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ABSTRACT 

This study was undertaken with the goal of comparing the calculated nucleation 

rate for phase separation with experimental measurements for a simple glass system. The 

magnitude and the temperature dependence of the nucleation rate for a sodium silicate 

glass composition in the binodal regime was calculated. These calculations used a 

minimum of assumptions in order to determine the limits on certain thermodynamic 

variables, chiefly surface energy. Many of the values used in these calculations were 

determined from growth and coarsening measurements made on this system. Nucleation 

rates, as well as growth and coarsening rates, were then measured in this system for this 

comparison to theory. 

It was found that the free energy of mixing models are unable to predict 

nucleation behavior at temperatures near the immiscibility boundary. In addition, these 

models predict that the nucleating composition lies outside of the binodal. Although the 

values measured for the activation energy correspond well to those in the literature, their 

incorporation into the nucleation expression does not correct for the temperature behavior 

of the free energy of mixing. It is also unlikely that a temperature dependent surface 

energy term could account for the poor predictive nature of classical nucleation theory at 

small undercoolings. 
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1. INTRODUCTION 

Liquid-liquid phase separation in oxide glass-forming systems remains an active 

field of study since many issues are still unresolved. The origin of demixing in these 

complex fluids has not been definitively explained. Also, the kinetic theory, which 

predicts nucleation and growth of a secondary phase, has not been adequately tested in a 

simple glass system. This dissertation is concerned primarily with the latter. 

Glass-forming systems are excellent candidates for the study of nucleation 

behavior. Their high viscosity in the temperature regime of interest enables transformation 

rates to be measured. Glasses can undergo both phase separation and crystallization, thus 

nucleation theory can be used to describe both phenomena. Most of the comparisons 

between classical nucleation theory and experimentally measured nucleation rates have 

been in crystallizing systems. As an example, classical nucleation theory has been 

extensively examined in lithium disilicate, a glass which undergoes homogeneous 

nucleation before devitrification. Nucleation of a demixing process may also occur. In 

this case, phase separation will obey the same underlying theory for nucleation as 

crystallizing systems. 

Phase separation in glassy systems is considered important because various 

properties of the glass itself may be modified by phase separation. The realization of how 

phase separation occurs and progresses allows the prediction of the resultant 

microstructure, hence control of the material properties. If microstructural control can be 

achieved, then materials can be specifically engineered for their intended applications. 

Phase separated glasses have been made so that droplets of one phase are distributed 

throughout a matrix of a different composition in order to increase their chemical 

durability (e.g. Pyrex). Spinodally decomposed glasses also can have a continuous phase 
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leached out which leaves behind a porous framework (e.g. Vycor). In addition, demixing 

in glass systems may play a possible role in controlled devitrification. Phase separation 

has been suggested to enhance crystallization by changing the viscosity via the mobility of 

diffusing species, by concentrating the species, or by providing surfaces which may 

provide nucleation sites for heterogeneous crystal nucleation^ 

The kinetics of liquid-liquid immiscibility in simple glass systems have not been 

well characterized. Many of these measurements have not been made since the objects of 

interest are very small. Because of current technological advances, examination of 

materials may be made nearly to the atomic scale. However, the information gained from 

these techniques must still be carefully scrutinized, especially as the resolution limit of 

each technique is approached. In this dissertation, phase separation in the sodium silicate 

system has been examined using traditional characterization tools, namely small angle x-

ray scattering (SAXS) and scanning electron microscopy (SEM), in conjunction with 

updated and newer techniques such as field emission scanning election microscopy 

(FESEM) and atomic force microscopy (AFM). The methods used to retrieve consistent 

information are described and some examples of thermodynamic and kinetic data gleaned 

from each technique are presented. The discrepancies between these techniques are 

discussed along with reasons for these differences. 

Only one study has attempted to compare experimental nucleation kinetics with 

theory in phase separating glass systems^'. This study was conducted using a soda-lime 

silicate glass and reasonable agreement was achieved for the relative magnitudes of the 

nucleation rate. However, the free energy of transformation for a three component system 

is difficult to determine because of the uncertainties in the metastable phase diagram. 

Also, the temperature dependence of the nucleation rate was not determined. 

Sodium silicate glass was chosen to be the object of this study because it is a 

simple, well characterized, two-component system. The phase equilibrium boundary, or 
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binodal, has been experimentally established. Several models have been developed to 

describe this boundary. Also, earlier research has indicated that some compositions of this 

glass could be processed so that no phase separation occurs during the glass making--^. 

In this dissertation, a comparison of the measured nucleation rate magnitude and 

the temperature dependence were made for sodium silicate glass in the binodal regime. By 

making these comparisons it was possible to place limits on important thermodynamic 

parameters, such as the interfacial free energy and the kinetic activation energy barrier. In 

addition, the validity of some free energy of mixing models were also examined. These 

models, which were derived to describe the immiscibility regime, were used to calculate 

the free energy of phase transformation. From these calculations, nucleation rates 

requiring few assumptions may be determined and compared with measured values from 

these systems. 

In summary, nucleation rates and related thermodynamic values in a simple binary 

oxide glass were determined in order to obtain an unambiguous comparison between the 

results of classical nucleation theory and experiment. 
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2. BACKGROUND 

Several good review papers have been written on phase separation in the last 

twenty years. The review by lames'* gives an overview of the field concentrating on 

notable experimental work in determining both 1) the extent of phase separation in glass 

system and 2) the kinetics of the separation process. Craievich^ addresses the 

characterization techniques which are used to qualify and quantify phase separation in 

glasses with an emphasis on small angle x-ray scattering techniques. An extended article 

by Tomozawa^ includes an excellent section on the properties of phase separated glasses, 

a topic which will not be covered in this chapter. For more information on phase 

separating systems other than sodium silicate, the reader is directed to the Uhlmann 

article^ or the Mazurin book' on phase separation, both of which have good 

bibliographies. This literature review chapter should provide the information which is 

required to view the results presented in the following sections with clarity and 

perspective. In addition, thermodynamic values have been culled from various sources to 

present known data for the sodium silicate system. 

2.1 Thermodynamics of phase separation: 

The thermodynamics of phase separation are discussed from a minimization of 

free energy standpoint. Special attention is paid to the development of models that predict 

and define the binodal and spinodal boundaries for metastable phase separating systems. 

An introduction to classical nucleation is also given in the following section. 
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2.1.1 Fundamental liquid/liquid immiscibility issues: 

Liquid-liquid demixing is driven by the free energy minimization of the system 

via the separation of the components at a given temperature. An expression for the free 

energy of mixing can be written: 

AG (mix)= AH(mix)-TAS(mix) (2.1) 

The entropy of mixing, AS(mix), is always positive. The enthalpy of mixing term, 

AH(mix), can be either positive or negative. For a regular solution model, which is later 

discussed, the sign of AH(mix) depends on the relative strength of A-A and B-B bonds as 

compared to A-B bonds in a two-component system. If AH(mix) is positive at lower 

temperatures, there will exist a temperature regime where the enthalpy will surpass the 

entropic contribution, and phase separation may occur as shown in figure 2.1. If kinetics 

do not hinder the process, the phases will eventually separate into compositions given by 

the shared tangent to the free energy curve. The coexistence curve between the single 

phase and the phase separated material is defined where For ^ regular solution, 

these compositions are on the locus of points given by 

^^^ = 0 (2.2) 

which defines the binodal within which phase separation is thermodynamically possible. 

The stability of the system is dependent on composition (figure 2.2). It is possible 

that the system will not undergo phase separation if there is a large energy barrier that 

must be surmounted. This metastability region, called the classical or nucleation and 

growth regime, exists for certain ranges of composition and temperature where 
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Figure 2.1 a) At higher temperatures the entropy term dominates and only one phase 

is in equilibrium. 

b) As the temperature drops the enthalpic term becomes more important. 

This system can now undergo phase separation since two phases are in 

thermodynamic equilibrium. 
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a) 
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b) 
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\ 

Figure 2.2 a) The free energy of mixing curve for a phase separating glass 

b) The phase diagram corresponding to the above figure 
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Alternatively, within the region defined by 

d^AG 
dX" 

<0.  (2 .4)  

there is no barrier to phase separation. Spinodal decomposition will occur spontaneously. 

This phase transition requires only a small fluctuation in composition. A second phase 

does not need to be nucleated for demixing to occur. 

Many oxide glasses have been observed to phase separate. In some of these 

systems a secondary phase separation process, i.e. a subsequent separation of the phase 

separated regions, has been noted. Stable immiscibility gaps exist in some glass-forming 

systems above the liquidus. In others, the immiscibility gaps are metastable with phase 

separation occurring at temperatures below the liquidus temperature. 

2.1.2 Predictions of metastability boundaries: 

The binodal may be calculated if the free energy of mixing of the system as a 

function of both temperature and composition is known. Models have been developed to 

describe and predict where the metastable equilibrium boundary lies. A simple and 

commonly used model is die regular solution model developed by Hildebrand®. The fi-ee 

energy change in mixing has both an enthalpic term, H, and entropic term, S, as 

previously discussed. The chief contribution to the mixing entropy comes from the 

configurational entropy given by the Boltzmann equation, AS = ̂ 'ln^u. The number of 

configurations (co) or ways that a material with Na A atoms and Nb B atoms can be 

arranged is 

N^\N,\ 
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By switching to mole firactions and using the Sterling approximation, the expression for 

the entropy of mixing may be written: 

(2.6) 

The en±alpic term can be given by A// = iic(l -jc) where Q is an interaction parameter 

often given as 

n = wz[£^-K£„ + £„)j. (2-7) 

The constants Eab, Eaa and Ebb are the bond strengths of those relative bonds, Z is the 

coordination number, and N is the Avogadro number. This interaction parameter can be 

shown to be related to the critical temperature Q = 2RT^. The regular solution model 

predicts symmetrical binodal and spinodal curves centered on x=0.5. This model has been 

successfully used to describe immiscibility in some metal alloy systems. 

Most models are derived from the regular solution models by adding terms to the 

enthalpic or entropic components to account for bonding, different sized radii, clustering, 

etc.^ These models are more able to predict the asymmetrical immiscibility domes of the 

oxide glasses. For example, the Van der Toom and Tiedema model'® adds an excess 

energy term to the ideal solution model (regular solution where AH =0) and then expands 

that energy term as a power series. 

— = jc(l - .r){/io - Tso + (/ii - Ts, )x + (k,- Ts^ )x-} + r{(l - .r) ln(I - x) + x In .v} (2.8) 
R 

where ho, hi, h2 and so, si, S2 are expansions of the enthalpy and entropy, respectively. 

These values are chosen to fit the binodal, effectively giving the expression six adjustable 
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parameters. The Van der Toom model was shown to be highly sensitive to the choice of 

end compositions, which are difficult to determine experimentally ̂  

The Lumsden model, which has been used to describe immiscibility in glass 

systems, was originally developed for metal alloys using statistical mechanics. This 

model was used to successfully predict nucleation data for phase separation in soda-lime 

glasses The equation for the Lumsden model is given as 

where j is the average coordination number; r, is the radius ratio of the different 

components; 6, r\, and a are the three fitting parameters, with (e/T-a) representing the 

effect of neighboring components, and T] giving the effect of the next nearest neighbor 

components. 

Unfortunately, the majority of these approaches for finding free energy 

expressions rely on choosing many fitting parameters. The fitting parameters may depict 

the immiscibility boundary in a particular system but may have little physical meaning. 

Oonk et. al. attempted to correlate their fitting parameters, n and A, to the ionic charge 

and radii of the phase separating species. Their model was then applied to several binary 

silicate glasses. The form of the equation was chosen to fit the shape of the 

experimentally determined binodal: 

— = Ain + ir^'/r".v(l - x)" + ̂  
RT R 

mix (2.10) 

The choice of the critical composition, Xc, directly determines n using the following 

equation which is found by taking from the second derivative of the above expression 
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with respect to composition and setting it equal to zero to solve for the critical 

composition and temperature. 

jc = (2« + 0-V2/I^-1 ^2.iOa) 
(« + l)' 

Haller and others found that by changing the end members of the immiscibility 

curve and adding an entropy term to account for internal degrees of freedom, a highly 

asymmetrical binodal can be made to fit a regular solution model. With these 

modifications, the experimental miscibility gap data for both lithium silicate and sodium 

silicate glasses could be well described using this model. However, there is little 

justification for the extra entropy term which determines the shape of the binodal curved 

Also the chosen binodal end species have not been proven to exist. 

Charles proposed a model to describe immiscibility using structural 

considerations^"*. The entropy of mixing was calculated by considering the mixing of 

non-bridging oxygen with bridging oxygen. The enthalphic component arises from the 

difference in oxygen bonding in the solution as opposed to its bonding in the pure metal 

oxide. This method works well for predicting immiscibility in transition metal silicates; 

however, it predicts an exothermic heat of mixing for Na20 and CaO, which are known 

to exhibit phase separation. He amended his findings by considering the Si-0 bond angle 

adjustment that occurs in solution. Now an entropic term is added which then dominates 

the bonding energy term, thereby predicting solution demixing. 

Once an appropriate binodal has been established either by models or by 

experiment, it is also of interest to define the locus of the spinodal. Cook and Hilliard'^ 

have suggested a simple method to estimate the chemical spinodal whereby the 

composition of the chemical spinodal, Cs, is given by 
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(2.11) 

where Ce is the equilibrium concentration and Cc is the critical composition (at the top of 

the miscibility gap). This "root 3" method works well near the critical temperature, Tc. If 

the spinodal composition and the equilibrium composition are set to equal zero at T=0 K, 

linear correction terms can be applied to give better results for the spinodal further away 

from the critical temperature. This derived expression, designated as the "modified root 

3" method, is given by 

The spinodal boundary can also be calculated from the various binodal models by 

differentiating with respect to the composition. 

2.1.3 Classical nucleation theory: 

Nearly fifteen years after a large burst of research activity in the area of phase 

separation and crystallization in glass, problems remain in using classical nucleation 

theory to describe the initiation of a second phase. For crystallizing systems, the theory is 

able to predict the temperature dependence of the nucleation rate. However, the 

calculated nucleation rates are in error by many orders of magnitude from measured rates. 

Attempts have been made to modify the theory by using temperature dependent surface 

energies. The development of classical nucleation theory and its modifications are 

discussed in the following section. 

c 
(c,-c.) 

