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ABST.RACf 

The magnitude and temperature dependence of both the nucleation and 

crystal growth rates in lithium diborate glass were determined in the temperature 

range, 490 to 520°C. Comparison of the nucleation rates predicted by Classical 

Nucleation Theory and those found experimentally shows that the predicted classical 

nucleation rates are about 95 orders of magnitude smaller than the experimentally 

determined values. In addition, Classical Nucleation Theory does not predict the 

temperature dependence found experimentally. Comparison is also made with 

silicate glass systems which have been shown to exhibit homogeneous nucleation. 

Crystal nucleation in the lithium diborate glass almost certainly proceeds by a 

homogeneous mechanism. 

Comparisons are made between experimentally obtained values of the crystal 

growth rate in lithium diborate glass and those computed using surface nucleated 

crystal growth theory. Although the temperature dependence of the experimental 

growth rates at large undercGolings appears to be described well by the latter model, 

the computed values of the growth rates are about 60 orders of magnitude too small. 

Using a temperature dependent surface tension (obtained from fitting crystal 

nucleation data) in the surface nucleated crystal growth model partially reduces the 

discrepancy between the experimental and calculated magnitudes of the growth rate, 

but produces an incorrect prediction for the temperature dependence of the growth 

rate. 
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1. INTRODUcnON 

It is of technological importance to be able to control nucleation and crystal 

growth in glass systems systematically. The ability to control crystallization allows 

one to utilize glasses for high technology applications such as advanced ceramics for 

high temperature aerospace and automotive uses [1] and for optical data storage 

systems [2,3]. Also, the ability to avoid crystallization enables one to prepare new 

glass compositions. If one can keep crystal nucleation from occurring, in theory it 

should be possible to form a glass from any material providing it can be cooled 

rapidly enough. Therefore, the key to understanding glass-forming ability is the 

knowledge of the kinetics of crystallization [4]. This type of knowledge will enable 

the glass scientist to make better glass ceramics, design glasses to meet specific 

needs, and to make novel glasses. 

The study of homogeneous crystal nucleation and growth is also of scientific 

importance. The theoretical description of this process [5,6] is the condensed state 

version of Classical Nucleation Theory given by others [7,8,9] for droplet formation 

from the gas phase. To date this theory has only been applied to silicate glass 

systems which have been shown to nucleate homogeneously [10]. The experimental 

crystal nucleation data obtained for the silicate glass syst'~ms differ greatly from 

values predicted by Classical Nucleation Theory, and in all cases the experimental 

values are many orders of magnitude higher than predicted from theory, although the 

temperature dependence found experimentally may fit the theory [10]. 
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Independently, the study of the crystal growth process over the temperature 

regime of homogeneous nucleation is of great scientific interest. Crystal growth may 

be considered as an extension of the nucleation process, and hence describable by 

Classical Nucleation Theory. However, since crystal growth rates are typically very 

small in the temperature region of homogeneous nucleation, experimental tests of 

theory utilizing nucleation and growth measurements have not been made previously. 

An opportunity for utilizing such combined measurements exists; however, for the 

case of Li20· 2B20 3 glass. By comparison with standard crystal growth models 

[11,12] it may be possible to understand the nature of the nucleation sites on the 

crystal interface at which atoms are added and removed. Understanding the nature 

of the interface is important as it plays the major role in determining the kinetics of 

and morphology of crystallization. 

Borate glasses are also of technological and scientific importance. The use 

of lithium borate glasses for fast ion conduction in battery applications is important 

due to the high mobility of the lithium ion [13]. Lithium diborate has attracted 

attention for use in piezoelectric devices [14J. and because it is a piezoelectric and 

non-ferroelectric crystal [15J. it is also attracting attention for applications in surface 

acoustic wave (SAW) and bulk acoustic wave (BA W) devices. Li20· 2B20 3 crystals 

have been grown using both Bridgeman [15] and Czochralski growth techniques [16]. 

Lithium triborate. Li20· 3B20 3,has recently been found to exhibit"a nonlinear 

optical effect [17] with a large acceptance angle for phase matching. A second 
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harmonic generation (SHG) conversion efficiency of up to 60% at 1064 nm is 

reported for lithium triborate [17]. Lithium triborate crystals have been made using 

standard melting and crystal growth techniques [17] and by a laser-heated pedestal 

growth method [18]. Scientific interest in the borate glasses is due in large part to 

their structural complexity. For silicate glasses, the Si04 tetrahedron is the basic 

building block and is described by the random network theory proposed and 

substantiated by Zachariasen [19] and Warren [20,21,22]. The study of borate glasses 

has shown that boron may be either threefold or fourfold coordinated with ratios of 

the two coordinations dependent on the glass composition [23]. In addition, borate 

glasses are postulated to be made up of several different structural units [23], again, 

based on the glass composition. The number of structural arrangements in borate 

glasses is much higher than in silicates which may lead to different nucleation and 

crystal growth behavior. Study of borate glass will hopefully give further insight into 

crystal nucleation and growth kinetics. Glass melts which are above the glass 

transition temperature, T g' are actually supercooled liquids and can only be called 

glasses (in a strictly technical sense) at temperatures below Tg. Due to common 

usage in this field, the term glass will be used to describe a supercooled liquid in the 

remainder of this dissertation. 

The objectives of this study are as follows: 

1. Determine what crystalline phase nucleates and grows at and just above the 

glass transition temperature, Tg. 
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2. Determine the temperature dependence of the viscosity of lithium diborate 

glass over the nucleation and crystallization range studied. 

3. Determine the temperature dependence of the nucleation rate in lithium 

diborate glass. 

4. Compare experimental nucleation rates to predictions of Classical Nucleation 

Theory. 

5. Determine the temperature dependence of the crystal growth rate in lithium 

diborate glass at large undercoolings. 

6. Determine the crystal growth mechanism in lithium diborate glass at large 

undercoolings. 

7. Compare experimental crystal growth rates to predictions of the appropriate 

crystal growth model. 
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2. LITERATURERE~EW 

2.1 Homogeneous Crystal Nucleation 

Many liquids and glasses can be cooled below their liquidus, or equilibrium 

melting point, and maintained in this state for long periods of time. At these 

subliquidus temperatures the Gibbs energy of the liquid is higher than the 

corresponding crystalline phase, making it a metastable phase. That is, the 

subliquidus liquid is thermodynamically less stable and should transform into a more 

stable crystalline state. The fact that this does not always happen is evidenced by the 

longevity of centuries-old glass panes and containers. The existence of these glass 

articles clearly demonstrates that there must also be a kinetic barrier to 

crystallization which must be overcome before devitrification can take place. This 

phase transformation can be visualized by assuming large-amplitude, localized 

fluctuations of some parameter such as density which creates a very small region of 

a stable crystalline phase. If these small regions become bigger than a certain critical 

radius, they will continue to grow and crystallize the liquid. This is called nucleation 

and the rate at which these small crystalline regions develop from the liquid is called 

the nucleation rate. 

Nucleation can occur by both a homogeneous and heterogeneous mechanism. 

Homogeneous nucleation occurs randomly throughout the bulk of the material and 

is an intrinsic property. Heterogeneous nucleation occurs by the lowering of the 

interfacial energy, usually at the container wall or at foreign impurity particles. This 
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work will primarily deal with the homogeneous nucleation process and will briefly 

discuss heterogeneous nucleation for completeness. This work will show that 

nucleation at and near the lithium diborate glass composition does in fact occur by 

a homogeneous process, thus, the brief discussion of heterogeneous nucleation. Both 

the steady-state and time-dependent, transient nucleation, aspects of nucleation will 

be discussed and are relevant to the glass system studied. 

To date almost all of the experimental nucleation data have been interpreted 

using Classical Nucleation Theory. Classical Nucleation Theory actually encompasses 

the work done by Volmer and Weber, Becker and Doring, and Turnbull and Fisher. 

Volmer and Weber in 1926 studied nucleation from vapor and used Reaction Rate 

Theory and an equilibrium distribution of nuclei to first formulate a nucleation 

theory. Becker and Doring instead postulated a steady-state distribution of nuclei 

in 1935. Turnbull and Fisher extended the previous work and used it to explain 

nucleation in a liquid. Classical Nucleation Theory is examined in closer detail in 

the following sections. 

2.1.1 Steady-State Theory (Formation of the Critical Nucleus) 

This section deals with "simple" liquids, that is liquids which upon phase 

transformation crystallize to the same composition as the initial liquid. The nuclei 

are assumed to be spherical crystal clusters formed by large amplitude, localized 

fluctuations in the initial homogeneous phase. It is also assumed that no matter how 



21 

small the cluster size of atoms of the new phase, n, one can always use macroscopic 

thermodynamic values. 

Classical Nucleation Theory was initially developed to describe a nucleating 

droplet condensing from a super saturated gas phase. The Theory incorporates both 

a thermodynamic and a kinetic component. Initially there are n gas atoms forming 

a liquid droplet. The bulk Gibbs free energy change, l1G, for this reaction is the 

energy of the final liquid phase, GI, minus the energy of the initial vapor phase, Gv . 

