-functions 
corresponding to distributions in the unstable equilibrium (nucleus, Fig. lb): 

=tC{RHAh o - - R ~ T A s O } ,  where K=4~/3 .  Note that this expression is still Whom 3 + 

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. R s - R H ~ 6. Maximizing Who m with 
respect to size, the work of formation and size of nuclei are W'~hom = -- ~63AgO ~ and 
R * = 3 " { l + q } ~ / - ~ ,  where 0 = 2 ( l + q ) r /  3 - ( 3 + 2 q ) q  2~_y] 1, q=(l_r/)l,,2, 

= A g o / A h  o and Ag o = Ahg - TAs  o. 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, Ah o and As o can be 
calculated from the heat of fusion AHf, melting point Tf and specific heat difference A Cp 
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Fig. 1. lnterfacial distributions and the definition of the characteristic thickness 6 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]. S = Po/Pe is the supersaturation, while Po and Pe are the external and the 
equilibrium pressure.) 
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r and As o { A H f / T f  + yr r using the formulae  A h o = - { AHf  q- ~TfA Cvd T }  v m 1 = _ 
[ A C p / r ] d  T}  v m 1, where Vm is the mola r  vo lume of the crystal. ACp = C g - Cp, where 
superscripts  g and c stand for the glass and the crystal, respectively; note that  for crystal 
nucleat ion (as for vapor  condensat ion)  Ah o, As o, Ag;- < 0, while R s -- R n = 6 > 0.) 

Fol lowing the classical route, the nucleat ion rate for a homogeneous  mechanism can 
be given as Ihom = I0,hom exp { -- W~hom/k T},  where/0,horn = N O F Z [ 1 ] ,  as in case of the 
CNT,  except that  the new formulae for the work  of format ion  and the size of nuclei are 
used (O = N s A * ,  Ns is the surface density of molecules, A* = 4 ~ R  .2 is the surface area 
of nuclei, F = 6 D / 2  2, D is the diffusion coefficient calculated here f rom the viscosity 
/~ using the Stokes Einstein relation, 2 is the j u m p  distance of molecules, while the 
factor  Z = {(2 ~k T) 11d 2 Whom/d iZli,} 1/2 accounts  for the dissolution of nuclei, i is the 
number  of molecules in the fluctuation, and superscript  * denotes quanti t ies referring 
to the nucleus). Although,  in case of the DIT,  the relation between the work  of 
fo rmat ion  of heterogeneous and homogeneous  nuclei is more  complex than in the C N T  
[ 12f ], e.g. a formal  in t roduct ion off (0)  in the D I T  is acceptable  only if the ratio of the 
volumetr ic  and surface contr ibut ions  to W~he, is roughly independent  of 0, i.e. near  
0 = 1/2g, an analysis of bulk heterogeneous nucleat ion implies that  in analogy to its 

= - A q  0 ~ / T -  can be used to classical counterpar t ,  the plot  of lg(I/Io,hom) VS. XDI T + 1 
assess x N [12f] .  Here,  the slope is p ropor t iona l  to 32ff, where 3ef f is an apparen t  
characterist ic thickness equal to 3 in the case of homogeneous  nucleation and smaller 
otherwise. Since /0,hom weakly depends on 3, a self-consistent plot  can be found by 
a simple i teration scheme: first calculate lg(l/lO,hom), with a rough est imate of 3, 
determine 6 f rom the slope, then recalculate lg(I/lo,hom), determine 3 again, etc. The  
process converges rapidly. The assessed Xy can be used to test the applicabil i ty of 
nucleat ion theories. As well as x N _< 1, x N = nNhe t /N  should satisfy x N > n x  c (with 
the equali ty valid for site-saturation),  where n is the average number  of active molecules 
on the surface of a heterogeneity,  Nhe t is the number  density of heterogeneities, 
x~ = N J N ,  while N¢ is the m a x i m u m  number  density of crystallites seen in the 
experiments.  Unfor tunate ly ,  exper imental  informat ion on n is non-existent.  Consider-  
ing that  the most  potent  nucleat ion areas (favored by local geometr ical  or chemical 
condit ions) p robab ly  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-wet t ing limits may  be as low as 5-10  
molecules. Thus  a reasonable  criterion of consistency with experiments  is 

10x c < x N _< 1. 