(2.12) 
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The formation of a new phase requires the initiation of that phase via a process 

called nucleation. For nucleation to proceed, a new surface must be created. Assuming 

this new phase is spherical, energy must be added to the system in the amount given by 

AC, = 4;crV (2.13) 

where r is the radius of the nucleus, and CT is the interfacial energy between the two 

phases. Driving the nucleation process is a volume free energy term, AGy, which 

describes the energy the system gains upon phase separation. Adding these terms results 

in the total free energy of droplet formation: 

AC = J Ttr^AG^ + 4jtr^<7 (2.14) 

The critical nucleus, r*, can be found by differentiating this expression with respect to r 

and setting dAG/dr equal to zero. 

(2.15) 
AG, 

The work required to create the critical nucleus is then written: 

AC'= (2.16) 
3(AGJ' 

Nuclei larger than r* are stable and will grow as the addition of atoms 

continuously lowers the free energy of the system. Those smaller than the critical size, 

called embryos, tend to shrink. 



25 

In crystallizing systems, AGv can be related to the heat of fusion of the system for 

small undercoolings (see section 2.4.4.2). For a demixing process, AGv is the difference 

between the energy of mixing in a homogenous mixture and that of the separated species. 

AGv=AG(homogeneous glass)-AG(droplet)-AG(matrix) (2.17) 

The above expression can be shown to be equivalent to the following: 

fiC 
GXO = G_(c) - G_(cJ --^(c - cj (2.18) 

Using equation 2.18, the free energy of formation for phase separation can be found from 

solution mixing models like those discussed in section 2.12. 

Nucleation occurs homogeneously or heterogeneously. For crystallization, 

heterogeneous nucleation is more common and refers to the catalysis of the nucleation 

process by the introduction of impurities, container walls, or surfaces which lowers the 

interfacial surface energy. Classical nucleation theory has been developed for 

homogeneous nucleation. Since the interfacial surface energy between the two phases 

formed in liquid-liquid demixing is low, it is assumed that most phase separation occurs 

via homogeneous nucleation. 

2.1.4 Cahn and Hilliard diffuse nucleus: 

In the classical treatment, the nucleating droplet is assumed to have a uniform 

composition and a defined surface tension. This treatment can not be extended into the 

spinodal regime where the composition across the secondary phase is nonuniform. In the 

vicinity of the spinodal, Cahn and Hilliard^^ considered the properties of the critical 

nucleus by representing its free energy (F) as an expansion about its composition: 
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F =  j [ f i c )+  K(Vc)^+...\lV (2.19) 

where f(c) is the free energy density of the homogeneous solution. The first term in the 

expansion, k(Vc)^, represents the increase in free energy from the gradient of the 

composition (Vc). 

The work done on the system to create a critical nucleus can then be given as 

for K independent of composition. 

Using this formalism, Cahn and Hilliard developed a model that predicts a diffuse 

nucleus whose composition is not uniform across the droplet and gradually approaches 

that of the matrix. The diffuse nucleus theory model also predicts that the work required 

for nucleus formation becomes increasing less than that predicted by classical nucleation 

theory as the spinodal is approached. The critical radius in the classical nucleation 

scenario decreases monotonically as the spinodal is approached. In the diffuse nucleus 

approach, however, the critical radius has a minimum which significantly increases in the 

vicinity of the spinodal (figure 2.3). 

A computer model has been developed to run numerical simulations'^ which 

support the implications for phase separation as stated by Cahn and Hilliard. This 

simulation found that the transition between the nucleation regime and the spinodal 

regime are gradual. There is no evidence of a sharp transformation between the classical 

nucleus regime and the spinodal. 

(2.20) 
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Figure 2.3 The diffuse nucleus dieory (a) predicts the critical radius will increase 

exponentially as the spinodal is approached, whereas for classical 

nucleation theoiy (b) the critical radius will continue to decrease. 
The values above were calculated using a regular solution model at 

T/T^=0.8656. 
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Recently, Stephenson and a group at Stanford^® used synchrotron radiation to 

observe real-time small angle scattering of the early stages of phase separation in a 

barium potassium silicate glass. Their experimental method enabled them to collect data 

at the temperature of interest by going direcdy from a higher temperature where the glass 

was homogeneous. In their work they found some discrepancies between their data and 

the Cahn /Hilliard theory. They introduced a diffusion induced flow theory (DIF) which 

considers the stresses which occur because of differences in the mobility of the diffusing 

species. 

2.1.5 Spinodal decomposition: 

To complete the description of phase separation processes, a short description of 

spinodal decomposition will be given. For a more thorough treatment of the subject and 

of experimental observations of spinodal decomposition for systems other than sodium 

silicate, the reader is directed to the original papers by Cahn^^ or Hillert^® and a review 

article on the subject 

For initial unstable states, the process of spinodal decomposition is described 

using an expansion of the free energy about composition as discussed previously. From 

this expression, the critical wavelength of a fluctuation that initiates the nucleation 

process can be defined. Inside the spinodal is a regime that can be characterized by 

spontaneous (no thermodynamic barrier) nucleation of the secondary phase. Cahn and 

Hilliard first proposed the theory for a process where the change in composition is 

minimal, but there is a large spatial change. Modifications to the theory have involved 

taking the expansion out to further terms, but in the basic theory proposed by Cahn only 

the first term is considered. The compositions and temperatures which lie within the area 

depicted by the spinodal boundary are not restricted to phase separate via spinodal 
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decomposition mechanisms only~; nucleation and growth mechanisms are also allowable 

in this regime. 

2.2 Kinetics of phase separation 

The kinetics of phase separation is often considered to have different stages of 

development. The first stage of phase transformation occurs because of the presence of 

fluctuations which cause local, small increases in the free energy of the system. If phase 

dissociation continues, a critical size is reached and further phase development is driven 

by diffusion forces. Different groups have attempted to empirically determine the kinetics 

of phase separation for compositions in both the classical and the spinodal regime. Basic 

kinetic theory for classical nucleation is presented in the following section. Also growth 

and coarsening mechanisms and rates are discussed. 

2.2.1 Kinetics of classical nucleation: 

By considering rate reactions whereby atoms are added or lost from the surface 

one by one, an expression has been derived for the steady state nucleation rate in 

condensed systems by TumbuII and Fisher^-^®. This equation can be stated as follows: 

where n* is the number of surface molecules on a critical nucleus, N is the number of 

molecules/volume of the homogeneous glass, h is Plank's constant, k is Boltzmann 

constant. The AG* term is the same as that described in the preceding section and is often 

called the thermodynamic barrier to nucleation. The exponential containing Ea is the 

kinetic barrier term. 

r • \ 

(2.21) 
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The Tumbull and Fisher expression can be rewritten 

(2.22) 

where A is the preexponential factor, which is given by 

A = n (2.23) 

This preexponential factor can then be expressed simply as 

which Tumbull-3 asserted as being within a factor of ten of equation 2.23 for most 

nucleation problems of interest. Although the preexponential factor can be expressed 

differently, calculations have shown this factor to have a value 10^^ to 1(H° for all glass 

systems with little temperatiire dependence' 

The kinetic barrier to nucleation. Eg. in the Turnbull-Fisher expression may be 

related to the activation energy for diffusion via: 

(2.25) 

and the diffusion constant. Do, can be found from 

kT}} 
(2.26) 

h 
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where h is Planck's constant and X, is the jump distance, which is approximately equal to 

the diameter of the diffusing species. The diffusion coefficient can also be extracted from 

viscosity (r|) measurements 

kT D = -^. (2.27) 
3KXT]  

Another expression-'* for the nucleation rate, I, was derived which does not use 

the diffusion activation energy barrier: 

1 (DG-Y*. .  (  AC-
3nkT 

A^exp 
kT 

(2.28) 

Here, the preexponential factor is called the Zeldovich factor, g» is the number of 

molecules in a critical nucleus of radius (r» ), N is the number of molecules per unit 

volume in the homogeneous glass, and t is the relaxation time which is related to the 

growth rate (dr/dt) of the particle radius (r) by 

r • 1 r = —-. (2.29) 
T r 

2.2.2. Growth and coarsening in phase separated systems: 

Nucleation and growth are often concurrent phenomena. Once nucleated, particles 

grow via long range diffusion until the equilibrium concentrations, as predicted by the 

binodal tie lines, have been attained. Continued heating encourages the particles to 

coarsen, whereby large particles grow at the expense of smaller ones. 
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Figure 2.4 The concentration profile of a droplet growing via diffusion-limited 

growth. 
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For growth from zero size, an equation has been formulated which 

considers the growth of a sphere of solute with an average radius r in an infinite body of 

liquid^--^ 

where the Coo, Cj and Cq are the concentrations of the solute in the matrix, the region 

outside the growing particle, and the particle itself (figure 2.4). 

Once the matrix begins to approach its equilibrium composition, coarsening occurs. 

Larger particles grow as smaller ones shrink, driven by the decrease in energy from the 

reduction in overall surface area. The volume fraction remains the same and the particle 

number density decreases proportionally to 1/t. 

The coarsening in a diffusion limited system is governed by the Lifshitz-Slyozov 

where Coo is equilibrium concentration of the diffusing species in the matrix and is the 

molar volume of the droplet phase. Similar coarsening processes occur after a glass has 

undergone spinodal decomposition as well. In these glasses a (time)'/^ dependence on the 

linear dimension is also seen'. 

2.3 Methods of determining and measuring phase separation in glass: 

Characterization tools, including SAXS, FESEM, AFM and Raman spectroscopy 

are described in the next section. The discrepancies between the measurements made 

using these techniques are also discussed. 

(2.30) 

equation 

(2.31) 
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2.3.1 Small angle x-ray scattering: 

Since the discovery of small angle x-ray diffraction by Guinier, this technique was 

noted to be a powerful tool for determining the extent of phase separation or other 

heterogenieties, such as segregating alloys, or partially crystalline polymers or proteins, 

which occur on a scale of 10-1000 A. Spatial differences of the electron density in a 

material cause the x-rays to scatter. 

If the system examined is isotropic and no long range order exists, then the 

scattering will be given by 

where r is the correlation distance, 20 is the angle between the incident beam and the 

scattered beam, p is the mean electronic density difference, X, is the wavelength of the x-

ray radiation, and I is the scattered intensity. From the scattering data, Guinier plots can 

be made by plotting the log of the scattered intensity, I(k), against k^. As > 0, these 

Guinier plots often have a linear region where the following Guinier approximation may 

be made: 

The value for the diameter for the scattering region D can be found from the slope of the 

Guinier plot and the extrapolated intensity 1(0) from the intercept. This approximation 

assumes that the particles are spherical, monosized, discrete, and homogeneously 

distributed. 

4;rsin0 

/(20) = /(O)exp 
5A' 

(2.33) 
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From the x-ray scattering data, a relationship for the particle number density can 

be obtained: 

fcm 

(Ap)'D^ 
, I"' (2.34) 

where K is a constant which accounts for the instrument geometry and Ap is the 

difference in electron density between the two phases. Because of the term in this 

expression, larger particles tend to dominate the counting statistics. Therefore one expects 

this technique to produce slightly exaggerated size estimations. 

S AXS has been an important technique for the examination if the spinodal regime 

of a phase separation systems. The theory of spinodal decomposition, as described by 

Cahn, can be directly tested using SAXS since the I(k, t) is proportional to Cahn's 

scattering factor S(k,t). Craievich^ outlined the three criteria that experimental SAXS 

curves would possess if the Cahn theory held: 

1. There would exist an angle kmax where the scattering intensity would be a 

maximum for any time t. 

2. A plot of log I(k,t) versus t would be linear. 

3. The scattering curves would cross over at a scattering angle kc where 

K=^k , .  

The presence of a maximum in the SAXS curve does not imply that one is 

necessarily in the spinodal regime. Interference from variations in the phase separation 

regions or the presence of a depletion zone surrounding the particles can cause the 
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presence of a maximum in the SAXS curve even if the system is in the metastable 

regime. 

At the large angle scattering limit, another approximation called Perod's Law may 

be obeyed whereby 

= (2.35) 
K 

where R is the scatting particle radius. If spectra in which the slit geometry is accounted 

for (desmeared spectra) are used, then the slope of In k vs. In I should be equal to -4 for a 

sharp interface. Smaller values of the slope indicate a less distinct interface exists 

between the different electron density regions which are being probed. 

2.3.2 Electron microscopy: 

Transmission electron microscopy has been used to examine phase separated 

particles as small as lOA in size. Two techniques have been used to prepared specimens 

for viewing. The first is carbon replication, where a thin film of carbon is deposited onto 

a fractured and etched glass surface. This thin film is then carefully removed from the 

glass and viewed in the microscope. Obviously this technique can not be used to gain any 

chemical information about the phase separated regions. Quantitative information, such 

as particle size and number, can be obtained from carbon replicas. Direct observation of 

phase separated glasses can be made on samples which were thinned to a few nanometers 

thick via a chemical or ion beam etch. These samples are wedge-shaped, and quantitative 

information for these samples is difficult to determine since the thickness is unknown. 

Scanning electron microscopy (SEM) has also been used to examine the evolution 

of phase separation in glasses. The ability of this technique to image the etched 

amorphous landscape allows determination of particle shape, connectivity, and the size 
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distribution. Unfortunately the etching procedure which enables a particle to be seen, can 

change the observed features. Sample preparation for viewing in the SEM is far less labor 

intense than TEM. However, the TEM resolution is better by more than an order of 

magnitude. 

A major enhancement in the field of electron microscopy came with the 

development of the field emission scanning electron microscope (FESEM). Thermally 

assisted field emission guns provide a higher flux density of electrons with a smaller 

energy spread, thereby improving resolution by reducing chromatic aberration. 

Resolution approaching that of transmission electron microscopy is possible without 

tedious and difficult sample preparation. Dimpling and ion milling, which can have 

deleterious effects on the sample, are not required. Unfortunately, artifacts may arise 

from a fine coating of a conductive material which is applied to prevent charging. This 

fine coating has an appreciable thickness, but it does not completely cover the objects of 

interest. The presence of the coating does, however, exaggerate the size of the features by 

an amount of approximately twice the coating thickness. For the smaller sized regions, 

this thickness becomes a significant fraction of the viewed particle. 

Stereological analysis of the images can give information about the particle size, 

distribution, number density, and volume fraction. Characterization techniques for 

studying phase separation in glass have made use of these techniques for years. Many of 

these different types of images can be evaluated automatically using image analysis 

software-®. These methods involve the acquisition of the image in a digital format, 

followed by a filtering treatment. Then a threshold value is set to determine the 

boundaries of the viewable (i.e. countable) objects. Often there is a post treatment to 

further simplify the image. Measurements can then be made on the image using the 

various stereological techniques.-^-^®-^^ 
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2.3.3 Atomic force microscopy: 

Developed in the early 1980s, the atomic force microscope has become a 

powerful tool to measure surfaces of non-conducting materials. Much like a stylus, a fme 

edged tip is dragged across the sample at a given force while deflections of the rip caused 

by tip/sample interactions (i.e. van der Waals forces, etc.) are measured. Detailed maps of 

the surface with nanometer resolution can be made. The sample preparation required to 

"see" phase separation in glasses includes polishing or fracturing followed by etching. 