Therefore, 

llG - G-G I v 
(2.1) 

First, On is defined as the surface area of a droplet containing n atoms and u is 

defined as the interfacial surface tension or surface energy per unit area of the 

droplet. Interfacial surface tension, u, is defined for plane surfaces as the reversible 

work, dW, required to create by separation a unit surface area, dA, all at constant 

chemical potential, J.Lj, constant volume, v, and constant temperature, T, so that 

u=dW IdA. Now the bulk free energy change for nucleation can be divided into a 

volume and surface term. 

llG - G -G ... neg -g' + 6 a I v I vi n 
(2.2) 

In the volume term in Equation (2.2) the free energy of the liquid per atom and the 

free energy of the vapor per atom are gl and gv' respectively. The two terms 

comprising the surface term were defined above. For a spherical particle, the volume 
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is given by, V =4/3 7713, and the surface area is 4 ~, where r ;s the radius of the 

droplet. Defining vI as the volume of liquid phase per unit atom, the droplet volume 

can be given by 

v .. nv, ... 4/31tr3 

with the number of atoms, n, given by 

41tr3 

n= --
3v, 

Substituting this value for nand 4 ~ for On into Equation (2.2) yields 

(2.3) 

(2.4) 

(2.5) 

At the melting temperature, T m' g, = gv. This same formalism can also be used to 

describe the transition from a liquid phase to a crystalline phase. The surface term 

in Equation (2.5) is always positive so that at the melting temperature AG is positive 

and no nucleation can occur. The initial phase must be cooled to some degree 

before nucleation can occur. Since the surface term is always positive, the bulk free 

energy of a cluster of radius r at temperatures above the liquidus (melting 

temperature, T m)' T> T m' increases monotonically with increasing cluster size (see 

Figure 2.1). Below the melting temperature the bulk free energy of a cluster of 

radius r will increase for the smaller cluster sizes since the surface contribution to the 

free energy difference dominates for small r. However, as the cluster radius r 
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radius, r 

FIGURE 2.1 The bulk free energy change, ~G, for homogeneous nucleation of a 
sphere with radius r; rc is the critical radius 
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increases the surface to volume ratio will decrease until the volume free energy term 

is dominant. For this reason the bulk free energy change, aG, will go through a 

maximum at some critical radius (see Figure 2.1). Thus the critical radius, rc' is 

found by taking the first derivative with respect to r of Equation (2.5), setting it to 

zero and solving for rc which gives 

d!l G = 41t 3r2(g -g) + 81tr<7 = 0 
dr 3v

1 
I 

(2.6a) 

-2<7 r ::--
C aG 

v 

(2.6b) 

where aGv is defined as the free energy change per unit volume, (grgv)/vl' The bulk 

free energy change at the critical radius (the nucleation barrier) is found by 

substituting Equation (2.6b) into Equation (2.5) and solving for !l Gc which gives 

(2.7) 

When the nucleus is at the critical radius maximum it is in an unstable equilibrium 

position. If the nucleus loses an atom (an embryo), it will tend to redissolve into the 

initial phase, whereas an addition of an atom will tend to make the nucleus continue 

to grow. 
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The critical number of atoms or crystallizing particles is determined by first 

calculating values for r3 and ~ from Equation (2.4) and substituting them into 

Equation (2.5) to yield 

(2.8) 

and then taking the derivative of Equation (2.8) with respect to n, setting it to zero 

and solving for the critical particle number, nc' which gives 

n = c 
(2.9) 

To this point nucleation has only been discussed in terms of thermodynamics. The 

kinetics of nucleation is discussed in the following text. 

2.1.l.a Volmer and Weber: Equilibrium Nuclei Density Distribution 

Volmer and Weber [7,8] were the first to argue that the nucleation process 

was mainly an exercise in kinetics. They used Gibbs' [24] idea of the reversible work 

required for the formation of a nucleus of a new supersaturated phase (condensation 

of liquids from their vapor) to calculate an equilibrium nuclei density distribution. 

They further argued that the nucleation growth process is very slow so that the 

number of critical size nuclei is the equilibrium number. The number of critical size 

nuclei forming just equals the number of critical size nuclei disappearing through 

subsequent growth. This steady-state number is assumed to be equal to the 
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equilibrium number. Volmer and Weber used bimolecular reactions to explain the 

slow increase in nuclei size. The bimolecular reactions are summarized by 

(2.1Oa) 

. 
T" •• 

Q,,+1 + Ql.... Qn+2 
(2.1Ob) 

where Q o is a cluster of n molecules or crystallizing "formula units" and Q} is a single 

molecule or crystallizing "formula unit." ro + is the rate of addition of a formula unit 

to a cluster of n molecules with ',,-.1 being the reverse rate. The time dependence 

of the nuclei number density, No pis found by solving a system of coupled differential , 

equations. Volmer and Weber then assume the following: (1) embryos (nuclei which 

are clusters which are smaller than the critical size) of all sizes below the critical size 

are in equilibrium in the saturated vapor, (2) the back flux or reverse rate is zero for 

nuclei larger than the critical nucleus size, and (3) following (2) above the nuclei 

number density, No t is set to zero for nuclei larger than the critical size. Using their , 

assumption that the number of critical size nuclei is the equilibrium number, they set 

No tequal to the equilibrium distribution, N e • The equilibrium nucleation rate is , ~ 

then given by 
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(2.11) 

where Nv is the total number of atoms per unit volume. 

2.1.1.b Becker and Doring: Steady-State Distribution 

Becker and Doring [9] improved upon Volmer and Weber's theory by 

recognizing that due to the rapid growth of nuclei larger than the critical value the 

number of critical size nuclei would be smaller than the equilibrium number. They 

instead postulate that there would be a steady-state flux of crystallizing units through 

an embryo of finite size. This steady-state distribution of nuclei or embryos gives rise 

to a steady-state nucleation rate, Is. 

Becker and Doring allow for the reverse bimolecular reaction, that is, once 

an embryo has reached the critical size (a nuclei) the Gibbs energy can be reduced 

by losing a crystallizing unit as well as gaining one (see Figure (2.1». Therefore, it 

should be just as probable to move either direction off of the peak of the curve. 

They also add a number of crystallizing units equal to one more than the critical 

number (see Equation (2.9» to the initial phase for every nucleus which is removed 

by growth to maintain the steady-state condition. The steady-state nucleation rate, 

Is' is given by 
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(2.12) 

Assuming the initial phase is in equilibrium (15=0) one can solve for the backward 

rate constant, r ;+1 ; and substitute this back into Equation (2.12). Boundary 

conditions are then chosen for n approaching zero and infinity. Equation (2.12) is 

then summed over all values for n using the boundary conditions. The steady-state 

nucleation rate, Is, is then determined after making the following assumptions: The 

sum is replaced by an integral from -00 to 00 assuming the equilibrium nucleation 

density is a continuous function of n; the terms of the sum near the critical particle 

size, nc' dominate; the bulk free energy term is cak'Ulated by using a Taylor series 

expansion about the critical particle size and summing the first two nonzero terms; 

and the forward reaction rate, r + ,is replaced by the reaction rate at the critical 
n 

particle size, rn+ • The steady-state nucleation rate is then given by 
c 

(2.13) 

This equation only differs from the Volmer and Weber equation (see Equation 

(2.11» by the last term called the Zeldovich factor, z, where 
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z 0:: v 

( 

b.G ]1f2 
31tkTn; 

(2.14) 

z is usually a small value, 0.01 ~ z ~ 0.1. The number of crystallizing units in a 

cluster versus the radius is plotted in Figure (2.2) for both the Volmer and Weber 

and the Becker and Doring representations. 

2.1.1.c Turnbull and Fisher: Nucleation in a Liquid 

Turnbull and Fisher [5,6] were the first to apply Becker and Doring's theory 

to nucleation in condensed systems (liquids and solids). They reasoned that for a 

cluster to grow or shrink it must pass through a transition state that has a higher free 

energy than either an n or n + 1 cluster (see Figure 2.3). They used Absolute Rate 

Theory [25] to calculate an expression for both the forward and reverse reaction rate 

and then derived an equation for the homogeneous, steady-state nucleation rate in 

a condensed system. The Classical Nucleation Theory for condensed systems may 

be summarized as follows. The steady-state nucleation rate is given by 

[
-(AGe +AG;>] 

Is = A exp 
kT 

(2.15) 

Where AGe is the thermodynamic barrier to nucleation, AGD is the kinetic free 

energy barrier to nucleation, T is the temperature of undercooling, and k is 

Boltzmann's Constant. The pre-exponential factor, A, in Equation (2.15) is 
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FIGURE 2.2 Equilibrium distribution function (Volmer-Weber) and steady-state 
distribution function (Becker-Doring) for embryos of different sizes 
in the two theories 
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8G 

AGn+1 ----

Q n+1 

Configuration 

FIGURE 2.3 Schematic illustrating the free energies required to form clusters of 
nand n+ 1 particles in Turnbull and Fisher's Theory. L\Gn and L\G

n
+

1 
are the free energies required to form these clusters from crystallizing 
units. The maximum on the free energy curve represents the activated 
state 
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(2.16) 

where nv is the basic crystallizing unit per unit volume, V is the volume per basic 

crystallizing unit, h is Planck's Constant, and a is the liquid-crystal interfacial energy. 

It has been shown [26,27] that A is approximately constant over the temperature 

range of nucleation measurements and may be written approximately as 

(2.17) 

Again, assuming a spherical nucleus, the thermodynamic barrier to nucleation, dGc' 

is given by 

(2.18) 

which is the same as Equation (2.7) with dG}substituted by dG2/Vrn
2,where Vrn 

is the molar volume of the crystal and dG is the bulk free energy change upon 

crystallization. The kinetic free energy term, dGD, has been expressed in terms of 

a diffusion coefficient [28], D, (the jump frequency is assumed to be equivalent to the 

jump frequency for bulk diffusion) given by 

DaD. exp ( -~~D) (2.19) 

where the diffusion constant, Do, is given by 



kn2 D c __ 

o h 
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(2.20) 

in which A is commonly called the 'Jump distance" and is of the order of atomic 

dimension. It is then assumed that the diffusion coefficient can be related to the 

viscosity of the liquid, 77, by the Stokes-Einstein relation 

D= (2.21) 

Combining Equations (2.19),(2.20), and (2.21), one can show that 

(2.22) 

If one then substitutes Equations (2.17),(2.18), and (2.22) into Equation (2.15), the 

nucleation rate can be expressed as 

(2.23) 

2.1.1.d Calculation of the Bulk Free Energy, .1G 

The bulk free energy, .1G, for a single component system (composition of the 

liquid and crystal are the same) can be calculated by starting with Gibbs' [24] well 

known expression 
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IlG ... AH-TIlS (2.24) 

The temperature dependent free energy is calculated using the following equations 

for enthalpy (AH) and entropy (AS) differences, 

and 

AH "" IlH _JT .. IlC dT ' 
m T P 

!l.C 
IlS = !l.S -fT .. -PdT' 

III T T' 

(2.2Sa) 

(2.2Sb) 

where IlHm is the enthalpy of fusion at the melting point (by definition, negative), 

Tm is the equilibrium melting temperature, T is the temperature of interest, !l.ep is 

the difference in specific heat capacities between the liquid and crystal phase at 

constant pressure, and !l.Sm is the entropy of fusion at the melting point. Substituting 

Equations (2.2Sa) and (2.2Sb) into Equation (2.24) and rearranging gives 

!l.C 
IlG == IlH -T!l.S -fTD!l.C dT'+TfTa --PdT' 

Nt In T P T T' 

At T=Tm, !l.G=O, therefore, from Equation (2.24) 

!l.Hm !l.S :::-
m T 

In 

(2.26) 

(2.27) 

Substituting this relation for !l.Sm into Equation (2.26) and defining the undercooling, . 
T m -T, as !l. T the bulk free energy is 
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IlH !IT !lC 
!lG = In -fTa AC dT' + TIT .. -_P dT' 

T T P T T' 
m 

(2.28) 

If acp is independent of temperature and nonzero, integration of Equation (2.28) 

yields the following equation: 

!lH !l T [ 1_( T l] 
!lG c r: -IlCp !IT-T\. ; (2.29) 

Many approximations have been postulated to derive expressions for the bulk 

free energy when accurate thermodynamic data is unavailable [29]. Turnbull [30] set 

!lCp equal to zero in Equation (2.28) which gives the simple expression 

(2.30) 

This was used for metallic systems where in general the specific heat of the liquid 

and crystalline phase are approximately equal. 