3. Results and discussion 

In this work,  five s toichiometr ic  oxide glasses which show volume nucleat ion are 
investigated: L i 2 0 ' 2 S i O  2 (LS2), BaO '2S iO2  (BSa) and N a 2 0 " 2 C a O ' 3 S i O  2 (NC2S3), 
where "anomalous"  prefactors were reported,  and two others N a 2 0 ' 2 S i O  2 (NS2) and 
CaO-A1203"2SIO2 (CAS2), for which no anoma ly  was found. For  the sake of compar i -  
son, as well as the results of the DIT,  those from the C N T  analysis will also be 
presented. With  the exception of LS 2 these composi t ions  melt  congruently,  but  even 
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LS 2 is completely liquid 1 K above its incongruent melting point, justifying the use of 
the fomulae for Ah o and As~. 

3.1. LS 2 

The nucleation rates were taken from Refs. [17-20]. Note that the composition of 
the glass is critical [I].  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 2 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 -  1 by 
Sen et al. [33] compare 52.7 kJ tool-  1 in Ref. [25] and less than 45.1 kJ mol-  1 from the 
data of Ref. [32]. The ACp(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, p = A  
e x p { B / ( T [ K ]  - C)}. 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 N values from the linear 
portion of the plots are 17-20 orders of magnitude (o.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 x N 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 o.m. (CNT) and 0.2 0.7 o.m. (DIT). The results are more 
sensitive to the viscosity function. The x N values obtained using the viscosity co- 
efficients of MT and ZJ differ by 4.8-8.5 o.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 ofx N from consistency plots of the DIT (solid line) and the CNT (dashed line) for LS 2. 
(XcNT=(A90 -) 2T l i s g i v e n i n u n i t s o f ( A H f / v m ) - 2 T ( l , w h i l e X m T =  Agog, T l is presented in units of 
AHe/T  f v m. Notations: ©, experimental points with XCN T on the abscissa; O, the same points with XDn- on the 
abscissa. Nucleation rate data are from Refs. [17-20].) 

Table 2 
Lg(XN) values and interfacial parameters assessed from the "consistency" plots for CNT and DIT 

Composition Sample lg(XN) CNT lg(XN) DIT ~eff/~ 

LS 2 F MT 16.8 _+ 0.8 - 1.3 + 0.4 2.23 + 0.02 0.478 
T m 18.3 _+ 0.8 -0 .7  _+ 0.4 2.27 + 0.02 0.486 
ZJ Mr 18.0 + 0.4 -0 .8  _+ 0.2 2.26 _+ 0.01 0.485 
j m  19.5 _+0.4 0.1 +0.2 2.29_+0.01 0.491 

F z; 25.2 _+ 1.5 2.0 _+ 0.7 2.42 _+ 0.03 0.519 
T z~ 23.3 + 1.3 1.2 _+ 0.6 2.39 _+ 0.03 0.511 
ZJ zj 25.9 _+ 0.9 2.3 _+ 0.4 2.44 _+ 0.02 0.522 
jzJ 24.3 + 0.8 1.7 _+ 0.4 2.40 _+ 0.02 0.515 

BS 2 ZJ 20.1 + 0.9 -2 .0  _+ 0.3 2.95 + 0.03 0.596 
JR 23.8 _+ 1.0 --0.7 _+ 0.4 3.06 _4_ 0.03 0.617 

NC2S 3 C1 aJ 47.2 -+ 3.3 6.7 + 0.3 3.00 -+ 0.03 >0.505 
G16 °j 57.1 _+2.8 -6.4-+0.5 3.06_+0.06 >0.514 
N2 N2 63.5 -+ 5.6 - 6.0 _+ 0.5 3.16 -+ 0.06 > 0.532 
C 1 N2 40.0 _+ 2.1 -- 8.0 _+ 0.2 2.89 -+ 0.02 > 0.484 

CAS 2 H 15.1 _+0.6 - 17.3 -+0.4 1.14_+0.03 >0.207 
C - 16.4 -+ 0.4 19.9 _+ 0.3 1.29 _+ 0.01 >0.234 

NS 2 K 8.4 _+ 0.6 - 14.5 + 0.4 1.31 _+ 0.02 >0.256 

Notations: F, Ref. [20]; T, Ref. [19]; ZJ, Ref. [17]; JR, Ref. [18]; C1, Ref. [28]; 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: Z J, Ref. [17]; MT, Ref. [24]; G J, Ref. [28]; 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-interracial 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 x N 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, AHf and 
ACp 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 o.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 N 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 2 