The morphology of the sample should appear much like those seen by SEM except that 

no coating is needed. Since the tip has some tangible geometry at the scale of the feature 

being measured, it must be accounted for during the interpretation of images. Using 

simple geometry, a relationship between the observed width and the actual size of the 

probe tip can be made 

W- +4d^  
R= (2.36) 

where W is the particle diameter which is observed via AFM, d is the height of the 

measured object (approximately equal to the particle radius in etched glass samples) and 

R is the radius of the probe tip.^-

2.3.3 Raman spectroscopy: 

Changes in coordination or the local environment can be observed in the higher 

frequency "signature regime". In the sodium silicate system, a few studies^^-^'^-^^ have 

examined the effect of compositional changes on the resultant spectra. One of these 

studies^^ observed changes in the spectra with heat treatment for sodium silicate glasses 

which undergo phase separation. Recently, a method to observe relatively minute 

structural adjustments has been developed. This method uses difference spectra, which 
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are obtained by referencing samples to a base line. In these spectra, changes in peak size 

and wavelength shifts are magnified and are more readily observed, although 

interpretation can be difficult. Preliminary studies have shown changes in the difference 

spectra for sodium silicate glasses undergoing phase separation^^. 

2.3.4 Technique comparison: 

A few studies have been undertaken to compare the information gained from each 

of the different characterization techniques. Results may be different if some of the 

assumptions made during data analysis are not entirely appropriate for the material being 

examined. For example, the Guinier slope analysis, from which the particle radius may be 

obtained, assumes monosized, spherical, homogeneous particles - none of which are 

precisely true in many of the studied systems. Corrections can be made to account for 

different particle shapes and sizes, but these adjustments compound errors by heavily 

weighting the larger particles and thus overestimating the size. 

The microscopy techniques, which appear to allow the direct measurement of the 

pcuticles, have inherent errors. A classic study by Burnett and Douglas measured the 

particle size and area fraction for different etching times. Increasing the etching time fust 

increased the particle size and area fraction before a maximum size was reached. 

Increases of nearly 24% of the area fraction and 10% of the particle size were found. For 

their studies of coarsening and growth, they used the particle size and areal fractions 

found by extrapolating their results to zero etching time. 

In another study, the mean diameter of phase separated particles in a barium 

silicate glass^® measured in replica EM were 2.5 times larger than for SAXS or 

transmission EM. The differences reported between the sizes measured by SAXS and 

TEM for early times were suggested to be due to the failure of the Guinier approximation 
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because of the large particle number density. Also, large errors in the measurement of 

small droplets via TEM were reported. 

Moriya^^ compared particles sizes measured from direct transmission EM with 

those measured by replication TEM in a 10Li20-lONa20-80Si02 glass. The images 

obtained were similar for the two methods, but the glasses which were compared had not 

been subjected to the same heat treatment. 

Glassy systems in which tiny semiconductor crystallites had been grown were 

examined using different analysis techniques. In particular, the sizes obtained using 

SAXS, TEM and low frequency Raman spectroscopy were compared. For large particles 

there was a less than 5% difference in the sizes obtained from the different techniques. 

For smaller particles the TEM radii were 30% smaller than those seen by the other 

instruments'^. 

2.4 Phase separation in inorganic glass systems: 

Experimental measurements made on phase separating glass have been made to 

determine the mechanisms of phase separation as well as the kinetics of the demixing 

process. Research on sodium silicate systems in particular are highlighted in the 

following section. In addition, renowned works in other systems which have influenced 

or confirmed what is known about the thermodynamics and kinetics of phase 

transformations in glasses are described. 

2.4.1 Phase-separating systems: 

Phase separation has been observed and immiscibility diagrams drawn for many 

binary glasses including Li20-Si02, Na20-Si02, Ba0-Si02 metastable systems, and 

Pb0-B203 which has a stable immiscibility gap. Most of these regions have been 

examined by using samples with a known composition and heating them at increasing 
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temperatures and then looking for opalescence or sign of phase separation via light 

scattering, SAXS, or electron microscopy. Commercial systems which have been well 

studied are the Vycor compositions found in the Na20-B203-Si02 ternary and soda lime 

silicate (Na20-Ca0-Si02). 

Impurities influence the occurrence and the rate of phase separation. In mixed 

alkali silicate glasses, such as 10K20-10Li20-80Si02, the substitution of potash for lithia 

reduces the critical temperature and the rate of phase separation^^. In fact, the addition of 

a small amount of a third component has been found to dramatically affect the 

immiscibility boundary. For example the addition of 1 mole% of AI2O3 has the 

propensity to lower the immiscibility dome by 100°C in sodium silicate and other glass 

systems, whereas P2O5 can enhance the phase separation tendency"^Recentiy the 

effect of water content on phase separation has been studied"^^ and increased hydroxyl 

content was demonstrated to shift the immiscibility dome to higher silica content in 

sodium silicate glasses. Coarsening rates were also found to increase with water content. 

For these glasses the diffusion constant increased with water content, although the 

activation energy for diffusion remained constant. 

2.4.2 Phase stability in the sodium silicate system: 

The phase diagram for sodium silicate is given in figure 2.5. There are several 

stable compounds which are found in the sodium rich end. At the silica-rich end there is 

an inflection in the liquidus which is characteristic of phase separating systems. 

The metastable immiscibility gap is shown in figure 2.6. Data for this diagram 

was collected from several different papers in which both clearing temperature techniques 

and/or electron microscopy were used to determine the limits of immiscibility^. By using 

end members of {Si02}8 and {Na20 * 3Si02} and an extra entropy term of AS=0.3R and 



42 

T=1110K, Haller and coworkers^^ were able to fit the immiscibility data to a modified 

regular solution model. 

2.4.3 Experimental work in the sodium silicate system 

The simplicity of working with a binary system, coupled with the ease in which 

glass formation occurs in this system, has made the sodium silicate system a primary 

system for the study of phase separation. The kinetics of the demixing are slow for some 

compositions enabling their measurement on a convenient laboratory timescale of 

minutes to hours. Also for these glass compositions, the crystallization kinetics are very 

slow and crystallization occurs on the surface, thereby allowing the phase separation to be 

studied without fear of devitrification. 

2.4.3.1 Experimental examination of Cahn's spinodal 

For sodium silicate glasses in the spinodal regime, the initial research focused on 

proving the existence of spinodal decomposition in glasses as predicted by Cahn. Many 

groups have used the resultant microstructure morphology to determine the separation 

mechanism. High connectivity of the phase separated glass can imply that spinodal 

decomposition has occurred. The presence of discreet, spherical second phase particles is 

considered a hallmark of nucleation and growth. However, these morphologies have 

been shown"^ to be very dependent on the subsequent heat treatment, since the structures 

may arise from coarsening or coalescence. Hence, microstructural analysis is no longer 

considered a reliable method of determining the mechanism of nucleation. 
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Figure 2.6 The metastable immiscibility gap in the Na20-Si02 system using data 

compiled from a variety of sources^. 
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Amplification factors were calculated and compared to values obtained using 

Cahn's predictions. In the sodium silicate system, Porai-Koshits"^^ used SAXS to 

determine the invariant which gave results which were fairly consistent with theory. 

Neilson'^^ also examined the validity of Cahn's spinodal decomposition theory by taking 

SAXS measurements of a sodium silicate glass containing 12.6 mole% Na20. Looking at 

the kinetics of separation for two glasses with different quench rates, he found that the 

mechanism of decomposition was dependent on the thermal history of the glass. 

Andreev"^^ also attempted to correlate spinodal decomposition theory with SAXS data for 

sodium silicate glasses containing 12.5% soda. Light scattering^^-'^^ was also used to 

measure the kinetics of spinodal decomposition. In most cases, the scattering curves 

showed the predicted exponential relationship with time and a scattering maximum at a 

fixed angle. However, behavior at higher scattering angles was shown to deviate from 

predicted spinodal theory. Explanations for the discrepancy include the omission of non

linear higher order terms in the theory, and the possibility that the early stages of 

decomposition had already occurred and the researchers were observing later stage 

behavior. A later study^® corroborated the latter suggestion and found that the SAXS data 

fit a theory which describes coarsening of a spinodally decomposed structure^ ̂  

The experimental determination of the spinodal boundary has been investigated. 

Since the microstructure of the as-separated glass is a poor indicator of the demixing 

mechanism, there has been some emphasis on understanding how phase separation affects 

glass properties. In the sodium silicate system, Mazurin^- studied the changes in viscosity 

with heat treatment for Na20 concentrations of 13.7, 14.6, 16.3, 17.2 and 19.8 mole 

percent. Glasses which undergo droplet phase separation versus spinodal decomposition 

had differences in their measured viscosity. A sharp increase in viscosity was found to 

accompany the transformation from a discontinuous to a continuous structure. Using this 

method, the spinodal boundary corresponding to this viscosity increase was determined. 
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For the sodium silicate system, differences in elastic modulus and glass transformation 

temperature were also found to be dependent on the developed microstructure^^ although 

spinodal temperatures were not determined. It has also been proposed^'^ that the spinodal 

can be determined by observing the behavior of the volume fraction with time at 

temperature. In the nucleation and growth regime the volume fraction should increase. In 

the spinodal regime, however, the volume fraction is expected to decrease. 

2.4.3.2 Kinetic studies in the sodium silicate system 

Most studies on the kinetics of phase separation in the nucleation and growth 

regime were limited to measuring growth and coarsening. Groups^^-^^-^^-^^ who measured 

the evolution of the phase separation as a function of time found values for the diffusion 

constant of the rate limiting species. To calculate the diffusion constant, the surface 

energy was usually an assumed value. The calculated diffusion constant ranged from 

to 10"^^ cm^s, which compares well to the diffusion constant of oxygen. The 

diffusion of oxygen and the rearrangement of Si-0 groups on the surface of the nuclei 

were proposed as the rate limiting factors for coarsening and growth. Activation energies 

for diffusion were found from the slope of a InCr/t^^/^)) against 1/T plot. Values ranging 

from 50-100 kcal/mole are typical for most glass systems. The calculated diffusion 

coefficients and activation energies are given for various glasses (tables 2.1 and 2.2). 

Growth and coarsening kinetics were measured in the sodium silicate system 

using a variety of techniques. Light scattering experiments were conducted on 19.5 

Na20- 80.5 Si02 glasses^^. A model was developed that related the shape of the relative 

scattering intensity vs. scattering angle curves to a growth parameter, C, from which 

diffusion information could be extracted via the following equation: 

C = (4;r/A)D"'-r'^-. (2.36) 
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Table 2.1 -Diffusion coefficients from experimental data for 19.5Na20-80.5 Si02 glass^^ 

Temperature 
(C) 

Viscosity 
(poise) 

Diffusion Constant 
from viscosity 

Diffusion Constant 
from light scattering 

545 3.39 X 1010 1.18 X 10-17 

555 1.74 X 1010 2.32 X 10-17 8.10 X 10-15 

565 9.34 X 109 4.38 X 10-17 1.33 X 10-1^ 

575 4.90 X 109 8.45 X 10-17 2.47 X 10-1^ 

585 2.82 X 109 1.48 X 10-16 

Diffusion coefficients, which were calculated from viscosity measurements, 

assumed the Stokes-Einstein relationship with the jump distance, X,=3A (see equation 

2.27). The diffusion coefficients obtained from viscosity and light scattering 

measurements differ by almost three orders of magnitude. This difference was suggested 

to be due to the complexity of the growth process, involving both the diffusion of the 

sodium species away from the particles, as well as a rearrangement of Si-0 bonds. 

Smaller differences were seen between the results for light scattering and viscosity 

measurements for a Ca-B-Al-Si-0 glass. 
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Table 2.2- Activation energies calculated from experiment for silicate glasses and others 

Glass system 

19.5 NaiO - 80.5 8102^5 

Measurement technique Activation energy Glass system 

19.5 NaiO - 80.5 8102^5 light scattering 276 kJ/mole 

19.5 NaoO - 80.5 8102^5 viscosity 377 kJ/mole 

SAXS 358 kJ/mole 

14.57 NaiO - 85.43 8101^^3 8AX8 352 kJ/mole 

14.73 NaoO - 85.43 8i02^^ viscosity 341 kJ/mole 

10 NaiO-lO Li20-80 8i02^^ replication electron 

microscopy 

198 kJ/mole 

10 NaoO-10 CaO-80 SiOo^^ electron microscopy 247 kJ/mole 

1 K2O-26 Li20-73 SiOo^s electron microscopy 297 kJ/mole 

1 wt% PbO in 8203^^ small angle x-ray scattering 343 kJ/mole 

314 kJ/mole* 

* other T-dependent term in preexponential included in ordinate of plot 

All of the above calculated values (except for the viscosity measurement) are from 

measurements of glasses undergoing coarsening. 

2.4.4 Experimental studies of nucleation and growth in related systems 

The following discourse, although not a complete review of nucleation and 

growth in glassy systems, highlights some of the major work that has been done in this 

area. Also since classical nucleation theory has been evaluated using crystallizing 

systems, this following section gives an overview of the application of classical 

nucleation theory to tiiese system. Finally, the limited nucleation measurements which 

have been conducted on phase separating oxide glasses are presented. 
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2.4.4.1 Growth and coarsening studies 

The kinetics of phase separation in its later stages was experimentally measured in 

several glass forming systems. One of the first papers to look at kinetics of phase 

separation was by Ohlberg^'. TEM replicas of their calcium aluminoborosilicate glass 

showed "depressions" around each of the phase separated particles which were suggested 

to be silica-poor depletion zones, possible evidence for diffusion-controlled growth. 

Shetterly^® found a t^/^ dependence indicating that coarsening in the soda-lime silicate 

system occurred almost immediately. This data is in contrast to Burnett and Douglas^^ 

who for a similar composition found a dependence. Hammel's work^^ in the same 

system was measured over a short time range, and his data could be fit to either a or 

t^/^ dependence. 

A barium silicate glass was observed to undergo coarsening^® before the 

attainment of the equilibrium matrix composition, unlike the previously discussed study 

by Burnett and Douglas^^. In the barium oxide silica system, the number of particles was 

found to decrease almost immediately, indicating that the rate of nucleation is extremely 

high or that nucleation is occurring upon cooling. His SAXS data was used to observe Ap 

(the change in electron density between the two phases) to observe the changes in the 

matrix composition. In his calculations, the composition of the secondary phase was 

assumed to be constant and given by the binodal. 