2.1.1.e Determination of the Interfacial Surface Energy 

To be able to compare experimental nucleation rates to CNT one sees from 

Equation (2.23) that a value for the interfacial surface energy, a, must be known or 

approximated. A fairly comprehensive explanation of experimental methods to 

determine the solid-liquid interfacial energy is given by Woodruff [31]. There are no 

simple straight forward methods to measure the interfacial surface energy between 

a crystal and its liquid of the same composition. CNT has been used to back 
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calculate a using experimental nucleation rate data (see Section 2.1.5). An 

empirically derived equation has been developed for calculating the interfacial 

surface energy so that experimental and CNT nucleation rates may be compared. 

From homogeneous nucleation experiments (described in 2.1.4) Turnbull [6] 

was able to obtain experimental values of solid-liquid interfacial energies for various 

pure materials. Turnbull defined a surface one atom thick, which contained 

Avogadro's number of atoms, and calculated the interfacial free energy of this 

surface which he called the "gram-atomic free surface energy," ago By plotting a g 

versus the enthalpy of fusion at the melting point, .:1Hm, a linear relationship was 

found for metals and glass forming materials with slopes equal to 0.45 and 0.32 

respectively. Turnbull empirically derived the "Turnbull a Parameter" given by 

« = (2.31 ) 

where Turnbull defined a(NA Vm
2)1/3 as the "molar interfacial energy." a IS 

dimensionless and is usually in the range 1/3 ~ a ~ 1/2 with a III 0.5 for metals and 

a III 0.33 for non-metals (glasses). Turnbull's results for metals were in good 

agreement with a theory developed by Skapski [32]. 

2.1.2 Transient or Time-Dependent Nucleation 

In condensed systems the assumption of a constant nucleation rate is often 

incorrect. The transient nucleation period occurs when the production of nuclei goes 
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from zero to the steady-state nucleation rate at the given temperature. In condensed 

system transformations, as opposed to vapor to liquid transformations, the transient 

period is usually a much longer time and can be observed and measured. Transient 

nucleation has been observed in the nucleation and crystallization of glasses 

[28,33,34,35]. 

It is important to understand transient nucleation behavior and to be able to 

quantitatively analyze this behavior in glass systems. In the kinetic treatment of glass 

formation [4] any liquid can be made into a glass if the cooling rate is rapid enough 

to prevent crystal nucleation. If the transient period is long the critical cooling rate 

needed to make a glass will be shorter [36]. A quantitative understanding of 

transient nucleation behavior will help one determine the critical cooling rate. 

Accounting for transient nucleation, one may be able to test whether Classical 

Nucleation Theory predicts the correct evolution of nuclei [37] or whether any other 

model can explain experimentally observed nuclei evolution [38]. 

2.1.2.a Time-Dependent Nucleation Rate 

Time-dependent or transient nucleation can be seen in Figure 2.4. On the 

ordinate, number density of observed crystallites is plotted versus time on the abscissa 

for a single temperature. It has been shown that the number of observable 

crystallites by optical or electron microscopy is directly related to the number of 

nuclei in a homogeneously nucleated glass. If the nucleation rate was constant over 

time then the number density of nuclei would be given by 
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f t • 
Nv '" 0 I(t)dt ... Il (2.32) 

However, we have seen in Figure 2.4 that there is both a linear region and a non-

linear region which is not predicted by Equation (2.32). At shorter times the 

nucleation rate is very small and over time increases until the steady state nucleation 

rate, Is, is reached. Therefore, at long times the number density can be 

approximated by 

(2.33) 

where to is the induction time. As shown in Figure 2.4, the induction time is 

experimentally determined by extrapolating a line through the steady-state nucleation 

regime at longer times back to the intersection with the time axis. 

2.1.2.b Analytical and Closed-Form Solutions 

The general nucleation equation, the Zeldovich-Frenkel Equation 

(Equation (2.34», is a complex partial differential equation for which there is no 

closed analytical solution. Various approximations have been used to try and 

separate the diffusion and drift regions in the general equation. Zeldovich [39] and 

Frenkel [40] described the general nucleation equation as a diffusion equation for 

particles (embryos and nuclei) moving in a force field (drift) set up by a potential, 

aGo The various approximations used by different researchers have resulted in 

different solutions, the most important of which are briefly described below. 
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FIGURE 2.4 Schematic representation of the number of nuclei as a function of 
time for a single temperature with an initial transient nucleation 
region and a steady-state nucleation regime (to is the induction time 
and ts is the time at which steady-state nucleation begins) 
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The first treatment of transient nucleation was by Zeldovich [39] who derived 

an analytical solution to the Zeldovich-Frenkel Equation (in the region n < nc) 

oNn.,t _ 0 { + e 0 (Nn.t)} ---kN---at an n n an e Nn 

(2.34) 

by approximating the free energy of forming a cluster and the forward and reverse 

reaction rate constants. Zeldovich postulated that embryos act like particles which 

are harmonically bound to n = 0 making ~ Gn proportional to n2. He further assumed 

that k + 
n 

equals and derived the following expression for the transient 

nucleation rate at the critical size 

(2.35) 

Kashchiev [41] derived an approximate equation for transient nucleation which 

is not strictly valid for small clusters formed in the initial transient period. However, 1 
nc • t 

is largely affected by cluster sizes near the critical region, (~G -~G )~kT , so the 
nc n 

approximations made by Kaschiev should be of little consequence. Kaschievassumed 

that k + = k + and used the first two nonzero terms in a Taylor Expansion of ~Gn 
n nc 

about nc for his ~Gn value. By this method Kaschiev obtained the following 

expression for 1 
nc. t 
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I r:;: I [1+2~ (-lrexp (-x 2t)l "< • t s L..., ... 
x-I • 

(2.36) 

where the transient time, T, is given by 

4 
't = --- (2.37) 

with z being the Zeldovich Factor, Equation (2.14). 

The Zeldovich nucleation equation has been solved asymptotically by 

Shneidman [42] in the limit of a high nucleation barrier. Transient nucleation was 

studied by Shneidman by solving the Zeldovich-Frenkel Equation using the 

assumption of a high nucleation barrier, AGe/kT> 1, and the condition that ne>1 

which is the case for most experimental situations. An asymptotically exact analysis 

was performed which allowed both the drift and diffusion regions of the general 

kinetic equation to be analyzed giving the following analytical relation. 

[ 
j -(t-t »)] In, t = Is exp -ex~ 't'i,(n> (2.38) 

The incubation time, ti,(n)' can be related to the experimentally determined time-lag 

or induction time, to' by 
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(2.39) 

where y is Euler's Constant. The transient time, 7', was determined by integrating 

Equation (2.36) to find the time dependence of those nuclei whose size exceeds the 

experimentally observable size using the form of an exponential integral, 

l' I: 2.03 N,o I Is ' 

where N is the experimental number density at the induction time, to' 
to 

2.1.2.c Numerical Solutions 

(2.40) 

Due to the difficulty in solving the Zeldovich-Frenkel Equation many 

researchers have opted for numerical solutions. There are a number of advantages 

in solving the differential equations in a numerical fashion. A continuum 

approximation is not required to solve the equation, discrete additions to the growing 

cluster are readily simulated by computer models (this being the formalism of 

Classical Nucleation Theory). Many of the approximations used to arrive at the 

various analytical solutions are not needed to solve the general nucleation equation. 

Computer calculations are more easily implemented to model nucleation results of 

continuous cooling or heating of condensed phases. These advantages have enabled 

analytical solutions to be evaluated by numerical solutions. 

The first model I would like to mention is the Turnbull-Fisher model, 

discussed previously. This model was studied numerically by Kelton et aL [43] and 

Greer et al. [44] and is important for the study of nucleation in condensed phases. 
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A finite difference calculation was used to determine the nucleation rate as a 

function of time. A small enough time interval, 8t, was chosen to obtain accurate 

results and the number of clusters of size n was calculated after each time interval 

from 

(2.41) 

with dNn t/dtbeing given by a set of coupled differential equations for all n> 1 , 

(2.42) 

The numerical solution was compared to a number of analytical solutions by 

assuming materials parameters similar to those of lithium disilicate glass as a large 

set of experimental data was available for this glass system. Kelton et aL found that 

their numerical solution was in close agreement to the Kashchiev expressions 

described above. It was found that the Zeldovich expression poorly predicted 

transient nucleation behavior. 

Voltera and Cooper [45] derived a numerical solution for a "ballistic" model. 