Nucleation rates from Refs. [17] and [36] are considered. The first nucleating 
phase is the high-temperature monoclinic BS 2 (h-BS2) [37], metastable below 
1623 K with respect to the orthorhombic low-temperature phase (1-BS2). Unfor- 
tunately, the thermal data are incomplete. Although AHf (h-BS2) has been assessed 
[27] from binary phase diagrams, to the author 's  knowledge, neither the heat of the 
h-BS 2 --, 1-BS 2 transformation, nor ACp(T)  has been measured so far. In contrast, 
the heat AH x and temperature T x of crystallization is known for 1-BS 2 [27]. Thus, 
an average ACp = (AHf AHx)/(T f -  Tx) was computed from Tf, AHf, T x and AH x. 
Both the CNT and DIT  results (and errors) are rather similar to those for LS 2 (see Fig. 3 
and Table l), 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 A Cp = 0 representing the lowest physically meaningful value. In accord with 
previous work [1], the C N T  plot yields lower but still "anomalous" prefactors (about 
12.8 15.8 o.m. too high). The DIT plot moves in the opposite direction: the respective 
lgx N values are also positive but much smaller, 1.3 3.0 o.m., still indicating a homo- 
geneous process within experimental error. Doubling ACp, in contrast, increases 
lgx cNT further (37.6 42.9), while lgx pIT is lowered into the domain of heterogeneous 
nucleation ( - 4.7- - 5.6). 

3.3. N C 2 S  3 

In addition to the nucleation rates of Refs. [22,28,38], the average rates Nv/t n 
determined from data of Ref. [26] were also investigated, where N v is the number 
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Fig. 3. "Consistency plots" for BS 2 from the C NT  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 t n. At high temperatures, the incubation 
time r of nucleation is negligible on the time scale of the experiments; therefore 
Nv/t . ~ I. However, with decreasing temperature r becomes comparable with t n 

leading to an increasing underestimation o f / b y  N~/t n [28]. The first nucleating phase is 
the high-temperature N C 2 S  3 modification (stable in the temperature range of nu- 
cleation experiments) [28,38]. The experimental Tf, AHf and ACp 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 N values (about 47-64 o.m. too high, see 
Fig. 4a and Table 1). A small downward curvature at low temperatures, not unlike the 
one seen on LS 2, can also be observed. In contrast with previous expectations of 
a homogeneous nucleation mechanism [28, 38], the x N values ( ~ 10- 6.4) from the DIT  
analysis indicate a bulk heterogeneous nucleation (Fig. 4b). The combined uncertain- 
ties of ~ 28.4 o.m. for the C N T  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 Nv(t ) curve at long times. Similar behavior was observed by 
Zanot to  and Galhardi at 627°C [39]. However, at this temperature crystal growth is 
important,  and Nv(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 
Nhe  t ~ 2.2 x 1015m -3 (Xhet=Nhet /N=4.62 x 10 13 and lgXhet = -- 12.33), putting 
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Fig. 4. Assessement o fx  N from the C NT  (a) and the DIT (b) for NC2S3, and results from Ref. 1-28] 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): Q, C 1 glass in Ref. [28]; A, G 16 glass in Ref. [38]; ~-, from Ref. [22]; I Xhet 
for Nho , = 2.2 x 1015 m -  3; D, Nv/t, for glass N2 containing extra amounts  of water [26]; dashed line in (a),(b), 
linear function fitted to the points for Nv/tn; 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 ~tm. 
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 xy = 10 6.4+3.2 shows that the criterion 10Xh, , < XN < 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 
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kinetics in pure NC2S 3 and a glass containing ~ 1 lam 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 NC2S 3 is not inconsistent with the conclusion of the DIT 
analysis. 

3.4. CAS 2 

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 lg(I/Io,hom) VS. X plots for the CNT and DIT are presented in Fig. 5 and 
the relevant data are given in Table 2. The x N values assessed from both the CNT and 
the DIT analyses (i) indicate a bulk heterogeneous process, and (ii) satisfy the criterion 
10x c < x N < 1, where x c was estimated from the maximum nucleation rate and time 
(lgx c = -21.6).  The presence of heterogeneous nucleation is supported by the small 
slope of the plot, yielding 6err 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. 
[29] 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 x N from the D1T and the CNT for GAS 2. Notations: 0, O, data from direct 
determination of nucleation rate [42]; A, A, data from an indirect method [29]; dashed lines and open 
symbols, CNT; solid lines and full symbols, DIT; II, xo estimated from the maximum nucleation rate and time 
given in Ref. [29]. Units are as in Fig. 2. 