From the coarsening relationship (equation 2.31), the diffusion coefficient can be 

determined if a surface energy is assumed. Most groups have estimated a surface energy 

term, as shown in table 2.3, for their calculations of coarsening and diffusion constants. 
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Table 2.3 Surface energy values used previously for kinetic determinations 

Author/ Reference Surface energy Glass system 

Seward, Uhlmann & 

TumbuII'^ 

5 erg/cm2 

from Hammel 1967 

Ba0-Si02 

Burnett & Douglas^^ 10 erg/cm2 

(subtracted literature values 

for surface tension 

extrapolated to 760oC) 

NaoO-CaO-S iOo 

Zarzycki & Naudin^^ 10 erg/cm-

Ohlberg & Hammel 1965 

(Ca-Si-Na) 

Pb0-B203 

Hammel 4.6 erg/cm-

critical radius 

measurements @ high T 

Na20-Ca0-Si02 

With the exception of the measurement of the critical radius by Hammel in 1967, no 

other research group has determined the surface energy term for their system. 

2.4.4.2 Nucleation in crystallizing systems 

Various nucleation studies have been conducted on crystallizing glass systems. To 

facilitate the comparison of classical nucleation theory with experiment in these systems, 

different assumptions must be made. A brief description of the parameters used in 

classical nucleation theory for crystallizing systems is given below, so that the differences 

between the treatment of phase separating and crystallizing systems are apparent 

From the previous section, the full expression for nucleation rate is given by 

equations 2.21 where the nucleation barrier term is given by equation 2.16. For phase 
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separating systems, AGy was calculated by modeling the immiscibility gap. This 

approach quantified the energy gained via the demixing of the system. However, for 

crystallizing systems this free energy change can be associated with the phase 

transformation from liquid to solid where an expression can be given by 

AG, = —^ (2.39) 
m 

if ACp , the difference between the solid and liquid heat capacities, is zero for small 

undercoolings. In the above expression, AHf is the heat of fusion, Tm is the equilibrium 

melting temperature, and T is the amount of undercooling. In some binary systems (i.e. 

lithium silicate), thermodynamic data from JANAF tables are available allowing the AGv 

to be direcdy calculated from measured thermodynamic data. 

The activation energy (AEa) in equation 2.37 can be expressed by the diffusion 

activation energy as previously discussed (equations 2.26 and 2.27). Using the Stokes-

Einstein relation, the diffusion coefficient can be found from the viscosity, r], of the glass 

(2.40) 
Z k X T ]  

with X, as the jump distance. 

With these modifications an expression for crystal nucleation can be written as 

nkT ( -leKO^ ^ 
I =—rr-exp 

3kX T] 3knAG,)-
(2.41) 

A plot of In (lT]/r) versus l/AG^T should yield a straight line if the experimental data can 

be described by 2.41. The y-intercept of this line gives the preexponential factor, and an 

interfacial surface energy can be obtained from the slope. 
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Despite all of the assumptions made in deriving an expression for condensed 

matter nucieation, the calculated theoretical nucieation rate agrees with the temperature 

dependence of the experimental data. However, the calculated nucieation rate is off by 

many orders of magnitude from measured values. Rowlands and James^° along with 

Neilson and Weinberg^ ̂  compared theory with experimental data for crystal nucieation in 

lithium disilicate glass. Both groups found that at lower temperatures there was some 

deviation between the experimental values and theory. A reexamination of the 

experimental data^- with better viscosity measurements narrowed the discrepancies. Also 

by allowing the surface energy term to be a function of temperature, the calculated 

nucieation rate magnitude could be made to agree with the measured rate. However, 

further refinements, such as determining the nucieation kinetic barrier from the 

temperature dependence of the nucieation transient time, show that classical nucieation 

theory disagrees with experiment at low temperatures^®. 

2.4.4.3 Nucieation in phase separating systems 

There has been only quantitative work measuring nucieation rates in phase 

separating oxide glasses In this study, Hammel obtained nucieation and growth rates 

at different temperatures by counting and measuring phase separated regions in soda-lime 

silicate using electron microscopy. He also determined "critical radii" for the glass by 

first growing particles in the glass to a certain size at one temperature, then placing this 

glass into a gradient furnace. The particles were found to grow or shrink depending on the 

temperature. The temperature where the particles stayed the same size was considered the 

temperature for a particle of that critical radius size. From this information, and using the 

Lumsden^^ model to find the free energy of separation, an interfacial surface energy was 

determined to be 4.6 ergs/cm-. 
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Hammel used both the Lumsden^^ and the van der Toom'° models (see section 

2.1.4) to calculate the free energy for phase separation from experimental miscibility gap 

data. These models were applied to this oxide glass system, even though they were 

developed to explain the deviation from regular solution model behavior for metal alloy 

systems. Hammel found that the use of the Lumsden model gave a good fit for the 

measured magnitude of the nucleation rate over the temperature range which was studied. 

The model developed by van der Toom gave nucleation rates which were orders of 

magnitude different from the experimentally measured values. Problems exist in the 

Hammel study because the free energy of transformation for a three component system is 

difficult to determine due to uncertainties in the metastable phase diagram. 
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3. EXPERIMENTAL PROCEDURE 

3.1 Glass preparation 

The investigated composition for this study was chosen so that phase separation 

would occur via nucleation and growth mechanisms. This glass composition easily forms 

a homogenous glass upon cooling as shown by SAXS and replica TEM in a preliminary 

study-. 

The glass was prepared from regent grade NaCOs and SiOi (Brazilian quartz) 

using conventional glass making techniques. The majority of the glass used in these 

experiments is from a large batch (>5000g) prepared by professional glass melters 

(Owens-Illinois (OI) ) specifically for this study^. The glass was melted at 15650C for 74 

hours in a Pt/Rh crucible, while being stirred continuously with a Pt stirrer. The glass was 

then poured into stainless steel molds and annealed at 500°C for 56 hours. Small angle 

scattering measurements taken of this glass had a very low background count, which 

indicated that the glass is homogeneous. 

Smaller batches of the same composition glass (lOOg) were made at the Arizona 

Materials Lab (AML), University of Arizona. This glass was prepared in the following 

manner. The initial silica powder was passed through a -250 mesh sieve before mixing 

with the sodium carbonate. The batched powders were then mixed by dry milling for 30 

minutes. Homogenization of this glass was done using repeated melting and crushing. 

SAXS and Raman spectroscopy spectra were similar to those taken of the 01 glass. 

If these binary sodium silicate glasses are exposed to moist air for long periods of 

time, the surface visibly corrodes. To reduce surface deterioration during this study, the 

samples were stored in desiccators. 
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3.2 Chemical analysis 

The composition of the glasses was verified using inductively coupled plasma 

atomic absorption spectroscopy (ICP-AES) and refractive index measurements. A plot^^ 

showing composition verses refractive index is shown in figure 3.1. Refractive index 

measurements were made using an Abbe refractometer. The measured refractive index 

was 1.487 which corresponds to a composition of 18.56 mole% Na20. The ICP-AES 

measurements were made by Skyline Laboratories, Tucson, Arizona, and the results are 

given in table 3.1. The analyzed values for sodium are consistently lower than the 

batched amounts and the refractive index measurements, as well as measurements made 

at Owens-Illinois. The difference is most likely due to difficulty in dissolving the glass 

before analysis. 

Table 3.1 ICP-AES compositional analysis 

Glass Na% (weight) Fe(ppm) 

18.56 Na20 - 81.44 Si02 (01) 13.7 — 

18.56 Na20 - 82.44 Si02 (in house) 14.1 100 

33 Na20 - 67 Si02 (in house) 25.4 96 

Another glass was fabricated having a composition of 22 mole% Na20. This glass 

was also analyzed by refractive index techniques and ICP-AES. This composition was 

chosen to be outside of the immiscibility gap and hence, should not phase separate. The 

SAXS measurements made on this glass have an extremely low background count 

indicating that this glass is more homogenous than the 18.56 mole% Na20 glass. SAXS 

spectra indicated that they remained homogeneous with heat treatment as well. 
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Figure 3.1 The refractive index is plotted as a function of Na20 content in a binary 

sodium silicate glass.^^ 
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The water content was qualitatively measured by taking IR spectra of both the 01 

glass and the same composition of glass melted at AML. The AML glass had a similar 

spectrum to OI glass except for a notable increase in the -2900 cm-^ peak and a slight 

increase in the ~3500 cm"^. Water exists in different environments in oxide glasses. Two 

main IR absorption bands have been assigned to glasses with similar compositions. The 

Si-OH vibrations have an absorption around 3400-3600 cm*^. Hydroxyl groups which 

are positioned near non-bonding oxygens in the glass have an absorption from 2600-3000 

cm"^^ FTIR spectra of the glass are shown in figure 2.2. For the OI glass, consecutively 

thinner specimens were measured so quantitative measurement of water content could be 

made and thus, by comparison with those glasses, the water in our melt could be 

estimated. The water content was determined to be 0.010 weight percent in the 01 glass 

and 0.014 weight percent in the AML melt 

3.3 Heat treatments 

Rectangles with dimensions of approximately 20 mm x 10 mm x 5 mm were cut 

from the bulk sample using a diamond saw. Initial SAXS measurement of the unheated 

glass cut from the surface of the glass billet compared with those taken from the middle 

are virtually identical, which is strong evidence that the initial thermal history of all of the 

18.56% glasses examined in this study were the same. These small rectangular samples 

were heat treated in a tube furnace controlled to 1.0°C for various temperatures and times. 

On the metastable immiscibility diagram 640°C is considered to be the critical 

temperature for the 18.56 mole percent NaiO glass. The glass ttansition temperature for 

this glass is 520^0. The heat treatments were designed to be within these temperatures. 
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Figure 3.2 IR spectra of the 01 glass and an AML glass for hydroxyl content 

determination. 
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During high temperature heat treatments at long times, a haze would form on the 

surface of the glass, probably due to surface crystallization. This layer was removed by 

polishing. There was no evidence (via SAXS or SEM) of crystallites forming in the 

interior of the glass piece. From these heat treated samples, specimens were cut for each 

particular characterization technique. 

3.4 Characterization 

Samples for the various characterization techniques were cut to the approximate 

sample size using a diamond saw. The specimens were then ground to the desired shape 

and size using a 15(im alumina slurry. After the specimens were cut, they were then 

optically polished as needed with a l|im ceria slurry. Particle size and number densities 

were measured using small angle x-ray scattering (SAXS), field-emission scanning 

electron microscopy (FESEM), and atomic force microscopy (AFM). The particle sizes 

and number densities were determined from AFM and SEM micrographs using a macro 

developed for NTH Image, shareware available from the National Institute of Health. 

Particle size estimations were also made from the Guinier slope of the SAXS curve. 

3.4.1 Small angle x-ray scattering 

Small angle x-ray results are most accurate when the thickness of the sample 

allows the maximum transmission. At smaller thicknesses, the signal is reduced because 

of the limited interaction distance of the x-rays with the sample. If the thickness is too 

large, absorption of the x-rays by the sample will decrease the measured scattering. In the 

case of sodium silicate, the optimum sample thickness is approximately 250|im. For the 

slit beam apparatus, the samples are at least 15 mm x 5 mm in size with a uniform 

thickness of 250|J.m. Both sides of the sample are optically polished. The sample is 

mounted on aluminum sample holders using household cement and stored in desiccators 
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before and after measurement. SAXS data was collected using a Kratky camera with an 

entrance slit size of 60|im, using coUimated CuKa radiation. The data was collected every 

0.1mm, which corresponds to a theta of 0.002 radians for a maximum of 10,000 counts or 

500 seconds. The experimental data was corrected for background scattering and 

normalized to a constant specimen thickness and incident x-ray intensity. Guinier plots 

(log I versus k-) were constructed; the particle size was calculated using the slope of the 

linear regime as the scattering angle approaches zero. At the lower angles at least five 

data points were used to determine the Guinier slope. Using known number densities 

from SEM and AE^ micrographs (using specimens with smaller number densities), a 

calibration factor for determining the number density from SAXS measurements was 

found. After this calibration factor has been determined, equation 2.34 was used to 

compute the number densities from the SAXS data assuming that Ap remained constant. 

SAXS was used for determining the number densities only during the later coarsening 

regime when Ap is a constant. When the operating voltage and current were changed, 

new calibration factors to compute the number density were necessary. 

3.4.2 Electron microscopy 

Samples for SEM and FES EM were prepared by etching an optically polished 

surface to view the features. The samples were etched in a 1.6 wt% HF solution for 20 

seconds. The phase separated glass consisted of silica-rich particles in a sodium rich 

matrix. The sodium rich matrix is etched at a faster rate so that the silica particles 

protrude from the surface. An etched and polished sample was compared with an etched 

fracture surface with similar results to ensure that the polishing operation did not effect 

the particle size and distribution. 

The sample was RP sputtered with Au/Pd to prevent charging so the surface may 

be viewed. Since the features that were being analyzed were very small, control of the 
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sputtering conditions was very important. Before sputtering, a vacuum of at least 40 torr 

was attained. An adequate coating could be achieved in 30 seconds. Coating for longer 

times or in an insufficiently cleaned chamber resulted in clumping and/or a too thick 

coating which obscured or created features. Better images could be obtained by applying 

carbon paint to the edges of the sample to prevent charging. 

A Hitachi 4500 FESEM operating between 15 and 25 keV was used for the SEM 

analysis. The images were saved either as photographs or as digital images. Data from 

FESEM micrographs were taken both manually (i.e. direct counting) and by processing 

the digital image as will be discussed later. 

These samples were viewed with direct transmission electron microscopy. Small 

3mm discs of glass approximately 100|j.m thick were dimpled to 20fim and polished. 

These samples were then argon ion milled at 15° incidence until a small hole was formed. 

The samples were imaged at 200keV in a Hitachi H-8100 transmission electron 

microscope. No phase separation was detected, even in samples with very large droplets 

features as shown by SEM and AFM. The inability of TEM to image phase separation 

morphology in these samples is likely due to poor contrast between the two phases. Both 

NaoO and SiOi have 30 electrons each in the molecular unit. Small angle x-ray scattering 

is successful at observing phase separation in these glasses since it very sensitive to small 

density differences which may be too small to be detect in this glass by TEM. Previous 

TEM studies done in this system utilized carbon replicas from etched surfaces, so this 

difficulty had not been previously reported. 