This model should work well for nucleation in a saturated gas or for nucleation in 

a condensed phase when the "free-flight path" distance of a crystallizing unit is larger 

than the nucleus diameter. VoItera and Cooper assume that k;, absorbing a 

molecule, is proportional to the area of the cluster with a temperature dependence 

the same as that of the viscosity. k; was given an exponential dependence 

proportional to exp(.1Gn/kT). This is in contrast to Kelten et al. who equally divided 
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the thermodynamic ratio, exp(-AGn/kT), between their forward and reverse reaction 

rates, k
ll
+ and k;+l' as was done by Turnbull and Fisher. A finite difference 

calculation was done using Equation (2.40) and the results compared to the 

Kashchiev Solution of the Zeldovich-Frenkel Equation. It was found that the 

numerical results were very close to those of Kashchiev, but with a difference in the 

functional dependence of the induction times on the thermodynamic parameters. 

This was postulated to be caused by the continuous approximation incorporated in 

the Zeldovich-Frenkel Equation. 

2.1.3 Heterogeneous Nucleation 

Unlike homogeneous nucleation, where nucleation has an equal opportunity 

to originate in all parts of the bulk, heterogeneous nucleation usually occurs at 

impurity particles, container walls, or strained regions of lattice. Heterogeneous 

nucleation is much more common as nuclei can be formed more easily due to a 

much smaller energy of activation. Catalysis of a nuclei requires a net reduction in 

the interfacial surface energy to form a new particle. By the destruction of a small 

area of an impurity particle a newly forming embryo uses this free energy to help 

form its new surface. 

The general assumption, within Classical Nucleation Theory, used to calculate 

the reduced thermodynamic barrier is that the bulk mother phase is in contact with 

a solid surface. The new daughter phase nucleated forms a new surface which is a 

spherical cap. This is the lowest energy surface for forming a new surface. The free 
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energy of formation for this new surface is calculated and then used to determine the 

new relation for the bulk free energy change at the critical radius, 

(2.43) 

where 

1 f (6) = (-)(2+cos 6)(l-cos a? 
4 

(2.44) 

and 8 is the contact angle [46]. When 0 :::; 8 < 7T the thermodynamic barrier to 

nucleation is reduced. 

Another difference between homogeneous and heterogeneous nucleation is 

that the heterogeneous nucleation equation also includes a term in the exponential 

pre-factor which is proportional to the number of heterogeneous nucleation sites. 

The term is equal to the number of crystallizing units in contact with surface 

heterogeneous sites. These sites are finite in number, whereas, the number of 

homogeneous sites are far greater in number since they may form randomly 

throughout the bulk. Therefore, if f( 8) is small enough to cause a reduction in the 

exponential factor it will overcome the heterogeneous site factor and lower the 

barrier to nucleation. 

2.1.4 Experimental Studies of Nucleation in Organic Liquids and Metals 
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It has been experimentally determined that many liquids will crystallize far 

below their equilibrium melting temperature. Classical Nucleation Theory predicts 

that the nucleation rate will rise sharply at a high enough undercooling. Growth 

rates for liquid metals, majority of the systems studied by the following experimental 

techniques, are very large at higher undercoolings. Therefore, when a nuclei is 

formed in the undercooled liquid, there is rapid crystallization which can be studied 

by measuring volume change, heat evolution, electrical resistivity, or by any other 

macroscopic property that changes upon crystallization. Experiments are normally 

carried out on very small droplets of the liquid so that the probability of the droplet 

containing a heterogeneous impurity is very small. By this method the maximum 

undercooling should be obtained. If heterogeneous nucleation is suppressed, then 

the crystallization event will be due to homogeneous nucleation. The volume 

fraction of droplets containing no nuclei [47] is given by 

(2.45) 

where u is the uniform droplet size in moles; Q is a constant cooling rate betwee.n 

the melt temperature, T m' and the maximum undercooling, T U. By this method, one 

can determine the steady-state nucleation rate, Is. The maximum undercooling 

observed experimentally may be due to heterogeneous nucleation so great care must 

be taken to ensure measurement of the time onset of homogeneous nucleation. 
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The following experimental methods have been used to exclude heterogeneous 

nucleation events: (1) Small droplets, usually < 100 p.m, are heated on clean, inert 

glass slides above their melting point and are then undercooled by several hundred 

degrees. This substrate method allows the study of high melting metals and alloys. 

Heterogeneous nucleation is potentially avoided by using a large number of small 

droplets. The droplets are observed using optical microscopy during the 

undercooling process which allows the experimenter to visually see the droplet 

surface roughen upon solidification. (2) Liquids can also be studied by dispersing a 

large number of very small droplets in a liquid medium forming an emulsion. If the 

liquid medium or the droplet surface does not cause nucleation, then very large 

undercoolings may be obtained. The latter method generally limits one to lower 

melting temperature alloys due to the temperature restriction of the liquid medium 

used. (3) A method similar to the emulsion technique is fluxing. A liquid is usually 

coated by an amorphous material which will dissolve most impurities on the surface 

of the metal or alloy and prevents heterogeneous nucleation sites of a container wall 

from coming in contact with the liquid. This method allows the study of much larger 

volume liquid samples. (4) Another way to avoid the heterogeneous nucleation sites 

on a container wall is to use containerless processing. Liquids can be studied on 

earth using drop towers or in the microgravity environment of space. A weightless 

or microgravity environment is simulated, in drop towers, on earth by liquid droplets 

free-falling during which time they solidify. Metallic liquids can also be levitated and 
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heated by using an rf field. However, the rf field promotes convective flow in the 

drop which can cause nucleation. Acoustic levitation has also been used to study 

liquids other than metals. To date, it is not well understood how acoustic fields 

affect the nucleation process. 

By examining Equation (2.23), one sees that a plot of In(l17/T) VS. 1/(.1G)2T 

should yield a straight line. The Y-axis intercept is equal to the pre-exponential 

factor and the liquid-crystal interfacial tension, a, can be determined from the slope. 

Turnbull [30] measured both the magnitude and temperature dependence of 

nucleation for mercury. He found that the experimental, exponential prefactor was 

seven orders of magnitude larger than predicted by Classical Nucleation Theory. 

Turnbull also found that if the interfacial surface energy was assumed to have a 

linear dependence upon temperature over the temperature regime of nucleation, the 

pre-exponential factor could be made to agree with Classical Nucleation Theory. 

Turnbull and Cormia [48] studied homogeneous nucleation in a few n-alkane liquids 

and found that the exponential pre-factor predicted by CNT and those measured 

experimentally were the same. No linear temperature dependence of the interfacial 

surface tension needed to be evoked. Nucleation in water has also been studied [49] 

with the experimental exponential prefactor seven orders of magnitude larger than 

CNT would predict. 

2.1.5 Experimental Studies of Nucleation in Glasses 
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Nucleation studies in glass systems have proved very useful in understanding 

CNT. Due to their high viscosities and low nucleation rates, glass systems have 

proved to be viable materials for studying nucleation kinetics. There are a number 

of excellent reviews of this subject matter [10,28,47], therefore, only a short 

description of pertinent results is given. Excluding the current research to be 

described in this work, silicate glasses, to date, are the only glasses shown to 

homogeneously nucleate. 

Crystallization of glasses, also called devitrification, is a continuation of the 

nucleation process. Glasses can crystallize by three different methods: (1) 

polymorphic (or "simple" one-component) crystallization whereby the parent glass and 

the crystallizing species have the same composition, (2) primary crystallization, where 

the glass composition is in a primary crystallization field of a crystalline phase of 

different composition, and (3) eutectic crystallization where the glass composition is 

the same as the eutectic composition and the two crystallizing, intertwined phases are 

different compositions which together equal the mean composition. The bulk of 

glasses studied quantitatively have been polymorphic systems which include the 

following compositions: Li20· 2Si02, Na20· 2CaO· 3Si02, BaO· 2Si02, 

2Na20· CaO· 3Si02,3BaO· SSi02, Na20· Si02,CaO· Si02. Most of the research has 

been done on Li20· 2Si02 (for which thermodynamic data is known) due to its 

importance in the manufacture of glass ceramics. A fair amount of thermodynamic 
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data is known for both Na20· 2CaO· 3Si02 and BaO· 2Si02 glass for which the next 

most work has been done. 

High purity powders are melted together to form a homogeneous glass melt 

and then cooled fast enough to form a glass. Due to the high viscosity of most 

common glasses, the cooling rate needed to form a silicate glass is easy to obtain. 

Normally a two-stage heat treatment (initial heating at a temperature to nucleate 

particles and then heating at a higher development temperature to grow the nuclei 

to a large enough size to detect) is done on glass samples, although James notes [50] 

that single-stage heat treatments have been used in some cases. Crystallites are 

counted using optical microscopy, scanning electron microscopy or transmission 

electron microscopy from which the number density of crystallites can be determined. 

There are two possible problems which may arise from using two-stage heat 

treatment methods. First, the critical radius (see Equation 2.6b) at lower 

temperatures is smaller (magnitude of ~Gv is larger at lower temperatures) than the 

critical radius at higher temperatures. Thus, there exists the possibility that nuclei 

with radii larger than the critical radius at the nucleation temperature but smaller 

than the critical radius at the development or growth temperature will dissolve and 

thus will not be counted. This would produce an artificially low number density 

value. James et aL [28] and Kalinina et al. [34,51] have shown that this is a negligible 

effect and does not affect the steady-state nucleation rate value in any appreciable 

manner. Second, Kalinina et al. [52] also showed that if the nucleation temperature 
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was low enough and the development temperature was too high, the apparent 

induction time could be increased significantly. However, this did not affect the 

steady-state nucleation rate so long as the time the glass sample was held at the 

nucleation temperature was long enough. 

The temperature dependence of the nucleation rate for the simple systems 

studied all give "bell-shaped" curves, which is the general prediction of CNT. As the 

temperature of a condensed system is lowered from the melting point the driving 

force for nucleation increases. At even lower temperatures, even though the driving 

force increases, an increasing viscosity lowers the mobility (diffusion rate) and the 

nucleation rate decreases. The temperature at the maximum nucleation rate is found 

to be near or just above the glass transition temperature, T g' Here, T g is taken to 

be the temperature at which the log viscosity is approximately 12.0 Pa.s. Transient 

nucleation has been observed and studied in a number of glass systems [28,33,34,35]. 