3.5. NS 2 

Ma tus i t a  and  Tash i ro  [43] and Scot t  and  Pask  [44] observed only surface nu- 
c leat ion for this compos i t ion .  In the only work  on vo lume nuclea t ion  [31], I was 
de te rmined  by the indirect  me thod  appl ied  for CAS 2 in Ref. [29], which may  underest i -  
mate  the nuclea t ion  rate  considerably .  Thermal  and viscosity da t a  from Refs. [25] and  
[31] were used to ob ta in  the A C e ( T  ) and  V o g e l - F u l c h e r  parameters .  As in case of 
CAS2,  bo th  the C N T  and  D I T  plots  indicate  a he terogeneous  nuclea t ion  mechan i sm 
(Fig. 6). Here  the D I T  fit does not  meet the cond i t ion  10x c < x N, where lgx  c = - 12.1 
was assessed from the m a x i m u m  nuclea t ion  rate  and  t ime given in Ref. [31]. However ,  
the d i sc repancy  ( ~ 3 o.m.) is of abou t  the same magni tude  as the uncer ta in ty  o f x  N (see 
LS 2 and NC2S3)  , render ing the d iscrepancy insignificant.  Ano the r  factor  act ing in the 
same di rec t ion  is that  the indirect  me thod  is expected to underes t imate  the nuclea t ion  
rate. A d o p t i n g  the magn i tude  indica ted  for G A S  2 ( ~ 4.5 o.m.) may  restore 10x c < x N. 
Thus  the results on NS 2 are still compa t ib l e  with the quan t i t a t iv i ty  of the DIT.  As for 
CAS2,  other  features of the consis tency plot  (low be,,  c ompa ra b l e  x N values from the 
C N T  and D I T  plots) suppor t  the he terogeneous  mechanism indica ted  by the x N value. 
Note ,  that  for the same reason as in the case of CAS 2 (exper imenta l  thermal  d a t a  
ins tead of Hoffmann ' s  approx imat ion) ,  the present  C N T  results differ from those  

repor ted  in Ref. [31]. 
Summar iz ing  the invest igat ions  of five oxide  glasses, it may  be conc luded  that ,  in 

con t ras t  with the classical a p p r o a c h  which leads to highly unphysica l  results in the 
cases of LS 2, BS 2 and NCzS  3, the D I T  is consis tent  with the exper iments  examined  
here. Accordingly ,  x N values assessed from the "consis tency plot"  could  be uti l ized to 
de te rmine  the mechanism of  volume nucleat ion,  p rov ided  that  accura te  input  d a t a  are 
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Fig. 6. Determination of x N from the DIT and the CNT using data from an indirect determination of 
nucleation rate in NS 2 [31]. Units and notations as in Fig. 5. 

available. Experiments under controlled conditions (known XN) are called for to clarify 
more accurately the magnitude of errors involved in such a procedure. 

A few remarks: 

(i) For BS 2 and C A S  2 (and perhaps LS2), the validity of this analysis rests on the 
accuracy of approximating the thermal data of the nucleating phase with those of the 
stable one. Hishinuma and Uhlmann suggested [-42] that the differences in the 
respective data alone may fully account for te appearance of "anomalous prefactors". 
Considering the extreme sensitivity of the CNT plot for such data [-1], this is certainly 
a possibility that cannot be lightly dismissed. Fortunately, as shown above, the DIT  
results are much less sensitive to the variation of the input data. Still an experimental 
determination of the relevant properties of metastable phases would be essential for 
a more quantitative evaluation of nucleation theories. 

(ii) Deviations of the present numerical results from those in Refs. [-12c-e] originate 
from the use of input data of different origin. However, the differences are comparable 
with the uncertainties given above and do not influence the conclusions. 

(iii) The downward curvature at low temperatures seems to be a general feature of 
the lg(I/Io.hom) VS. X plot for both the CNT and DIT. A possible explanation is that, 
with decreasing temperature, the size of the nuclei becomes too small to show bulk 
properties in their interior, i.e. even the DIT  falls out of its validity range. According to 
the present analysis, the downward curvature starts at nucleus sizes (i*) which depend 
on the substance, e.g. LS2, i* < 25; BS 2, i* < 47; and NCzS 3, i* < 15. 