3.4.3 Atomic force microscopy 

The Autoprobe CP atomic force microscope from Park Scientific was used to 

measure the particle size and density of etched glass samples. These samples were also 

etched in 1.6 wt% HF for 20 seconds. These experiments were conducted at the Materials 
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Science Division of Lawrence Berkeley Laboratories. Scanning was performed at a speed 

of lum/s and a force of 100-400 nN. These specimens were analyzed using sharp Si tips 

called Ultralevers. These tips have an approximate apex radius of 100 A, and are attached 

to cantilevers with a spring constant of 14 N/m. 

3.4.4 Particle counting techniques 

The particles were counted from the AFM digital images using the following 

routine, which was developed to use NIH Image (shareware) to count cell colonies. This 

technique can also be used on digitally stored images from the reSEM. However in this 

study, most of the particle size and number measurements from the FES EM were taken 

manually from photographs, since the contrast level for automated counting was difficult 

to set. 

The AFM software was used to flatten the image and give a dark current 

correction before the image processing. The NIH program then requires the input of the 

minimum and maximum area of a single particle. Also the largest object width is inputted 

before the background correction. The background subtraction is made using the "Rolling 

Ball" technique. The image is then subsequently convolved with a Gaussian (5 X 5) 

kernel. The optimal threshold is found via an iterative histogram technique. All of the 

outiined particles which lie within the inputted minimum and maximum values are 

counted and the average area of each particle is determined. The remaining area which 

consists of particles larger than the maximum particle size is found. This overlapping area 

is divided by the average area of the single particles. The single particle count and the 

overlapping particle count are added together to give the total number of particles. The 

particle size is given in pixels, which can be converted to linear dimensions by knowing 

the total digital picture size and the sample area measured. 
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4. RESULTS AND DISCUSSION 

In this section classical nucleation theory is compared with nucleation rate 

measurements in a phase separating glass. First each of the variables found in classical 

nucleation theory is examined and calculated in sections 4.1-4.3. Then experimental 

measurements of nucleation rates will be compared to theoretically derived values in 

sections 4.4-4.8. The described calculations and experimental measurements were 

conducted for a specific glass composition in the sodium silicate system, which has been 

shown to undergo phase separation via nucleation and growth mechanisms. 

Specifically, in section 4.1 the experimental immiscibility gap is fit by two 

different functions for the free energy of mixing, and the composition of the nucleating 

species is calculated using these expressions. In section 4.2 many of the parameters which 

are important in classical nucleation theory are determined and discussed, including the 

calculation of the activation energy barrier to nucleation. Finally, the nucleation rates 

predicted for our chosen composition are calculated in section 4.3. 

In section 4.4, the measurements obtained from different experimental techniques 

are compared and contrasted. The growth and coarsening regimes are determined and the 

activation energy for diffusion is found in section 4.5. The nucleation rate is measured in 

section 4.6; these values are compared with the theoretically derived nucleation rates in 

section 4.7. 

4. 1 Modeling the binodal 

Several variables in classical nucleation theory need to be defined in order to 

compare predicted nucleation rates with measured rates. First, the best possible value for 

the change in free energy due to phase separation needs to be determined. Researchers 

have fit immiscibility gap data with a multiparameter function to find an equation which 

generates the free energy of mixing. This function is generally based on a modification of 
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the regular solution model. From this function the free energy of phase separation can be 

calculated as shown in equation 2.18. In the next section, the sodium silicate 

immiscibility boundary is fit by two firee energy of mixing models. Subsequently these 

models are used to calculate the free energy of phase separation. Since a two component 

system was chosen for this study, an expression for the free energy of phase separation 

can be derived with minimal assumptions. 

4.1.1 Free energy of phase separation determination 

The forms of the equations that are used in the subsequent sections are given 

below. Minimal assumptions have been made in the formulation of these expressions. 

This additional background information is presented to facilitate the ensuing discussion. 

Condensed matter theory for nucleation of a droplet gives the free energy of 

formation as 

AC = n^A^^ + H2AH2 + ^Kp-(y (4.1) 

where n,- gives the number of molecules of component / in the droplet, r is the droplet 

radius, a is the surface energy, and A^i,- the chemical potential difference between the 

composition of the nucleated species (|i,- droplet ) and the homogenous melt ( |i/ °) as 

given by 

A//, (4.2) 

The previous statement assumes that the equilibrium matrix chemical potential is not 

changing with the initiation of nucleation. 

Now, if the partial differentials of the free energy expression with respect to nj 

are taken and set equal to zero and by using the relationship 
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"y«=fhvi + 'hv^=^^ (4.3) 

where Vi and Vt are the partial molar volumes of each component, ±en the following 

equations can be obtained as shown by Wilemski^^ 

dAG . 2<7V. — = ^ 

ai\ r 
= A^, + !- (4.4) 

and 

dAG . Zov, ,. „ -— = An,+ (4.5) 
ath r 

If the above expressions are set equal to zero, the composition of the nucleating 

phase is then given by 

= VjA//,. (4.6) 

The solution of this equation gives both the initial compositions of the nucleus and the 

temperature corresponding to that composition. 

With the composition of the nucleating species and the associated temperature 

now known, these values may be used to solve for the driving force for phase separation 

via 

0.(c) = C^(C) - G^(c.) - (c - c„ )c;;„ (c) (4.7) 

where AGmix and AG'mix are evaluated at the nucleating composition, c, and die matrix 

composition, Cq- The only assumption that has been made to achieve the above equation 
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is that the matrix composition does not significantly change with the advent of 

nucleation. 

Expressions for the free energy of mixing are given by the immiscibility gap 

models. These models are generally semi-empirical, using fitting parameters for these 

models which are found from the experimentally evaluated binodal. Two of these models 

which are especially applicable to our sodium silicate system are described in the next 

section. 

4.1.2 Determination of the experimental binodal 

The extent of the metastable region of immiscibility in sodium silicate glass has 

been determined. These data are compiled from the literature and include measurements 

reported by several research groups^^-The experimental data that we used to 

evaluate our models are shown as the solid points in figure 4.1. This experimental binodal 

was delimited using both maximum opalescence experiments and clearing temperature 

experiments. Evidence for phase separation in each case was determined by light 

scattering, x-ray scattering or TEM micrographs. The maximum opalescence temperature 

was found by cooling the glass slowly and determining where the glass began to cloud. In 

these experiments, the time the glass was held at temperature ranged from minutes to 

days depending on the expected kinetics of separation. Clearing temperature 

measurements were taken by first nucleating and growing phase separated regions in the 

glass at lower temperatures, then raising the temperature slowly, noting when the glass 

cleared. The deviation in the clearing temperature and the upper opalescence temperature 

was not greater than 10 degrees for most compositions even among the various research 

groups. 
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Figure 4.1 Experimental immiscibility data (solid circles) from multiple sources 

which are referenced in the text These data have been fitted with the Oonk 

(open diamonds) and the Haller (open circles) models. 
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4.1.3 Fitting the models 

The models evaluated in this study included the Haller model^^ and the Oonk 

model^-. Both of these models use a number of fitting parameters to achieve their 

agreement with experiment. The Haller model has been used to fit the experimental 

binodal data for the sodium silicate binary glass and other binary glasses. This model has 

three fitting parameters. The Oonk model has two fitting parameters, which are largely 

determined by the critical composition and temperature. The Oonk model was found to fit 

a number of oxide silicates, but this model was not used to fit sodium silicate glass in the 

original paper. 

In the Haller model, the free energy of mixing is given by a slight modification of 

the regular solution model, including an excess entropic term (ASex) and an adjustment of 

the endpoints via a variable transformation: 

AG = y(l - y){AH - TASJ + RT[y Iny + (1 - y) ln(l - y)] (4.8) 

where y is the mole fraction of the immiscible liquid in the new coordinate space. AH is 

the enthalpy of mixing. A value fory is found from the actual composition using a 

transformation of variables: 

y = r-^7 TV- (4.9) 
l-(/n-l)v y + i 

m 

where n and m are fitting parameters. 

The binodal can then be calculated from the fu^st derivative of equation 4.8 with 

respect to the composition given by y: 
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l - 2 y  
(4.9a) 

which generates values for the binodal temperature, T(y), in Kelvin for each composition 

of y. The parameters n and m in equation 4.9 were found from a linear regression fit of 

equation 4.9a with the experimental data. For the sodium silicate system, the values of 

n=3 and m=8 gave the best fit. These values implied that the endpoints of the modified 

binodal at T = 0 K are at {SNaoO-SiOo} and {Si02}8- A value for the excess entropy was 

given as 0.3R'^. The fit of the calculated binodal with the experimental immiscibility data 

had a correlation factor of 0.9977 (figiu-e 4.1). 

The free energy of mixing given by the Oonk model can be written as follows: 

— = A{n +1)"^' /z-".v(l - xy + ̂  
RT R 

(4.10) 

The parameters A and n can be found by taking the first and second derivatives with 

respect to the composition of the above equation, setting these equations equal to zero, 

and evaluating them at the critical temperature and composition. The value for n was 

found to be 6.67 and the constant A was found to equal 1110 Joules. 

Two equations are found from setting A|a.i and A|a.2equal to zero. These equations 

may be solved to find xi and X2, the two compositions corresponding to each temperature 

on the binodal. The temperature corresponding to each xi, X2 pair can then be determined 

ft-om the first derivative of equation 4.10 set equal to zero. When these data points are 

plotted in figure 4.1, a correlation factor of R=0.977 with experimental data is found. 

In fact, both of these models agree quite well with the experimental data. The two 

models exhibit similar forms within the measured composition and temperature region. 
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These models are shown superimposed on the experimental data in figure 4.1. The two 

models deviate greatiy from each other at low temperatures. Unfortunately it is difficult 

to take measurements of the clearing and/or opalescence temperatures because of the 

extremely slow kinetics of this system at these temperatures. Nevertheless, the Haller 

model appears to give a slighdy better fit to the experimentally determined immiscibility 

region. Also the Haller model seems to predict the lower temperature behavior on the 

soda-rich side better. 

4.1.3.1 Spinodal predicted 

To ascertain that our experimental conditions lie within the nucleation and growth 

region, the spinodal boundary is estimated for our glass. As mentioned in the background 

section. Cook and Hilliard^^ developed a method of predicting the spinodal boundary 

from measured experimental immiscibility data called the "root 3" method (equation 

2.11). This method works well in the vicinity of the critical temperature and composition. 

By extrapolating down to the endpoints when T=0, a modified equation for this method 

gives reasonable results (within 5%) for temperatures further away from the critical point 

(equation 2.12). The spinodal may also be predicted by taking the second differential of 

the expression for the free energy of mixing with respect to composition. The results of 

these calculations are shown in figure 4.2 along with the values predicted from the 

experimental binodal values. In this figure a few data points seem to show their spinodal 

temperature to be greater than the binodal. These points are a result of the spread in the 

experimental data and the fit of the binodal models as seen in figure 4.1. For our principal 

composition of interest, the 18.56 mole% sodium oxide, the spinodal temperature 

calculated by each of the models is given in table 4.1. 
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Figure 4.2 Predicted spinodal boundaries for different models and methods. The "root 

3" and "modified root 3" methods are calculated from data from 

opalescence and clearing point measurements. The binodal is generated 

using the Haller model; it is presented for clarity and reference. 
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Table 4.1- Spinodal temperatures given by each model for 18.56 Na20 - 81.44 Si02 

Temperature of spinodal 

Root 3 method _ _ _ ^ 

Modified root 3 method 448 

Haller model 316 

Oonk model 303 

The value for the spinodal as predicted for the root 3 method could not be 

determined from the experimental data. The experimental measurements of the binodal 

were not taken at a high enough soda content (because of the low temperatures/ slow 

kinetics in this regime) to allow the spinodal boundary to be deduced. However, the 

spinodal temperatiu-e predicted by this model would fall below the temperatures predicted 

by the other models. 

The spinodal boundary can not easily be experimentally determined for our glass 

composition. Changes in glass properties, such as viscosity, have been suggested to occur 

along the spinodal boundary as mentioned in section 2.4.3.1. However, these changes 

would be difficult to measure in our system because of the very low temperatures at 

which the spinodal is predicted. At these temperatures the kinetics of the system are very 

slow and experimental data is difficult to obtain. Note that all of the predicted spinodal 

boundary temperatures lie below the glass transition temperature of 520oC. 

The determination of the exact spinodal boundary has proven difficult to measure 

in many glass systems. Researchers have shown that the expected morphology for a 

spinodally decomposed glass may be seen for one that had undergone nucleation and 

growth mechanisms (and vice versa). Hence micrographs of the heat treated glass are not 
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good indicators of the mechanism of phase separation. It may be possible, if one was 

convinced that the sample was indeed in the early stages of phase separation, to use the 

micrographs as an indicator of which mechanism is dominate. There still exists some 

problems with this technique. For instance, phase separation via nucleation is still 

theoretically possible in the spinodal regime. Also large number densities of very small 

nuclei are difficult to distinguish and resolve. In addition to microscopy techniques, 

SAXS spectra for a spinodally decomposed glass have been proposed to have maxima at 

small angles. Unfortunately, these spectra are also indicative of a large diffusion zone. 

Because of these difficulties, spinodal boundaries have rarely been determined 

experimentally. 

4.1.3.2 Composition of the nucleating phase 

As previously discussed in section 4.1.1, the composition of the nucleating 

species can be found from the relationship of the molar volume fraction and the chemical 

potentials. These calculations are readily done by using the form given by equation 4.6. 

When the free energies of mixing are substituted for the chemical potential, this equation 

becomes the following: 

where g(c) is the free energy of mixing evaluated at composition, c, with Cq being the 

composition of the homogeneous glass. The partial molar volumes of the particle phase 

and the homogeneous glass composition are vi and V2, respectively. The equations for the 

free energies of mixing as given by the either the Haller or the Oonk model are used in 

the above equation. From this expression, the critical temperature can be solved for any 

nucleating composition. 
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The composition of the nucleating droplet for the 18.56 mole% soda glass was 

calculated (figure 4.3) for different temperatures. This composition is not equal to the 

equilibrium concentration given by the binodal. Even though the values predicted for the 

nucleating composition are different for each model, both models show the unexpected 

result of the silica-rich particles being Na-deficient with respect to the binodal. In fact, 

general thermodynamic considerations^® show that the composition of the nucleus is 

always outside the binodal irrespective of the free energy model. The Haller model 

predicts higher temperatures for both the composition of the nucleating phase and the 

binodal composition as compared to the Oonk model. The composition of the nucleating 

phase becomes the binodal composition as the temperature approaches the clearing 

temperatiu-e. 