The data collected to date seems to indicate that analytical solutions to the 

Zeldovich-Frenkel Equation model the experimental data well. Again, from 

Equation (2.23), if log 111/T is plotted versus 1/(.1G)2T CNT predicts a linear fit to 

the experimental nucleation rate data. The temperature dependence predicted by 

CNT fits the experimental data well, although some glasses (such as Li20· 2Si02) 

have exhibited a departure from linearity at low temperatures. In the case of 

Li20·2Si02 it was thought that incorrect viscosity data at low temperatures might 

be the cause of the discrepancy. Gonzalez-Oliver [53] and Zan otto and James [54] 
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accurately remeasured the viscosity of lithium disilicate finding that the viscosity 

values were much higher than previously measured, especially at the lower 

temperatures. The new viscosity data did in fact show that the experimental data was 

linear over a wider temperature regime, but the nucleation data at low temperatures 

still showed a departure from the predicted linear behavior. 

The magnitude of experimental nucleation rates range from approximately 106 

to 1013 m-3s- ~n silicate glasses found to homogeneously nucleate. The magnitude 

of the experimental nucleation data can be easily compared to the prediction of CNT 

using the experimental data plotted as described above. The intercept of the line will 

give a value for the pre-exponential value which can be compared to the value 

predicted by CNT. The experimental pre-exponential values are found to be 20 to 

50 orders of magnitude larger than one would expect from CNT. One might expect 

that errors in or estimates of thermodynamic data used to calculate nucleation rates 

could be the source of error. However, for those glass systems with known 

thermodynamic data, Li20· 2Si02, Na20· 2CaO· 3Si02, BaO· 2Si02, polymorphic 

crystallization, and bulk volume crystallization, the experimental pre-exponential 

factors are 20 to 27 orders of magnitude too large when compared to CNT 

predictions. Following Turnbull's suggestion, Rowlands and James [55] use a 

temperature dependent interfacial energy to fit the experimental nucleation rate data. 

By this method they are able to fit the experimental magnitude and temperature 

dependence of the nucleation rate to CNT. A temperature dependent interfacial 
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energy may be the answer to reconciling CNT with experimental data, but to date 

there is no method to independently measure the interfacial energy (other than 

nucleation experiments). There are other possible reasons CNT has discrepancies 

with experimentally determined pre-exponential factors: (1) initial nucleation of a 

metastable phase, (2) failure of CNT in general, (3) incorrect calculation of .6.F, or 

(4) critical nuclei may not be spherical as assumed (this would not cause CNT to 

agree with experimentally determined nucleation rates, but should be considered in 

light of faceted crystal morphologies). It is clear more research needs to be done to 

answer these questions. 

2.1.6 Factors Mfecting Nucleation in Glass Systems 

There are a number of factors which have been shown to affect the nucleation 

process in glass systems. They can change AG, a, or AGo values or change these 

values in combination. Some of the factors affecting nucleation are electric fields, 

ultrasound, oxidizing and reducing atmospheres, compositional differences, water 

content, impurities, and phase separation. Only the last four factors will be discussed 

in this section as an understanding of their importance in nucleation will be needed 

for this study. 

To rigorously study the effect of composition, the case where the nucleating 

phase is a different composition from the initial glass, on nucleation would require 

detailed free energy versus composition data. However, for the glass systems known 

to homogeneously nucleate this type of data is incomplete or nonexistent. We can 
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begin to get a general understanding by looking at a representation of a Gibbs 

energy versus composition diagram for a simple binary system (see Figure 2.5) at a 

temperature below the liquidus for the crystalline phase a and f3. For an initial glass 

of composition X which nucleates a crystalline phase a, the bulk free energy 

decrease, which is the driving force, is labeled ~G. This neglects any effect of 

interfacial energy. £\G is estimated by drawing a tangent to the liquid free energy 

curve at the glass composition X and then determining the height of this tangent 

above the free energy curve of the eqUilibrium composition of the nucleating phase, 

a. Examination of this construction shows that as the initial glass composition is 

moved closer to the crystalline phase, the free energy difference gets larger and will 

become a maximum near the equilibrium composition of a. The closer the 

compositions of the initial phase and the nucleating phase are to each other, the 

interfacial energy, a, should be a lower value [50]. Therefore, £\G will be a maximum 

which will cause the thermodynamic nucleation barrier, £\Ge, to be a minimum and 

the steady-state nucleation rate, Is, to be a maximum. Burnett and Douglas [56] 

studied the Na20-BaO-Si02 system and found that the highest experimental 

nucleation rate was at the stoichiometric composition of barium disilicate as 

explained above. This maximum nucleation rate occurred at a composition very near 

the glass composition edge. James and Rowlands [57] and Rowlands [58] studied the 

Li20-BaO-Si02 system, mainly the Li20· 2Si02 and BaO· 2Si02 section. They found 
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FIGURE 2.5 Schematic diagram of Gibbs energy versus composition for a simple 
binary system for a temperature below the liquidus for the crystalline 
phase a and {3. aG, the bulk free energy decrease (or driving force for 
crystallization) associated with nucleating the crystalline phase a from 
an initial glass composition, x, is shown graphically. 
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that adding BaO to the lithium disilicate glass decreased volume nucleation of 

Li20· 2Si02 and moved the nucleation curve to higher temperatures. This addition 

also lowered the liquidus temperature, T m' Rowlands believes more than just the 

variation of &G with composition affects the nucleation. This is a possibility as 

Gonzalez-Oliver and James [59] studied a base glass of composition 

Na20. 2CaO· 3Si02 by adding more or less soda, lime, or silica. They found that 

adding 1 mole % more Na20 to the base glass caused an increase in nucleation rate 

which was reflected by a similar reduction in the viscosity. A decrease in the 

viscosity would indicate an increase in the diffusion rate which overcame any 

lowering of &G due to being slightly off composition. Strnad and Douglas [60] found 

that compositions on or near stoichiometric Na20· 2CaO· 3Si02 or 

2Na20· CaO· 3Si02 exhibited bulk nucleation, while outside these regions they only 

found surface nucleation. They decided that a decrease in Si02 content allowed for 

easier volume nucleation and higher Si02 contents would allow only surface 

nucleation. Gonzalez-Oliver and James [59] found similar results in the 

Na20· 2CaO· 3Si02 glass system. A higher Si02 content lowered the nucleation rate 

and a lower Si02 content raised it. They postulate that this effect is mirrored by the 

liquidus temperature and that &G can be estimated using 
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-AH (T -T) 
AG "" m m 

Tm 
(2.46) 

With the insight gained studying compositional differences on nucleation, there is still 

much work to be done, especially on how the interfacial energy changes. 

James et aL [61] found that higher wt % H20 in lithium disilicate glass 

enhanced nucleation and decreased the viscosity. This was attributed to an increase 

in atomic mobility by further breakup of the glass network. Later, more systematic 

studies were made by Gonzalez-Oliver, Johnson, and James [62] on Li20· 2Si02 and 

by Gonzalez-Oliver and James [63] on Na20·2CaO·3Si02· Li20·2Si02 and 

Na20· 2CaO· 3Si02 glass compositions were studied, with the water content between 

0.019-0.136 and 0.007-0.04 wt % H20 respectively. Both glasses showed a marked 

increase in nucleation as the water content was increased. As the viscosity was 

decreased in both glasses by water addition, the main cause of the increased 

nucleation rate is thought to be a decrease in the kinetic barrier, AGD, by increasing 

diffusion rates. The lower viscosity may be due to break up of Si-O bonds by water 

to form Si-OH bonds. It was suggested that the increased nucleation is due to an 

increased oxygen ion diffusion coefficient. Although it appears that an increase in 

diffusion coefficients is the overriding cause of increased nucleation, Gonzalez-Oliver 

and James [63] think that addition of water may also affect the thermodynamic 

barrier as well. Gonzalez-Oliver [53] found that a small addition of NaF to the 
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Na20· 2CaO· 3Si02 glass composition also lowered the viscosity and increased the 

nucleation rate. This may be a similar mechanism to that of water. 

Metal particles and certain oxides (impurity particles) have been used as 

nucleating agents. Additions of nucleating agents may change the nucleation rate or 

cause nucleation to occur in a glass which normally would not nucleate by changing 

AG, a, or the diffusion rate. McMillan [1] has thoroughly reviewed their effect on 

glass systems and uses in making fine grained glass ceramics, so a detailed discussion 

is not necessary. One important aspect of possible impurity particle contamination 

for this study is the following. James et al. [61] showed that melting a Li20·2Si02 

glass in a platinum crucible had a negligible effect on the nucleation kinetics. They 

also found that impurity levels present in ordinary batch materials did not 

significantly affect the nucleation behavior. 

Phase separation may influence nucleation kinetics due to compositional 

differences between the phase separating liquids and the initial glass or by the 

interface between the phases [64]. Phase separation will not be discussed to any 

depth as the glass used in this study does not phase separate in the compositional 

regime studied. 

2.2 Crystal Growth in Undercooled Liquids and Glasses (Theory) 

Crystal growth in liquids and glasses usually occurs in two different 

compositional regimes. The first is crystallization where a sizable change in 

composition takes place. The initial glass composition is considerably different from 
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that of the crystallization product. In this instance diffusion controlled growth [11,46] 

is the likely mechanism. As this study is concerned mainly with bulk internal crystal 

growth of a polymorphic (or near polymorphic) transformation, diffusion controlled 

growth will not be elaborated on. For glass compositions which crystallize without 

a change in composition there are three standard models of crystal growth. It has 

been shown that the nature of the liquid-crystal interface plays the major role in 

determining the kinetics and morphology of crystal growth. These models of crystal 

growth are termed interface controlled growth mechanisms [11,65-71]. 

2.2.1 Interface Controlled Growth 

The liquid-crystal interface may be either rough or smooth on the atomic 

scale. For rough interfaces (normal growth), where even the most closely packed 

atomic planes are rough, growth is isotropic in both crystallizing or melting. 