(iv) Now that the consistence of the DIT  with the experiments has been demon- 
strated, interfacial information can also be extracted from the experiments with some 
confidence. Since the dimensionless characteristic thickness, c~ = 6/v 1/3, is just the 
coefficient Turnbull defined through 7=o~AHfNA-1/3Vm -2/3, where N A is the 
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Avogadro number, it is expected to depend on the crystal structure [16b, 16c, 45, 46]. 
Note, that only data on homogeneous nucleation can be used, since otherwise an 
apparent ~eff less then the real one would be obtained. The values from the DIT fit are 
given in the last column of Table 2. They seem to be reasonable, as those for LS 2 and 
BS 2 are enveloped by the data from direct measurements of 7 on Pb (fcc, ~ = 0.94) and 
H 2 0  (wurtzite, :~ =0.30) [15,47] and are comparable with theoretical results for 
various structures (fcc, ~ = 0.86 [16c], 0.8715a]; bcc, c~ = 0.71 [45]). Further experi- 
ments on homogeneous nucleation are needed to establish a correlation between ~ and 
structure, a knowledge of which is essential for quantitative prediction of crystal 
nucleation in melts and glasses. 

(v) Previous work has shown that the problem of "anomalous prefactors" can be 
removed by assuming either a size-dependent [8,9] or a temperature-dependent 
[1, 6-8] interfacial free energy in the CNT. The necessity of a size-dependent correction 
to 7 for small particles with a diffuse interface was recognized by Gibbs [48]. The 
first-order correction is often given as ~(r) = "/~ {1 - 2~7/R + . . .  } [49], where R is the 
radius of the particle and 67 is the Tolman length, a quantity rather difficult to 
determine, e.g. 67 for the l iquid-vapor interface of a Lennard-Jones molecules could 
only recently be evaluated with an error of about 50% [50], while 6 T for crystal 
nucleation is as yet unknown. Thus, these corrected theories contain an extra adjust- 
able parameter, 6 v. Other studies on crystal nucleation [1,6, 8] demonstrated that 
a linear temperature dependence "/(T)=a + b T(a, b,> 0) may also eliminate the 
"anomalous" prefactors. Unfortunately, there is not a general way to predict a and b; 
thus this approach also contains an extra adjustable parameter relative to the DIT. 

It can be shown that the DIT is mathematically analogous to a classical theory in 
which a size-dependent interfacial free energy [12a-c] is used. The combination of this 
size dependence with the reduction in the size of nuclei with decreasing temperature, 
yields 7 = -c5A9~- (0/4) 1/3 [12b], i.e. ;~ decreases with increasing undercooling [12c]. 
The main virtue of the DIT is that, in contrast with other improved models which 
contain a minimum of two adjustable parameters, it predicts 7(T) using a single 
parameter. Furthermore, this parameter can be fixed provided that the interfacial free 
energy is measured independently of nucleation at the melting point. Although such 
measurements are possible, data are available for only a few systems. Typical values 
evaluated from independent measurements for water and Pb [15, 47] are 6 = 0.95 
and 2.96 ,~, respectively. 

(vi) Transient and non-isothermal nucleation studies [34, 51 54] could provide 
further tests for the diffuse interface theory, especially the type of analysis described in 
Refs. [34] and [51]. 

4. Summary 

Nucleation rates for five oxide glasses displaying volume nucleation were analyzed in 
terms of the classical and the diffuse interface theory. In accordance with previous 
works, the CNT analysis on LS2, BS 2 and NCzS 3 led to highly unphysical results 
(x N = 1017-1064) known as "anomalous" nucleation prefactors. In constrast, as dem- 
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onstrated earlier for undercooled hydrocarbons,  metals, and a metallic glass [ 12], the 
diffuse interface theory is fully consistent  with the experiments, showing no trace of 
"anomalous"  prefactors. Based on the new approach,  a unique possibility of distin- 
guishing homogeneous  and volumetric  heterogeneous processes has been out l ined and 
discussed. The diffuse interface analysis indicates a homogeneous  nucleat ion process 

for composi t ions  LS 2 and BS2, and a bulk heterogeneous mechanism for NC283, CAS 2 
and NS 2. In the light of other experimental  information,  relevant to nucleat ion in these 

systems, the conclusions are physically plausible. 
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