Ideally there would be a way of directiy measuring the composition at the early 

stages of phase separation. Unfortunately because of the small size of the critical radius, 

this feat can not be achieved by microprobe techniques currentiy in existence. Research is 

ongoing to observe small compositional changes in the early stages of phase separation 

using difference Raman spectroscopy^^. 

The result of the nucleating droplet having a composition which lies outside the 

binodal may have further ramifications. In particular, the growth properties may be 

influenced by the presence of an initially soda-poor droplet. The usual picture of phase 

separation uses a droplet of uniform composition surrounded by a sodium oxide deficient 

zone. Growth of the particle in this case occurs via long range diffusion and follows a t'/^ 

dependence. Since we now have a new picture of compositional changes in the nuclei, 

growth may not follow the traditional matrix depletion growth model. Possibly instead of 

a sodium-deficient diffusion field surrounding each nucleus, a sodium-rich boundary may 

exist. Initially high silica content particles nucleate out, surrounded by a sodium-rich 

layer. As the heat treatment continues, both the particle and the matrix 
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Figure 4.3 The composition of the nucleating phase, the open symbols on the plot, 

has been calculated to have values which lie outside of the binodal, given 

by the solid symbols, for both the Oonk and Haller models. 



76 

incorporate more sodium to reach their equilibrium concentrations. These differences 

may be accounted for by using the diffusion-controlled growth equations with time-

dependent boundary conditions (changing compositions at both the interface and in the 

particle). 

4.2 Theoretical calculations of the variables in classical nucleation theory: 

For the subsequent examination of classical nucleation theory, many of the 

important variables are calculated in this section using the previously described binodal 

models. In particular, the quantities used in the nucleation rate expression which is given 

as 

are evaluated in this section. This includes the determination of the first exponential term 

(involving Eg) and the preexponential, A. Also the second exponential term, involving the 

nucleation barrier height, G*/RT, is calculated. These values derived for the nucleation 

barrier height for the Hammel^^ system and our own composition will be presented and 

commented upon. 

Because the cube of the surface energy is in the numerator of the nucleation 

barrier term, the value chosen for the surface energy is very important since it strongly 

influences the nucleation barrier height. For previous determinations of phase separation 

kinetics in oxide glasses, the surface energy term for phase separating glasses has been 

chosen to be between 5 and 10 erg/cm- (1 erg/cm- = * 10"'' J/cm^) as shown in table 2.3. 

Hammel, who has made the only attempt at measuring the surface energy by determining 

the solubility radii for a soda-lime silicate glass for a series of temperatures, measured an 

r • \ 

(4.12) 
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interfacial surface energy value of 4.6 * 10"^ J/cm^. In the following calculations, surface 

energies having values between 5-20 ergs/cm- will be used. 

4.2.1 Calculation of the nucleation energy barrier 

Once the solution for the critical composition has been found (section 4.1.3.2), 

then equation 2.16 can be used to determine G*/RT, the nucleation barrier height. The 

surface energy term is assumed to be temperature independent for these calculations. 

First, Hammel's data has been reevaluated for comparison with our calculations. These 

values are listed in table 4.2. 

Table 4.2-NucIeation barrier heights calculated for Ca0-Na20-Si02 glass^^ 

Temperature 
°C 

Degrees 
Undercooled 

dG (J/cc) 
vanderToom 

G*/RT dG (J/cc) 
Lumsden 

G*/RT 

601 102 -25.8 0.20 -4.25 7.5 

608 95 -24.1 0.23 -3.97 8.5 

610 93 -23.6 0.24 -3.90 8.8 

620 83 -21.0 0.30 -3.51 10.7 

625 78 -19.8 0.34 -3.20 12.9 

630 73 -18.6 0.38 -3.06 14.0 

640 63 -16.0 0.51 -2.68 18.0 

683 20 -1.0 124 

688 15 __ __ -0.71 244 

693 10 -0.53 436 

695 8 -0.42 692 

698.5 4.5 — — -0.24 2112 
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For Hammel's calculations, two different free energy of niixing models were used 

to determine the binodal. The models described a binodal which was derived for a three 

component system. The free energy of phase separation can then be calculated via 

AC. + (4.13) 

where AGmixCxi) and AGniix(x2) are the free energies of mixing for compositions xi and 

X2. The parameter xi is the mole fraction of Si02 in the homogeneous glass, xi is the 

mole fraction of Si02 in the matrix phase at equilibrium, and X3 is the mole fraction of 

Si02 in the droplet phase. 

The free energy of mixing models which were used were the Lumsden and the 

van der Toom models. From these models a value of Gy was then found. The above 

nucleation barrier heights were calculate using a surface energy value of 4.6 x 10'^ J/cm-. 

This value of the surface energy was derived from the higher temperature data (finding 

the temperature where a given size nucleus neither grew nor shrank) using the Lumsden 

model. Hammel did not evaluate the van der Toora model in the higher temperature range 

and not enough data was given to determine these values. The numbers given for the 

Lumsden model in the higher temperature ranges were estimated from a plot of the free 

energy of phase separation verses the measured critical radius. 

In our system, we can evaluate the same range of undercoolings for different 

surface energy values to predict reasonable values for this term. These values are given 

below using the binodal models discussed in the previous section. Initially a surface 

energy of 5*10"^ J/cm^ was used for our calculations since previous researchers used 

this value for many glass systems (table 2.3). Higher values of surface energy are also 

used in the Haller model to show the strong temperature dependence of the barrier height 
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depends on the chosen surface energy value. The binodal temperature for our 

composition is 642°C. 

Table 4.3 - Calculated nucleation barrier heights for the 18.56 Na20 mole% glass 

Temp. 
(°C) 

undercooling HaUer 
a= 5 erg/cm^ 

Haller 
a=10erg/cm2 

Haller 
a=20erg/cm-

Oonk 
a = 5erg/cm-

637 5 32.8 263 2102 2300 

631 11 7.05 56.4 451 

625 17 2.79 22.3 179 273 

618 24 1.41 11.3 90.1 

610 32 0.81 6.48 51.8 85 

602 40 0.50 4.04 32.3 

593 49 0.33 2.66 21.3 39.4 

583 59 0.23 1.83 14.6 

572 70 0.16 1.29 10.3 19.1 

560 82 0.12 0.93 7.44 14.4 

547 95 0.085 0.68 5.45 

532 110 0.063 0.50 4.04 7.4 

The above tabulated data will be discussed in section 4.2.3. 

4.2.2 Calculation of the critical radius: 

Values for the critical size radii can be calculated using the equations given in the 

background section (equation 2.15). The calculated values range from dimensions that are 

currently impossible to detect, to sizes that are (often under ideal conditions) capable of 

being observed by one or more measurement techniques. 
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Table 4.4 - Table of predicted critical radii for the 18.56 NaiO mole% glass 

Temperature 

m 

Oonk 
(J=5 erg/cm-

(A) 

HaUer 
a=5 erg/cm-

(A) 

Haller 
a=20 erg/cm-

(A) 
500 16 1.4 4.8 

530 22 1.8 7.3 

555 30 2.4 9.5 

575 44 3.2 12 

595 71 4.6 21 

610 146 6.9 27 

625 1400 13 51 

As seen above, the critical radii predicted by the Oonk models are within the 

capabilities of the characterization techniques available today. Some practical problems 

may limit their detectability, i.e. having a large enough number density. Also since the 

phase separated regions undergo rapid growth and coarsening, the time during which the 

critical radii can be seen may be limited. The Oonk critical radii are extremely large, 

hence it is unlikely that this model is applicable at higher temperatures as discussed in the 

next section. The Haller model predicts radii in the range of detectability only at higher 

temperatures for low values of the surface energy. For higher values of the surface energy 

(>20 ergs/cm2), the Haller model predicts critical radii which could be seen, especially at 

higher temperatures. 
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4.2.3 Discussion of the barrier heights 

Even though the fit of both models to the experimental immiscibility boundary is 

quite good, the calculated values for the critical radius size and energy of formation are 

starkly different fi"om each other. The nucleation barrier heights (G*/RT) which give 

reasonable nucleation rates should lie between 8 and 60. These maximum and minimum 

values mark the boundaries of possible nucleation as shown in figure 4.4. The calculated 

barrier heights for the different models are also shown for different values of the surface 

energy. 

For a surface energy value of 5 x lO""^ J/cm^, barrier heights at the low 

temperature are so negligible for the Haller model that there is not any appreciable barrier 

to nucleation (table 4.3). These barrier heights are typical of what one would expect to 

find in the spinodal regime, even though these temperatures are well above the spinodal 

temperature (table 4.1). The values given by the Haller model become more reasonable if 

larger surface energy values are considered. However, the use of larger values of a 

results in unreasonably large barrier heights near the binodal. In other words, the Haller 

model with a=10 x 10-^ J/cm- or 20 x 10-^ J/cm^ have barrier heights which are 

reasonable and predict expected nucleation rates for temperatures with more than a 40 

degree undercooling. However, phase separation would be prohibited at small 

undercoolings thereby contradicting the experiments and observations presented in this 

dissertation. Here nucleation has been seen to occur at 630°C, which corresponds to an 

undercooling of about 12 degrees. 

The barrier heights given by the Oonk model for small values of the surface 

energy are reasonable at lower temperatures, but they become very large as the 

temperature begins to approach the binodal, thereby negating the possibility of any 

detectable nucleation at temperatures where nucleation is known to occur. Since the 

experimental binodal was established by approaching the metastable phase boundary 
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from above and below, and the temperature difference between these measurements did 

not vary more than ten degrees, it can be assumed that nucleation can occur very close to 

the binodal temperature. Hence, neither of these solution models appear to yield results 

which are consistent with the nucleation or with the binodal determination experiments. 

The critical radii are calculated from equation 2.15 and presented in table 4.4 for 

the models for different values of the surface energy. These calculations are done for 

temperatures which are well above where a spinodal has been calculated to exist. Critical 

radii below 2 A do not have any real meaning (the Si-0 bond is approximately 1.7A) in 

this glass. So for low surface energy values the Haller model gives unrealistic values for 

the critical radii for temperatures under 550°C. On the other extreme, the Oonk model 

predicts critical radii larger than one micron near the binodal temperature. The calculated 

values are so large that this display reaffirms the improbability of nucleation, especially at 

the temperatures near the binodal. Since smaller particles than these have been observed 

in glasses heat treated at these higher temperatures, thess models do not predict 

reasonable values for the critical radii close to the binodal temperature. 

Comparing the calculated barrier height values with those obtained by Hammel, it 

is shown that he obtained values between 7.5 and 18 for G*/RT over a temperature range 

of 601°C-640°C , which corresponds to undercoolings of 60-100 degrees as seen in table 

4.2. In the region where Hammel measured the critical radii versus solubility, his G*/RT 

values ranged from 124-2112 for undercoolings of 5 to 20 degrees. Unfortunately, 

nucleation data for his system were not reported for this temperature regime. Again, these 

are very large barrier heights and one would expect large discrepancies between the 

clearing and opalescence temperatures because of the predicted difficulty of nucleating 

phase separation near the boundary. This reported agreement between theory and 

experiments, especially at small undercoolings, might be somewhat suspect. 
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In conclusion, these solution models have difficulty predicting reasonable 

behavior in terms of the barrier height and the critical radius size over a large range of 

temperatures. In these calculations the only parameter which was not determined from the 

binodal via the free energy of mixing models was the surface energy. For this discussion 

this value was assumed to be constant with respect to temperature and particle size. It is 

possible that the surface energy could have some temperature dependence. However, 

Hammel^^ showed a linear relationship between the free energy of phase separation and 

the measured critical radius size, which implied that the surface energy is constant in his 

system. With a constant surface energy in our system, agreement can not be reached 

between the barrier values that are predicted by the different models and the observations 

that have been made. 

To improve the temperature dependence fit of the models in predicting the barrier 

height, the surface energy must have a larger value at lower temperatures and then 

decrease as the temperature is raised. This temperature dependence has been seen in 

organic and other liquids; however, it is not a very strong function of temperature. For 

liquid water, the surface tension changes continuously and almost linearly from 75 

erg/cm- near freezing to 59 ergs/cm- near boiling^^ interfacial surface energy values, 

such as those between water and alcohol behave similarly. Unfortunately there has been 

little work in measuring interfacial surface energies or their temperature dependence in 

glass-forming systems. A small change of the surface energy in our system would have a 

large effect on the barrier height calculations, since the surface energy is a cubed term. 

The importance of the surface energy value becomes apparent when the nucleation rate as 

a function of temperature for several values of the surface energy is calculated in section 

4.3. 
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4.2.4 Consideration of the preexponential factor: 

The magnitude of the nucleation rate is dependent on many variables. For the 

following discussion, we will define the preexponential factor as any value that exists 

outside of the exponent of G*, the thermodynamic barrier to nucleation and the term for 

the kinetic barrier to nucleation. The preexponential factor. A, has been presented in 

several similar forms depending on the particular assumptions made. A standard 

expression was derived by Tumbull^: 

where n* is the number of molecules on the surface of the critical size nucleus, N is the 

number of molecules/volume in the homogeneous glass, and h is Planck's constant. 

Tumbull and Fisher^ simplified the preexponential factor 

and this expression was determined to be within a factor of 10 of equation 4.14 for most 

nucleation problems of interest. Both of the above equations were derived for condensed 

systems. 

The range of temperatures where the nucleation phenomenon may be observed in 

these sodium silicate glasses is broad. Nucleation is seen occurring for temperatures near 

the immiscibility gap, as well as at undercoolings of greater than 100 degrees. Since the 

temperature dependence of the two expressions for the preexponential factor is different, 

the values calculated for each expression differ by a substantial amount between the 

extremes of this glass system. A plot of the variation of the preexponential terms with 

(4.14) 
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temperature is given in figure 4.5. This result is somewhat surprising since at the higher 

temperatures near the binodal, the full expression for the preexponential does have a 

significant temperature dependence (which the simplified form does not). This 

temperature dependence is primarily a result of the temperature dependence of the critical 

radius size. As the critical radius increases as the binodal temperature is approached, the 

number of surface atoms, n*, increases by a factor of r-. In the previous sections it was 

noted that the nucleation energy barrier became quite large as the binodal temperature 

was approached, thereby sharply decreasing the nucleation rate in that temperature 

regime. A preexponential factor which increases with temperature will at first compensate 

for the nucleation barrier height. However, it will quickly be dominated by the barrier 

term near the binodal temperature. 