Impurities and defects are not important factors affecting the growth rate. If one 

plots the growth rate multiplied by the viscosity, to correct for molecular mobility, 

versus the temperature the curve is linear with no change in the slope as it passes 

through the melting temperature. Usually, the liquid-crystal interface is smooth and 

non-faceted during growth and melting. For smooth interfaces, closely packed atomic 

planes are smooth and loosely packed atomic planes are rough, crystal growth is very 

anisotropic between the different planes. The crystals are faceted and impurities and 

defects do affect crystal growth. A plot of the growth rate multiplied by viscosity 

versus temperature is not linear through the melting temperature and is quite 
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asymmetric. This is due to a large difference in interface site distribution during 

melting and crystallization. Melting is more rapid than crystal growth and the liquid 

crystal interface is rough while melting. A description of the three interface 

controlled growth models are described below. 

2.2.1.a Normal Growth 

The interface is rough on the atomic scale; atoms can be added to or removed 

from most of the interface sites which are step sites. If the interface jump process 

is on the order of a molecular diameter and the fraction of step sites does not change 

with temperature, the growth rate is given by 

(2.47) 

where U is the growth rate, u is the frequency of atom jumps to and from the 

interface, A is the distance advanced by the interface (assumed to be a molecular 

diameter), and dG is the bulk energy change upon crystallization. 

2.2.1.b Screw Dislocation Growth 

The interface is smooth on the atomic scale, atoms are added at step sites 

formed by a screw dislocation intersection with the interface. The screw dislocation 

is a self perpetuating source of step sites for addition of the crystallizing units. The 

interface is advanced by the uniform rotation of the spiral around the dislocation. 

If the crystallizing units are assumed to add only at the dislocation ledge then the 

fraction of preferred growth sites at the interface is given by [72] 
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(2.48) 

and the growth rate is given by 

(2.49) 

Comparing the screw dislocation growth rate equation to normal growth, one sees 

that normal growth is the maximum upper limit for screw dislocation growth. The 

fraction of preferred growth sites term can only decrease the growth rate in the screw 

dislocation model. 

2.2.1.c 2D Surface Nucleation Growth 

The interface is smooth on the atomic scale, atoms are added at step sites 

formed by the attachment of two-dimensional nuclei on the smooth interface. 

Lateral growth from these sites spreads across the interface resulting in the 

advancement of the interface. The growth rate is given by 

U2D = Cv exJ~) 
\TAT 

(2.50) 

where the values for C and B are dependent on the kinetics of nucleus formation 

relative to its propagation across the interface. For the more general case, the 

nucleus grows across the interface taking a long time compared to the time between 

nucleation events resulting in "islands" on the advancing interface; and for this (large 

crystal) case [73] C and B are given by 
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(2.51) 

(2.52) 

where r is the gamma function, Ns is the number of atoms per unit area at the 

interface, R is the gas constant, and GE is the edge surface free energy of the two-

dimensional nucleus. 

2.2.1.d Comparison of Experimental Data to the Kinetic Models 

To compare experimental growth data to the predictions of the kinetic models 

requires an evaluation of the frequency factor, v. For glass-forming liquids, 

crystallization involves rearrangements of the crystallizing unit by breaking and 

reforming directional bonds. Since this process should be quite similar to transport 

in a bulk liquid, it has been assumed that the temperature dependence of transport 

at the interface will be similar to the liquid viscosity, 17. Assuming the Stokes-

Einstein relation, as in the nucleation process, the frequency factor is given by 
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(2.53) 

It has been found experimentally that b can be larger by about an order of 

magnitude as in Ge02 [74] and Na20-3Si02 [75] or about two orders of magnitude 

For the three basic interface-controlled crystal growth models: normal growth, 

screw dislocation growth, and 2D surface nucleated growth, Jackson et al. [12] have 

shown that the nature of the interface process and thus the operative growth 

mechanism may be determined by the use of the reduced growth, UR' definition 

given by 

(2.54) 

Again, it is assumed that transport at the interface varies in the same manner as the 

viscosity. If the reduced growth rate, UR' is plotted versus the undercooling, l1 T, the 

resulting curve will be indicative of the operative growth mechanism. A straight line 

with a slope of zero indicates normal growth, a straight line of positive slope screw 

dislocation growth, and a curve of increasing positive slope 2D surface nucleated 

growth. 

2.2.2 Prediction of the Interface Texture 
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Jackson [77-79] has derived a very successful model for predicting the 

roughness or smoothness of different interface planes. He used a single-layer Bragg-

Williams model to examine the free energy change of an initially smooth interface 

on the random addition of molecules to this interface. He expressed the change in 

free energy, ~G, as 

~G ~H!:t.T T 
-- = - m X+a,X (l-X)+-[XlnX+(l-X)ln(l-X)] 
NkTm RITm Tm 

(2.55) 

where N is the number of sites on the interface, X is the fraction of occupied sites, 

and a is given by 

(2.56) 

where ~Sm is the molar entropy of fusion and ~ is the ratio of the "number of 

nearest-neighbor sites in a layer parallel to the surface" to the "total number of 

nearest-neighbor sites." For the most closely packed planes of a crystal ~ is largest 

and is ~O.5. 

The a factor has been used quite effectively as a predictive tool. For a<2 the 

minimum free energy corresponds to half the available step sites being filled which 

produces an anatomically rough surface. For a> 2 there are two minima in the free 

energy curve with one corresponding to a small number of surface sites filled and the 

other corresponds to a small fraction of vacant sites in the layer. This produces an 

anatomically smooth interface. As predicted from theory and found experimentally: 
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for low entropy of fusion materials, ASm < 2R, all crystal planes are rough on the 

atomic scale in both crystal growth and melting. This normal growth process exhibits 

a virtually isotropic growth rate with a non-faceted liquid-crystal interface on the 

scale of light microscopy. For large entropy of fusion materials, ASm >4R, the most 

closely packed crystalline planes are smooth on the atomic scale during crystal 

growth, but rough during melting. The less closely packed crystal planes should be 

rough on the atomic scale. The growth rate, either screw dislocation or 2D 

nucleation growth, is very anisotropic between the less and more closely packed 

crystal planes. A faceted liquid-crystal interface on the scale of light microscopy is 

observed. 

2.2.3 Factors Affecting Crystal Growth 

For a more complete description of the effects of stress, pressure, phase 

separation, nonstoichiometry, and impurities (including H20) the reader is directed 

to a number of reviews by Uhlmann [11,65,66] which include numerous references. 

This section will only deal with the effect on crystal growth by departures from 

stoichiometry, impurities, and water since these factors will be important in this 

study. 

For high entropy of fusion materials the following has been found. Rowlands 

[58] determined growth rates for lithium disilicate and barium disilicate and for their 

join across the two-phase eutectic. Moving off composition from the two primary 

phases caused a lowering of the liquidus temperature and growth rates increased at 
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lower temperatures as the composition was varied from BaO· 2Si02 to Li20· 2Si02. 

This was attributed to a lowering of the viscosity which would allow for greater 

mobility of the crystallizing unit. The glass transition temperature, T g' also was 

lowered moving from barium disilicate to lithium disilicate. Eagan and Bergeron [80] 

studied crystal growth in the PbO-B20 3 glass system. It was found that the maximum 

growth rate occurred near the stoichiometric lead diborate, PbB40 7, composition. 

For compositions with a deficient amount of PbO the growth rates were considerably 

reduced. For compositions with an excess of PbO content, the growth rate of the 

PbB40 7 crystals approached the growth rate of stoichiometric PbB40 7• They felt that 

the structural similarities between the crystal and the melt enhanced the growth rate. 

Further, they attributed the structural changes to the molecular mobility of molecules 

at the liquid-crystal interface. 

Gonzalez-Oliver et al. [62] studied the influence of water content on crystal 

growth in Li20· 2Si02 and Na20· 2CaO· 3Si02. They found that increasing the 

water content significantly increased the crystal growth rate which they attributed to 

the lowering of the viscosity due to the water breaking up the glass network. The 

effects of water content was studied also in the PbB40 7 glass composition [81] from 

0.005 to 0.015 wt % H20. Water was found to increase the growth rate in the c-axis 

direction, [001], at the maximum growth rate by 25%. However, the measured 

viscosity only decreased by 7%. The increased growth rate was attributed to an 

increase in water content at the interface as the crystal front advanced and excluded 
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the water, raising the molecular mobility at the interface. Scherer and Uhlmann [75] 

and Meiling and Uhlmann [76] studied the effect of water on the growth rate of 

Na20· 3Si02 and Na20· 2Si02 from their stoichiometric melts by measuring the 

growth rates in an atmosphere containing water and very dry nitrogen or oxygen 

atmospheres. They found that water did not increase the rate of crystal growth into 

the bulk glass. They believe that this finding was due to the fact that the glass 

structure was already highly disrupted by the presence of a modifying oxide in large 

concentrations so that the water made little impact on further disrupting the glass 

structure. The above findings are in stark contrast to each other as to the effect of 

water on crystal growth. This study will also explore how water affects crystal growth 

in Li20·2B20 3. 

Eagon and Bergeron [80] found that trace amounts of Si02 and CoO· (both 

purposely added to the melt) decreased the growth rate of PbB40 7 in the c-axis 

direction by approximately 40%. It was postulated that Si02 decreased the mobility 

at the interface and CoO blocked growth step sites at the interface. Trace impurities 

of SrO had no effect on the growth rate and were thought to be due to its similar 

lattice dimension and isostructural nature with PbB40 7. The impurity levels for Co, 

Si, and Sr are 500 2000, and 600 ppm respectively which are far greater than impurity 

levels in glasses made from high purity starting materials and, as such, will play no 

significant role in the kinetics of crystal growth for this study. 

2.3 Lithium Borate Properties 
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For an extensive review of all aspects of borate glasses: Borate Glasses. 

Structure. Properties. Applications, Edited by Pye, Frechette, and Kreidl [82] is highly 

recommended. For specific information on lithium borate glasses incorporating the 

data of many studies on areas such as glass formation, phase transformation, physical 

properties, optical properties, electrical properties, etc., consult Mazurin et aL's book 

[21]. The following sections will detail only pertinent information on lithium borate 

glass and crystalline lithium diborate relevant to this study. 

2.3.1 Lithium Borate Glass Structure 

Griscom has written an excellent chronological review of work which has led 

up to a generally accepted structural model by Krogh-Moe and his co-workers [82]. 

This model provides detailed information on the intermediate-range order in borate 

glasses as modifier oxide is increased in borate glasses. 

Raman and nuclear magnetic resonance, NMR, and infrared spectroscopy 

studies of lithium borate glass have shown that in low alkali oxide content glasses the 

main structural component of the glass are boroxol rings randomly linked. As more 

alkali oxide is added the B03 boroxyl units are transformed to B04 tetrahedra as 

opposed to forming non-bridging oxygens [84-88]. As B03 units are transformed to 

B04 tetrahedra a stronger glassy network is formed up to approximately 30 mole % 

Li20. As one would expect physical properties such as density and glass transition 

temperatures increase in a monatomic fashion over this temperature regime [89,90]. 
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The fraction of four coordinated borons in glasses of composition x(Li20)(1-x)B20 3 

as determined by Bray and co-workers [84-86] using NMR studies is given by 

X 
Neo = 

" I-x 
(2.57) 

in compositions up to approximately x=O.3. For glasses with higher than 30 mole % 

Li20 non-bridging oxygens are formed with the number of B04 tetrahedra 

decreasing [88,91]. Electron spin resonance, ESR, Mossbaur spectra, X-ray 

diffraction, and molecular dynamic studies have agreed well with the above findings 

[91,92]. 

The structural model by Krogh-Moe and his co-workers, which is applicable 

to lithium borate glass, uses B03 triangular units and B04 tetrahedra interconnected 

to form various structural units with the fraction of four coordinated borons 

increasing up to approximately 33 mole % Li20. The structural units are boroxol, 

tetraborate, and diborate groups which are characteristic forms found in crystalline 

borates. In the compositional regime from -0-20 mole % Li20 boroxol and 

tetraborate groups predominate, from -20-33 mole % Li20 the tetraborate and 

diborate groups are most common. For higher concentrations of lithia the 

progressive formation and then destruction of structural units continues in the order: 

ring type metaborate groups to pyroborate and then orthoborate units. This 

progression eventually forms increasing numbers of non-bridging oxygens which is 

evidenced in physical properties such as density and glass transition temperature. 



70 

Figure 2.6 shows schematic representations of the above discussed borate structural 

units. 

As mentioned above. this model has been well accepted. however. Button et 

aL [93] have studied the addition of interstitial anions. specifically chlorine, which are 

reported to bias the formation of polyborate units with more connected B04 

tetrahedra. such as diborate units, as opposed to tetraborate units which have fewer 

B04 tetrahedra for a constant B04/B03 ratio. More recently it was found that 

different alkali cations affected the borate glass network due to different structural 

changes. Also, it was found that the concentration of non-bridging oxygens increased 

with increasing cation size [87]. These findings may be related; more work would 

need to be completed to fully understand the data. 

2.3.2 Crystal Structure of Lithium Diborate 

The crystal structure of lithium diborate, Li20· 2B20 3, was determined using 

two-dimensional data only by Krogh-Moe [94]. Krogh-Moe later refined the crystal 

structure using three-dimensional data recorded with CuKa radiation [95]. The 

crystal structure consists of two three-dimensional interlocking networks of the 

diborate, B20 7• group which was discussed in the previous section. The unit-cell 

dimensions were found to be a=b=9.479±0.003A, c=1O.280±O.004A which is a 

tetragonal crystal. The space group is 141C~C~;) with 8 formula units of Li2B40 7 
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(a) (b) 

(c) 
(d) 

0-{ 
(e) (t) 

FIGURE 2.6 Borate structural units postulated to exist for borate glasses. The solid 
circles, ., are borons and the open circles, 0, are oxygens. The dashed 
line through an open circle represents a bridging oxygen and an open 
circle with no dashed line represents a nonbridging oxygen. (a) the 
boroxol ring, (b) the tetraborate group, (c) the diborate group, (d) the 
ring-type metaborate group, (e) the pyroborate group, (f) the 
orthoborate group. 
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in the cell. The diborate groups are joined into a network by boron atoms forming 

B03 units. The boron-oxygen distance for threefold coordination, B03, is 1.364A and 

for fourfold coordination, B04, the separation is 1.479A. The average lithium-oxygen 

distance is 2.062A with the lithium ions coordinated by four close oxygen atoms. The 

lithium-lithium distance is 3.114A. The structure is made up of two separate 

interlocking networks related by a glide plane. The lithium atoms are contained in 

a channel of distorted tetrahedra along the unique axis. This is a possible reason 

glassy lithium diborate (and higher lithia compositions) are known to be fast ion 

conductors [13,93]. 

2.3.3 Lithium Borate System Phase Diagram 

The phases and phase diagram for the Li20-B20 3 system was extensively 

studied by Sastry and Hummel [96a-e]. They found that Li20· 2B20 3 melts 

congruently at 917° ±2°C. In addition to phase determination they also give data 

on refractive index, density, thermal expansion, and limited data on fluorescent 

properties of the glasses and compounds are given. X-ray diffraction data are also 

given on a number of compounds as well as some hydrates. In the temperature 

range from 450 to -600°C Li20· 2B20 3 is bounded on the low lithia side by 

Li20· B20 3 and on the high lithia side by Li20· 4B20 3, although the only crystalline 

phase detected in this study was Li20· 2B20 3. 

2.3.4 Index of Refraction 

2.3.4.a Index of Refraction for Crystalline Li20· 2B20 3 
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The index of refraction was measured on a Li20· 2B20 3 crystal as a function 

of wavelength from 400 to 650 nm at 22°C [97]. Lithium diborate is a birefringent, 

uniaxial negative crystal. The ordinary refractive index, no' decreased from 

approximately 1.63 at 400 nm to 1.61 at 650 nm. The extraordinary refractive index, 

ne, decreased from approximately 1.57 at 400 nm to 1.55 at 650 nm. For comparison 

to lithium diborate glass the ordinary refractive index at the sodium D line, 589.3 nm, 

for crystalline ~B407 is -1.61. Sastry and Hummel [96a] measured the sodium D 

line refractive index, no, which are no = 1.605, ne = 1.560, ± 0.002. 

2.3.4.b Index of Refraction for the Li20-B20 3 Glass System 

The refractive index of the Li20-B20 3 glass system is very important in this 

study as it was used as a tool to measure the composition of the glasses made for this 

study (discussed in a later section). The refractive index data used in this study were 

determined by Sastry and Hummel [96a]. They measured the refractive index as a 

function of wt % Li20. This data was plotted, by this author, and a second-order 

least squares fit to the data gives the relation, no = 1.449 + 0.00955W - 0.000194W2, 

where W is equal to the wt % Li20 (see Figure 2.7). The wt % Li20 data was 

converted to mole % Li20 and this data was plotted versus no. A second order least 

squares fit to the data gives the relation, no = 1.444 + 0.00489M - 0.0000463M2, 

where M is equal to the mole % Li20 content (see Figure 2.8). The refractive index 

for 33.3 mole % Li20, Li20· 2B20 3 glass is 1.5555 calculated from the equation 

above. 
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Franz has studied the effect of water content on lithium borate glass density, 

refractive index, and the glass transition temperature [98]. He found that the 

refractive index, nD' of lithium borate glass increases with the water content. This 

was attributed to changes in the borate network structure due to the conversion of 

=B-O-B= bridges into =B-OH groups by the following equation: 

(2.58) 

The change in refractive index, .1n, becomes smaller with increasing lithia content. 

At -33 mole % Li20 the increase in density is between 0.001 and 0.002 per mole % 

Li20. The refractive index of water-free 33 mole % Li20 is -1.56. The smaller 

change in the refractive index as the lithia content increases can be explained as 

follows. As one adds a small increment of network modifier, H20, to a glass network 

already containing larger amounts of a network modifier, Li20, the effect of dissolved 

water will have a much diminished effect on the glass network. 

2.3.5 Lithium Borate Density, Glass and Crystal 

The density of crystalline Li20· 2B20 3 is important for later calculations 

related to nucleation and growth. Krogh-Moe calculated the density of Li20· 2B20 3 

from the measured unit cell dimensions and reported it as 2.44 g/cm3 [94]. 

The density of lithium borate glasses as a function of lithia content IS 

important as measured densities of the glasses used in this study were needed for the 

viscosity determinations. The literature data reported here were used as a check on 
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FIGURE 2.7 Refractive index versus wt % Li20 for the lithium borate glass 
system. Open circles are data points measured by Sastry and Hummel 
[96a]. The curve is a second-order least squares fit to this data 
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FIGURE 2.8 Refractive index versus mole % Li20 for the lithium borate glass 
system. Open circles are data points measured by Sastry and Hummel 
[96a]. The curve is a second-order least squares fit to this data 
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the measured values. Density measurements have been made over the most 

extensive range of composition by Shibata et aL [99] with data reported over various 

other compositional ranges [100,101a-e]. These data for lithium borate glass are 

plotted in Figure 2.9. One notices that the density increases linearly from 0 to -33 

mole % Li20. This is commensurate with Krogh-Moe's model of the change in 

structural units from boroxol rings to tetraborate units, and then to diborate units. 

As more lithia is added the density eventually drops off as metaborate, pyroborate, 

orthoborate, and "loose B04" units are progressively formed. The density for 

Li20· 2B20 3glass is 2.273 g/ cm3. The molecular weight of lithium diborate is 169.11 

g/mole [102]. 

Shibata et al. [99] used starting materials of lithium carbonate (Li2C03), boric 

acid (H3B03), lithium oxide (Li20), or lithium metaborate (LiB02) and found that 

the density measurements were independent of starting materials. Further, they 

found that retained CO2 had no effect on the density measurement. Carbon dioxide 

retention only occurred in glasses with extremely high lithia content, > -66 mole % 

Li20. Franz [98] found that the density, p, of lithium borate glass increases slightly 

with increasing water content. The change in density, t1 p, becomes smaller with 

increasing lithia content. At -33 mole % Li20, by extrapolation, the increase in 

density is only about 0.005 g/cm3 per mole % H20. It is safe to say that water does 

not have a great effect on the density in the glass composition region surrounding 

Li20·2B20 3· 



78 

2.40 

2.30 
& 0 o 0 

..-.. .q. 
0 0 

~ ¥ 0 

S 2.20 
0 

0 

<:>ji 00 

() 00 00 

~ <tJ Cbo 

~ 00 

bD <:>0 o 0 

----2.10 0<00 
o 00 oW 

Ei o DOooQ) 

~ 
.q.0 0 

~ r1! 
.~ 

% ~ 2.00 <>g 
Cl) & 

'"d 8 
1.90 .q. 