The nucleation expression comprises a kinetic barrier term in addition to the 

previously discussed nucleation barrier. The kinetic barrier is an exponential whose 

activation energy is often given by the activation energy for diffusion. The activation 

energy for diffusion can be determined from coarsening or growth experiments. In this 

study, the activation energy for diffusion from the growth and coarsening data is 

calculated as described in section 4.5. The activation energy barrier height determines the 

nucleation rate at the lower temperatures, as well as the overall magnitude of the 

nucleation rate. 

4.3 Theoretical calculations of the nucleation rate 

Next the nucleation rates for this system is calculated so as to compare the overall 

magnitude to measured nucleation rates. By considering the magnitude of the nucleation 

rate, the validity of the preexponential factor and the kinetic barrier (diffusion activation 

energy) can be evaluated. However, there remains some ambiguity as to the correct 

preexponential factor. In addition, it is desirous to determine the overall temperature 
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dependence of the nucleation rate. By considering the shape of the nucleation rate 

dependence on temperature, the surface energy term may be examined in more detail. 

Smith®® plotted the nucleation rate as a function of temperature to estimate the 

surface energy of lithium diborate in a homogeneously crystallizing glass system. These 

studies have shown that the temperature dependence of the nucleation rate can not be 

made to fit the experimental data unless the surface energy is temperature dependent and 

is represented by a third order polynomial. By plotting the nucleation rates as a function 

of temperature and surface energy, the influence of this term on the resultant calculations 

can be seen. 

For this system, the free energy of formation values, which are dictated by the 

different models to predict the nucleation curves for different values of the surface 

energy, can be used. Figures 4.6 and 4.7 show the nucleation rate versus temperature for 

the Haller model and the Oonk model respectively for a series of surface energy values. 

The preexponential factor of the form given by equation 4.14 was used. Parameters in the 

preexponential were calculated using the respective free energy of mixing model. The 

value for the activation energy was calculated from our growth and coarsening data as 

described in section 4.5. 

In figure 4.6 the Haller model shows a region where the nucleation rate is 

increasing slowing before rapidly dropping off when the nucleation barrier term becomes 

extremely large. At the lower temperatures the nucleation rate magnitude is within two 

orders of magnitude for the different surface energies used in our model. The magnitude 

of the nucleation rate depends on the value of the preexponential term and the kinetic 

barrier term, since the nucleation barrier is small in this temperature regime. The 

nucleation rate steadily increases over 2-3 orders of magnitude before falling sharply, as 

the nucleation energy barrier becomes very large. By increasing the surface energy, the 

temperature at which the nucleation barrier dominates the expression is lower. A similar 
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trend is seen for the Oonk model in figure 4.7, only in this case the barrier term 

dominates at much lower temperatures. 

4.4 Comparison of results from different measurement techniques: 

Phase separation in our sodium silicate glass was observed using SAXS, electron 

microscopy, and atomic force microscopy. These techniques were used to gain 

information about the number density and the sizes of the phase separated particles for a 

variety of times and temperatures. 

Phase separation was seen for all times and temperatures using each 

characterization technique with the exception of transmission electron microscopy. 

Because of the small electron density difference between the two phases, the electron 

beam in TEM was weakly scattered and there was little contrast between the two phases. 

SAXS, which also observes differences in the electron density, was still a useful 

technique. Both NaoO and Si02 have 30 electrons per molecular unit, so any difference in 

the electron density between the phases was due to a difference in the density. 

The average particle size radii for each technique are given in table 4.5. The table 

presents the data taken for heat treatments at 555°C and 630°C. At the lower temperature 

the nucleation rate is very fast; therefore, there is a large number density of rather small 

particles. At the higher temperature, the nucleation rate is much slower but the coarsening 

kinetics are rapid, thereby producing fewer and larger phase separated regions. FESEM 

micrographs of phase separation at the higher temperatures show few discrete spheres. 

Lower temperature micrographs show many small, often impinging regions of phase 

separation. This is seen in figure 4.8 for glass that has been heat treated at 540°C and at 

630°C for 1 hour. 
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Figure 4.8 FESEM micrographs of 18.56 Na20 - 81.44 SiOi glass heat treated for 1 

hour at 540°C (a) and 630°C (b). 



93 

The error for the AFM and SEM data represents the standard deviation in particle size 

seen in multiple micrographs taken at different magnifications. Usually two samples for 

each time/temperature were made and micrographs were taken at two different 

magnifications for the SEM data. Magnifications were used so that at least 100 particles 

could be counted. The magnifications used depended on the particle size. Only one AFM 

sample was used for each heat treatment time, but measurements were taken at two 

different scan sizes. The SAXS data error is calculated whenever possible from 

measurements made from multiple samples, otherwise from the x-ray counting statistics. 

Table 4.5- Particle radii measured for samples heat treated at 555°C and 630°C 

Time (hours) SAX(nm) 

Guinier radii 

FES EM (nm) 

Average radii 

AFM (nm) 

Average radii 

555 - 1.0 4.9 ± .3 7.7 ± 1.0 indistinguishable 

2.0 5.6 ±.4 8.7 ± 1.2 8.8 ± 1.7 

5.0 6.7 ± .5 8.8 ± 1.3 8.5 ± 1.2 

10.0 9.0 ± .5 10.0 ± 1.5 11.3± 1.1 

630 - 0.5 10.4 ±.2 11.0 ± 1.7 11.4 ±2.3 

1.0 13.1 ±.2 15.5 ± 1.6 15.6 ± 1.7 

2.0 16.5 ±.l 19.0 + 2.0 17.5 ± 1.9 

AFM measurements initially gave values for the radii which were consistentiy 

larger than the other measurement techniques. After correcting these values for tip size 

effects, these measurements approached those given by the other techniques as seen in the 

tables. The tip size was determined by measuring a sample where the phase separated 

regions are rather large and well dispersed. These measurements were compared with the 
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particle size given by FES EM. A calibration sample was measured at the beginning and 

the end of each measurement session to ensure that the tip had not changed in size (via 

adhesion of foreign object, breakage, etc.). 

The capability of the field emitting source in the reSEM allows the direct 

imaging of sizes that were not observable using a conventional SEM previously. 

Unfortunately, artifacts may arise from etching or applying a conductive coating. The 

values in table 4.5 have accounted for size increases and error measurements due to the 

coating. The coating consisted of a sputtered particles whose diameter was approximately 

equal to 7 A, which was found by measuring the features on an unetched, non-heat 

treated glass. This value was subtracted from our raSEM radii measurements. Even with 

this adjustments in size, the FESEM radii are still larger than those determined by SAXS. 

Also the error bars for the microscope techniques are much larger than for SAXS data. 

The average particle size given by the microscope techniques may be skewed at 

the lower times since these techniques are limited by their resolution. Also Burnett and 

Douglas found that etching could increase the particle size by up to 10%. Similarly the 

etching process could inflate the measured particle size radii in our glasses. The larger 

errors seen in reSEM and AFM micrographs of the larger particles reflect the very wide 

particle size distribution at the longer times. 

Zanotto and coworkers^^ have found some discrepancies between SAXS and 

TEM particle sizes for phase separation at early times. They explained that this difference 

could occur because of problems in the measurement of small droplets using TEM or the 

failure of the Guinier approximation due to the large amount of particles present. Better 

agreement was found between the two techniques at longer times where there were larger 

and fewer particles. Similarly, in this study better agreement between the AE^ and the 

SAXS was seen when the phase separated regions were larger and quite distinct. When 

the number density is large, it became difficult to distinguish separate particles using 
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AFM, especially when the regions being imaged were much smaller than the probe tip 

size. 

An expression which related the measured (or Guinier) particle radius to the 

actual average particle radius (r) for polydispersed systems was given by Zarzycki^^ as 

r(Guinier)=1.17r(actual). This expression was derived for a particle size distribution 

which follows the Lifshitz-Slyozov distribution in the coarsening regime. The SAXS data 

in this study consistently yielded results for the particle sizes which were smaller than 

values from the other techniques. This result is unexpected especially since the full 

expression for the particle size approximation involves terms that heavily weight the 

larger particles. 

In conclusion, the SAXS data was found to give the best measurements of the 

particle radii since this value was much more consistent from sample to sample and had a 

smaller range of error. The AFM values of the particle size appear to have better 

agreement with the reSEM measurements. The agreement occurs largely because the 

AFM results were calibrated using the FESEM results, and because the techniques are 

measuring similar features. Overall, the actual particle size measurement is unimportant 

in this study. Instead, the primary interest is in observing the growth and coarsening of 

these phase separated regions over time. Both the growth and the coarsening rates are 

found from the slope of either a r- vs. time or a r^ vs. time plot. The actual size of the 

particle will not affect the slope of this line. 

Since particles could easily be counted in the photos without determining the 

calibration factors for the different SAXS operating conditions, the FESEM micrographs 

(and for some samples the AFM pictures) were found to give the least ambiguous results 

for determining the number densities. 
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4.5 Experimental determination of the growth and coarsening rates 

The following growth and coarsening study enables thermodynamic parameters 

for the 18.56 mole % Na20 silicate glass to be found. Specifically, the activation energy 

for diffusion, which is often as the kinetic barrier to nucleation in these nucleation rate 

calculations, was measured. Also the determination of the growth and coarsening regimes 

was useful for determining the times and temperature where nucleation rate 

measurements could be made. 

Previously, many studies have been undertaken to compare the agreement 

between experimental measurement of coarsening in glass systems and the results 

predicted by the theory set forth by Lifshitz and Slyozov (LS)-^. Coarsening occurs once 

the matrix begins to approach its equilibrium composition, whereby larger particles grow 

as smaller ones shrink, driven by the decrease in energy from the reduction in overall 

surface area. The volume fraction should remain the same, as the particle number density 

decreases inverse proportionally with time. 

Coarsening in a diffusion-limited system is given by the Lifshitz-Slyozov equation 

where Coo is equilibrium concentration of the diffusing species in the matrix, a is the 

surface energy, D is the diffusion coefficient which contains the diffusion activation 

energy barrier, and Vm is the molecular volume of the droplet phase with an average 

radius r. The (time)^^ dependence on the linear dimension has been well established in 

many glass systems. In most of the coarsening studies on oxide glass systems, there was 

good agreement for the time dependence; however, the particle size distribution does not 

evolve as predicted by LS theory^. 

(4.16) 
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Figure 4.9 The particle size has a time^/^ dependence at long times. 
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In figure 4.9, the log of the radius, as determined by SAXS, is plotted versus the log of 

time. The slope of this line gives the power dependence. For coarsening, the theory 

predicts a slope of 1/3, which was found for nearly all the temperatures. This glass is 

either approaching or is in the coarsening regime at the times plotted, since the number 

density decreases as 1/time. Lifshitz-Slyozov theory for coarsening predicts a slope of -1 

when the log of the particle number density is plotted against the log of time. This 

dependence can be seen for data taken at 555°C (figure 4.10) and for 600oC (figure 4.11). 

In addition, a crossover in the SAXS intensity curves is seen as coarsening begins to 

occur (figure 4.12). In this figure, a crossover in the curves occurs after three hours, 

which corresponds to the time when the number density begins to follow a (time)*' 

dependence. 

The activation energy for diffusion can be found from coarsening measurements 

taken at different temperatures. If the data from figure 4.9 is plotted as the particle radius 

versus (time)^^ (figure 4.13), straight lines result. The slopes of these lines can be plotted 

on an Arrhenius-type plot (figure 4.14) yielding an activation energy of 247 ± 11 kJ/mole. 

By including the preexponential temperature dependence in the ordinate, an improved 

value for the activation energy can be found, in this case, 254 ± 11 kJ/mole (figure 4.15). 

The correlation factor for the first plot is 0.9926. The "corrected" graph fits the data 

slightly better having a correlation factor of 0.9930. The differences in these activation 

energies are not large. However, small differences in this values have a considerable 

effect on the predicted magnitude of the nucleation rate, especially at low temperatures. 

Activation energies for diffusion from coarsening measurements, light scattering, 

and viscosity measurements which have been made on several glass compositions have 

been tabulated in table 2.2. The values for a variety of oxide glasses range from 198 

kJ/mole to 377 kJ/mole. For the glass composition similar to our 18.56 Na20-81.44 Si02, 

Hammel^^ measured an diffusion activation energy barrier of 276 kJ/mole using light 
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Figure 4.10 The number density as a function of time during coarsening for a glass 

which was heat treated at 555°C. 
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Figure 4.11 The number density as a function of time during coarsening for a glass 

which was heat treated at 600°C. 
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Figxire 4.12 S AXS data for a series of times for T=555°C. Notice the crossover in the 

spectra after 3 hours as the glass begins to coarsen. 
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Figure 4.13 Coarsening follows a dependence at longer heat treatment times for 

glass heat treated at 540, 555, 575, 600 and 630°C. 
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Figure 4.14 Activation energy can be found from an Arrenhius plot of the 

ln(radius^/time) versus 1/T. 
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Figure 4.15 "Corrected" version of figure 4.14 considers the additional temperature 

dependence from the preexponential. 
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scattering techniques and a barrier of 377 kJ/mole using viscosity data for a 19.5 Na20-

80.5 Si02 glass. A 10Na20-10Li20-80Si02 glass and a 10Na20-10CaO-80Si02 glass had 

activation energy barriers of 198 kJ/mole and 247 kJ/mole, respectively, which were 

measured by electron microscopy. Our measurement compares well with those found in 

the literature, albeit slightly lower than that measured by Hammel. 

At the earlier times when the particle size does not follow a (time)i'^ dependence 

and the volume firaction of the phase separated species is still increasing, the material can 

be thought to be either in a growth or a transitional stage. If it is assumed that the glass is 

in the growth stage, the equation for growth from zero size can be represented as ^ 

where the Coo, Cg and Cp are the concentrations of the solute in the matrix, the region 

outside the growing particle, and the particle. This equation was derived by considering 

the growth of a sphere of solute in an infinite body of liquid. Here D is the same diffusion 

coefficient as that in the Lifshitz expression. In this case, the linear dimension of the 

phase separated region has a (time)^/^ dependence. 

Burnett and Douglas^^ used a slightiy different growth expression taken from an 

expression by Scriven^^ 

( \ 
= 2 £:^—Dt 

c„-c. 
(4.17) 

(4.18) 

The value for B is set by the material conditions; this value was found to be 

approximately equal to 1 for these systems. The value for ro is the size of the radius at 

t=to. In Burnett and Douglas' analysis, they found diffusion coefficients for both the 
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growth and coarsening regime. Their growth measurements yielded a diffusion 

coefficient of 1.5 x 10"^^ cmVs and their coarsening measurements gave 0.6 x IQ-^^ cm-/s 

for the same glass at 640oC. They used a surface energy of 10 ergs/cm- in their 

calculation. If their diffusion coefficients are set equal to each other, the surface energy 

for their glass is calculated to be 25 ergs/cm-. 

In this study, a transition was seen between the particle size having a time 

dependence of approximately 1/2 and having a time dependence of 1/3 (figure 4.16). The 

growth rate can be found from a plot of r^ versus t as shown in figure 4.17. If it is 

assumed that equation 4.17 describes the t'^^ behavior, then the activation energy and 

coefficient for diffusion can be determined from a different set of data for the same glass 

composition and heat treatment temperature (figure 4.18). If the temperature dependence 

of the composition is accounted for in this derivation, the activation energy extracted 

from the growth data is 263± 22 kJ, which compares well with the value obtained from 

±e coarsening data (254 kJ). 

4.6 Experimental determination of the nucleation rate 

The nucleation rate was measured by counting the number of particles formed 

during a given time. These particles were detected and counted using AFM and FESEM, 

which are described in the background section. Specific details of the observations and 

methods of counting are presented in the experimental section. The phase separating 

kinetics were quite fast for this glass and the coarsening stage was quickly reached for 

many of the temperatures of study. Unlike Hammel's nucleation measurements, 

nucleation occurs almost immediately in this glass and there does not seem to be a 

measurable transient time, even at the lower temperatures. At the higher temperature of 

630°C, the glass is already in the coarsening regime even at times as short as 30 minutes. 
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Figure 4.16 At shorter times the growth regime can be seen. This regime is followed 

by a short transition period before exhibiting coarsening behavior at long 

times. The above data was taken at 555°C. 
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glass heat treated at 555, 600 and 625°C. 
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Figure 4.18 The activation energy for diffusion can also be calculated from the slope 

of an Arrhenius plot of the growth rate (r^/t) against 1/T. (The temperature 

dependence of the composition is accounted for in the above plot.) 
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These nucleation results come from tracking the number density as a function of 

time. FESEM photos are used in conjunction the stereological techniques referenced in 

chapter 2. The measured area number density was then transformed to a volume number 

density by assuming the thickness observed in the SEM micrographs is equal to 1/3 of the 

diameter of the average particle size as given by SAXS. 

Number density as a function of time for short times are plotted in figures 4.19, 

4.20, and 4.21 for heat treatments at 540,555, and 600°C, respectively. From the slope of 

these lines a nucleation rate is obtained. The error bars were estimated by determining the 

percent error in the number density per area between multiple micrographs and adding 

that error to the error in the assumed thickness. 

4.7 Comparison of the measured nucleation rate with the calculated rate 

Information from the plots given in section 4.3 (figures 4.6 and 4.7) are presented 

in tabular form (table 4.6) to compare the calculated nucleation rates with the measured 

nucleation rates. Values in table 4.6 were derived using equations 2.22 and 2.28 with the 

AGv term being generated from the respective model. In the Zleldovich formulation, AGv 

was calculated using the Haller model. 

Table 4.6 - Derived and measured nucleation rates 

Temperature Measured 
nucleation 

rate 
(#/cc s) 

Oonk 
cr = 5 

(#/cc s) 

Haller 
g=5 

(#/cc s) 

Haller 
a=20 

(#/cc s) 

Zeldovich 
a=5 

(#/cc s) 

540 6.7±1.4*10i3 1.7* 1015 2.5 • 1017 7.5* 1016 N. A. 

555 1.7+3 * 1013 2.1 * 1013 7.3 * 1017 3.5 * 1016 3.8 * 1021 

600 5.6±6* 1012 0 2.0 • 1019 1.7 * 108 5.4 * 1020 
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Figure 4.20 Numijer density as a function of time at short times for heat treatments at 

555°C. 
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Figure 4.21 Number density as a function of time at short times for heat treatments at 

600°C 
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For these calculations of the nucleation rate, the diffusion activation energy term 

derived from the coarsening measurements was used. This value was determined to be 

254 kJ/mole. It is important to note that when the barrier heights are as small as those 

calculated using the Haller model, the nucleation term is dominated by the kinetic barrier 

term. The calculated nucleation rates increased by nearly two orders of magnitude when 

the derived value for the diffusion activation energy was used, instead of the value found 

in the literature for a similar composition (275 kJ/mole). 

The Zeldovich formulation does not make any assumptions about the kinetic 

barrier but instead uses the growth data at the temperature of interest. The growth rate 

must be known to determine t in this expression as given by equations 2.28 and 2.29. 

Using the Zeldovich factor, even larger nucleation rates were predicted than from the 

expressions which use the Tumbull-Fisher preexponential. 

The magnitudes predicted for the nucleation rates are orders of magnitude higher 

than those measured. There may be some question as to whether the Tumbull- Fisher 

preexponential factor is appropriate for systems containing more than one component or 

even for liquid-liquid demixing since it was developed for a system undergoing 

crystallization or a solid-solid phase transformation. In the derivation of the 

preexponential factor, the assumptions include determining the number of atoms that are 

available to become part of the nucleus. Also questionable is the assumption that the 

activation energy for a short range hop is equivalent to that for long range diffusion, 

which is used as the kinetic barrier term. In two or more component systems, this kinetic 

activation energy barrier is taken to be the activation energy for diffusion of the slowest 

component in the system. 

The measured nucleation rate is 1 - 7 orders of magnitude different from the 

predicted values if the Tumbull-Fisher preexponential is used. This difference increased 

to 8-9 orders of magnitude when using the Zeldovich formulation, which does not have 
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many of the assumptions found in the Turnbull Fisher expression and should be 

applicable to systems undergoing liquid/liquid demixing. Since the nucleation rate is very 

different for both of the preexponential formulations, the disagreement in the magnitudes 

can not be readily resolved by assigning error to ambiguity in the preexponential factor or 

to the applicability of the diffusion activation barrier as the kinetic barrier to nucleation. 

Corrections could be made to the magnitude by, in the case of the Tumbuli Fisher 

preexponential, increasing the kinetic barrier term. 

The measured nucleation rates are less that those predicted by the Haller model, 

but the temperature dependence seemingly fits the Haller model for larger surface 

energies. If the nucleation rate is normalized to the nucleation rate at a given temperature, 

we can compare the temperature dependence of the nucleation rate (figure 4.22). In this 

figure, the measured nucleation rates follow the temperature dependence predicted by the 

Haller model calculations quite well for a surface energy value of 20*10"^ J/cnP-. 

Unfortunately the Haller model with surface energies greater than 15 * 10"^ J/cm-

predicts no discernible nucleation above 625°C (corresponding to a 17 degree 

undercooling). Phase separation is still seen in glasses that have been heat treated in this 

temperature regime. This may be partially attributed to rapid nucleation kinetics at lower 

temperatures. In this case, nucleation would occur in these samples before they reach 

equilibrium at the heat treatment temperature (despite attempts to minimize this by using 

small samples). However, nucleation must occur at some temperature between the 

opalescence and clearing point temperatures as given by the literature. For this glass 

composition, the difference in the immiscibility temperature does not exceed 10 degrees, 

regardless if the onset of phase separation was measured by reducing the temperature in 

homogeneous glass or by raising the temperature in a phase separated glass. Since 

nucleation needs to occur in this composition to initiate phase separation, the nucleation 

rate must be higher than predicted. 
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Figure 4.22 The nucleation rates are normalized to compare the temperature 

dependence. The nucleation rates are calculated (hollow symbols) using 

the Haller model for different siuface energies. The solid points are the 

measured nucleation rates. 
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Seemingly, these model and appropriate parameters are inadequate for predicting 

reasonable nucleation rates near the binodal boundary. At larger undercooling though, 

these models seem to predict the temperature dependence of nucleation rates, although 

the magnitude of the rates predicted are much higher than those measured. 

4.8 Extraction of an independently measured surface energy term 

As explained previously, the surface energy term is very important in these 

nucleation kinetics calculations. However, previous researchers conducting similar 

experiments have arbitrarily chosen values 4 and 10 x 10*^ J/cm^ (table 2.3). Here, it has 

been shown that a surface energy of at least 20 x 10"^ J/cm- needs to be used, if the Haller 

solution model is to give a reasonable description of phase separation kinetics at low 

temperatures. Unfortunately, observations at higher temperature contradict the nucleation 

rates which are predicted using these conditions. With the exception of Hammel's 

measurement of 'critical' radii there have not been any other studies where the surface 

energy was measured independently. These 'critical radius' measurements were taken by 

nucleating and growing phase separating regions of different sizes, then subjecting them 

to high temperatures to determine the temperature at which they neither grew nor shrank. 

These measurement may be in error. Any nuclei which are equal to or greater than the 

critical size should grow at these temperatures and times. Also it is not apparent that 

nucleation is prohibited at the temperatures where these measurements were made. 

Regardless, growth rates and coarsening rates have been acquired at the same 

temperature for the same composition to find a value for the surface energy. Chiefly, the 

expression for the growth rate and the coarsening rate were calculated from equations 

4.14 and 4.16. 
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By dividing the coarsening expression by that of the growth rate and rearranging, the 

following relation was found: 

9 (T = -RT 
4 c  — c  \  p  ' J  

coarsening _ rate 

growth _rate 
(4.19) 

remembering that Coo is the concentration of the solute in the matrix away from the 

particle, Ce is the concentration of the solute at the interface of the particle and Cp is the 

concentration of the solute in the particle. 

By dividing, the diffusion expression is removed from the above equation. The 

parameters which remain to be considered include: the ratio of the concentrations of the 

diffusing species, the molar volume of the glass (Vm), and the concentration of the solute 

species in the matrix (Coo). The value for Cp is given by the nucleating droplet 

composition, since the growth regime occurs simultaneously with nucleation. In reality 

this concentration will be a time dependent value that will become increasingly richer in 

soda content as the droplet grows. For the concentration at the particle interface, the 

concentration of the equilibrium binodal (on the soda rich side) is used. The matrix 

composition is given by the composition of the glass. All of these concentrations can be 

determined for the different temperanares by using one of the binodal models. The 

compositions were defined with respect to sodium oxide content. Similarly defining these 

concentrations in terms of silica content will have the same result. The exception is the 

term Cq fi"om the coarsening equation which is the concentration of the diffusing species 

in the matrix, in this case the silica concentration. The Haller model was used to calculate 

the concentrations since this model was easier to use and it predicted more reasonable 

nucleation rates. In the temperature regime where these measurements and calculations 
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are being made, the models predict nearly the same compositions. The compositions were 

determined for each of the temperatures as follows: 

For ggyCi 

c'= 0.009615 

ci =0.01247 

C2 = 0.2068 

c« = 0.1856 

Vm (droplet) =27.157 

For 600°C: 

c*= 0.01378 

ci =0.01590 

C2 =0.1965 

Cco = 0.1856 

Vm (droplet) =27.128 

where ci and C2 are the endpoints of the binodal, c* is the nucleating concentration, and 

Coo is that of the homogeneous glass. The molar volume of the droplet phase is that given 

by the binodal since that value is for the expression in the coarsening regime where one 

expects equilibrium to be nearly attained. 

Using equation 4.19, a surface energy of 480 * 10"^ J/cm^ for measurements at 

555°C and a surface energy of 660 * 10"^ J/cm^ for 600°C are calculated. These values 

are unreasonably high since values of the surface energy for crystal/liquid interfaces are 

on the order of 100-200 *10'^ J/cm. 

The Lifshitz-Slyozov expression given in 4.16 which was used to find equation 

4.19 may be in error. The parameter Coo is dimensionless. Researchers have multiplied 

equation 4.16 by the molar volume, Vm, to give units to the parameter c^, but there is no 

justification for this practice. It is suggested that this expression has omitted a 

consideration of the concentration profile across the interface (similar to that used in the 

development of the growth equation). 
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Hence, it is proposed that the Lifshitz-Slyozov equation be rewritten as 

If the above equation is now used to calculate the surface energies, it is now found that 

the surface energy of this glass at 5550C is equal to 75* 10-'^ J/cm^ and at 600oC is equal 

to 111* 10"^ J/cm2. These values seem more reasonable, especially when comparing 

them to known values for crystallizing systems. Also these values are only 3-4 times 

larger than the surface energy value which was found to fit the temperature dependence 

of the nucleation rate. Further refinements in the expression of the Lifshitz-Slyozov are 

necessary before accurate determinations of the surface energy can be made using this 

approach. 
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5. CONCLUSIONS 

1. Two free energy of mixing models, the Holier model and the Oonk model, can be fit to 

the immiscibility curve for sodium silicate glass. These models may also be used to 

calculate reasonable values of the spinodal. 

2. Using these mixing models, the critical composition of the nucleating droplet was 

found to lie outside of the binodal. 

3. The nucieation energy barriers and critical radii were calculated using these models. 

The energy barriers were shown to be either too small at lower temperatures (greater 

undercooling) or nearly insurmountable at high temperatures (lesser undercoolings). 

Since an exact expression could be made for the free energy for phase separation, AGy, 

from the free energy of mixing, then the problem with predicting reasonable values stems 

from either the use of these models to predict the free energy of mixing or with the use of 

a temperature independent surface energy. 

3. Using a combination of techniques works best for tracking particle size and number 

during phase separation evolution. The smaller error in the SAXS particle size 

measurements made this a better technique to measure particle growth and coarsening. 

The microscopy techniques were more straightforward for counting number densities. 

Surprisingly the particle sizes measured using AFM and SEM were also larger than those 

measured by SAXS. 

4. The Lifshitz - Slyozov relationship for coarsening for the dependence of (particle 

size)3 and the (particle number)-^ with time was shown to be valid for several heat 

treatment temperatures. 
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5. The activation energy for diffusion was obtained from both the coarsening relationship 

and the growth relationship. The result from the coarsening data was 254 kJ/mole which 

agreed with values in the literature for comparable compositions. 

6. Calculated nucleation rates are several orders of magnitude larger than those measured 

in our system. In addition to the previously discussed problems with the barrier heights, 

this discrepancy may be attributed to the difficulty in defining a preexponential factor for 

this system. Also questionable is the appropriateness of the diffusion activation energy 

barrier, found from the coarsening measurements, as the value of the kinetic barrier to 

nucleation. The Zeldovich formulation, which does not make any of the above 

assumptions, also generates values for the nucleation rate which are very large; hence, 

classical nucleation theory is not able to predict the magnitude of the nucleation rate in 

our system. 

7. The temperature dependence of the nucleation rate at large undercoolings can be 

predicted by classical nucleation theory when using the Haller model to find the free 

energy of phase separation. 
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