~~ 
0 

1.80 
0 10 20 30 40 50 60 70 80 

lllOle % Li2 0 

FIGURE 2.9 Lithium borate glass literature values of density plotted versus mole % 
Li20. Open circles are from Shibata et af. [99], open squares are from 
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2.3.6 Extinction Coefficient for Lithium Borate Glass 

Franz [103] studied the solubility of water vapor in lithium borate glass from 

o to -42 mole % Li20. He found that in binary alkali borate melts the solubility of 

water vapor was proportional to the square root of the partial pressure of H20, 

PH 0 . This indicates that water vapor is dissolved into the glass in the form of 
2 

hydroxyl groups (OH-) when introduced at partial pressures less than one 

atmosphere. Franz calculated the extinction coefficient of the OH- absorption band 

at 2.8 to 2.9 p.m from the infrared spectra of lithium borate glasses. Between -16 to 

42 mole % Li20 the extinction coefficient is a linear relationship with composition 

(see Figure 2.10). From Franz's data, the equation for the extinction coefficient, €, 

between 16 and 42 mole % Li20, is given by the equation € =-0.292M + 85.5 where 

M is the mole % Li20 of the glass being measured. The extinction coefficient will 

be used to calculate the water content of the glasses used in this study. 

2.3.7 X-Ray Diffraction 

The crystalline phases (only Li20. 2B20 3 was ever found) were identified 

using Krogh-Moe's work [94,95]. This work is catalogued in the JCPDS X-ray 

diffraction card file. Measured reflections and intensities for Li20. 2B20 3 are given 

on cards 18-717 and 18-717a and calculated patterns for Li20. 2B20 3 are given on 

cards 22-1140 and 22-1140a. 
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2.3.8 Thermodynamic Properties, Glass and Crystal 

The heat capacities at constant pressure, Cp' for Li20-B20 3 glass have been 

measured over the temperature range of approximately 350-770K and compositions 

of -6,16 and 26 mole % Li20 [104]. Heat capacities were determined using a 

Perkin-Elmer DSC-1B scanning calorimeter and standards at a 10 K/min heating 

rate. Although this is a useful and quick method to measure Cp data, there was no 

data taken around the Li20· 2B20 3 glass composition and no data on crystalline 

The most extensive and useful study of high temperature energy relations in 

lithium diborate glass and crystal was performed by Smith and Rindone [105]. High-

temperature heat content relations for Li20· 2B20 3 were measured in the 

temperature range 25-1100oC using a calorimeter. Heat-content, entropy, and heat 

of solution data are given for both the glass and the corresponding devitrified 

material. The data for lithium diborate glass shows a slight break in the heat content 

versus temperature curve at 490°C which corresponds to the glass transition 

temperature. The heat of fusion, ~Hm' for lithium diborate crystal is reported as 

28,770 cal/mole. From Equation 2.27 and the known melting point, T m' of 1190K, 

~SM is equal to 24.18 cal/K· mole. As the heat capacity at constant pressure, Cp, 

can be expressed as 

c = (ah) 
P aT (2.59) 

P 
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the heat content, caIj gm, was plotted versus temperature over the range from 490-

550°C. As seen in Figure 2.11, a linear relation was obtained for both the glass and 

the crystal. The slope, Cp, was constant over this temperature range for the glass 

and crystal and are 0.66 caIjgmOC and 0.38 caIjgmOC respectively. This 

thermodynamic data is also summarized for both lithium diborate glass and crystal 

in the JANAF Thermochemical Tables [106]. This data will enable the change in 

bulk free energy between the crystal and glass to be calculated and used in both 

nucleation and crystal growth theories. 

2.3.9 Viscosity of Lithium Borate Glass 

A recent review by Scherer [107] provides a succinct description of models and 

equations used to describe viscosity. The most widely used equation is the Vogel-

Fulcher-Tammann Equation, usually called the VTF Equation. The same empirical 

equation describing viscosity was found independently by Vogel [l08], Fulcher [109], 

and Tammann and Hesse [110], although the empirical equation is more generally 

known as the Fulcher Equation given by 

B 
log 11 = A+--

T-T o 

(2.60) 

where A,B, and To are constants, T is the temperature, and 17 is the viscosity. The 

Fulcher Equation has been so successful at describing the viscosity behavior of 

glasses (it represents the viscosity of standard glasses over ~ 10 orders of magnitude) 

that the National Institute of Standards and Technology (formerly the National 
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Bureau of Standards) uses it to characterize their glass viscosity standard reference 

material. Both the predictions of the Free-Volume [111] and excess entropy [112] 

models can be expressed in the form of the empirical Fulcher Equation. The free-

volume theory models viscous flow by assuming that molecules are trapped in a cage 

made up of its nearest neighbors in which they rattle about. Due to random density, 

fluctuations of the structure vacancies are created which are large enough for the 

molecule to jump into leaving its original cage. The excess entropy theory proposes 

that a decrease in configurational entropy as the temperature of the liquid decreases 

results in a diminished ease of deformation. 

The three constants in the Fulcher Equation, A,B, and To, are determined 

from viscosity values at three temperatures which cover the desired temperature 

range [113]. If L], ~, and ~ are log 1]], log 1]2' and log 1]3 for the three 

temperatures used in the determination, T], T 2' T 3' then A,B, and To are given by 

(2.61) 

(2.62) 

and 



85 

B .,. (7)TJ(L;-A) where i "" 1,2, or 3 (2.63) 

Jewell and Shelby [114] have devised an experimental method to measure 

viscosity in the range of -9-12 log 17 (Pa.s) using a three point bend technique and 

rectangular glass samples as small as 8 mm by 0.5 mm by 1 mm. They tested three 

glass standard reference materials from NIST, SRM-71O a soda-lime silicate glass, 

SRM-711 a lead-silica glass, and SRM-717 a borosilicate glass, and found that this 

technique yielded excellent results in determining the viscosity independent of 

heating rate and sample size. 

The rectangular glass sample is supported on both ends by a quartz sample 

holder within a temperature controlled furnace. A known load is placed upon the 

center of the rectangular glass sample using a quartz rod. The rod is connected to 

a linear variable differential transducer by which the deflection of the sample is 

measured. The sample viscosity, 17, at a known temperature is given by 

_ gL3 (M PAL) 
" - +--

2.4lcv 1.6 
(2.64) 

where g is equal to the acceleration of gravity (980 cm/s2), L is the support span of 

the sample (cm); Ie is the cross-section, moment of inertia (cm4) of a rectangular 

solid [115] given by T3W /12 where T is equal to the thickness (cm) and W equals 

the width (cm); v is the deflection rate (cm/min); M is the centrally applied load (g); 
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p is the density of the glass sample (g/cm3), and A is the cross-sectional area of the 

rectangular beam (cm2). 

For a general overview of viscous flow in binary borate melts (no data on 

lithium borate glass) refer to the paper by Leedecke and Bergeron [116]. 

Abou-EI-Azm and EI-Baral [117] measured the Littleton softening point for 

Li20-B20 3 glasses in the composition range 2.79 to 18.67 mole % Li20. The 

Littleton softening point is defined as the temperature at which a uniform fiber of 

the glass, 0.55 to 0.75 mm in diameter and 23.5 cm long, elongates under its own 

weight at a rate of 1 mm per minute when the upper 10 cm of its length is heated 

in a specified furnace at the rate of approximately SDC per minute. The Littleton 

softening point viscosity is _107.6 poise (will vary due to dependence on density and 

surface tension of the test glass). Matusita et al. [118] studied the viscosity of lithium 

borate glass as a function of water content, composition, and temperature. The 

compositions studied and temperature range are 10 mole % Li20 (400-600DC), 20 

mole % Li20 (SOO-900DC), and 30 mole % Li20 (800-900De). They found that the 

viscosity decreased with increasing water content in the compositions and 

temperature regimes studied. Although the above studies are useful for determining 

trends, they do not give information on the lithium diborate glass composition 

needed for this study. 

Nagel et at. 's [100,119] work on the crystallization behavior of lithium diborate 

glass has the most useful data on viscosity. Nagel's viscosity data was measured on 
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a lithium borate glass of composition 33.52 mole % Li20 and 0.004 wt % H20 

content. The glass viscosity was measured in the temperature range from 818 to 

1022°C and the data is given in Table 2.1. At temperatures below 818°C no viscosity 

measurements were made as the motion of the Pt-Rh measuring spindle initiated 

rapid crystallization. Although no data points below 818°C were measured using a 

rotating viscometer, a data point was measured at 575°C. This viscosity data point 

was determined by taking a small chip of the glass and heating it in a hot-stage to 

a temperature where the edges of the glass chip began to round. This was also done 

on an SRM-711 glass standard and the determined viscosity was assumed to be the 

same for the lithium diborate glass sample. Nagel fit the viscosity data with the 

following Fulcher Equation: log 17 (POISE) = -2.523 + 1464.7/(T - 410.7). 

However, this Fulcher Equation predicts a log 17 viscosity value of 15.95 at 490°C, 

which is the glass transition temperature, T g (Le., should be 13 poise). It was 

previously found that the Fulcher Equation overestimated the viscosity of binary 

borate melts in the region of high viscosities [116]. 
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TABLE 2.1 Viscosity data for a Li2B40 7 melt measured by Nagel [100] 
(*see text) 

Temp.(DC) 17(POISE) log fJ(POISE) log fJ(Pa.s) 17(Pa.s) 
',.. ...• - - -, ,,- "' ,'~~ >'. , "',' ~ ._ ''', _ . .,. " "" •• r y. ',,_ ~ <:" .... .':;'''.' ,~.' ;',' " ~) . !:.-. .- ., ,-. -<'" ,<>-.,c, .•• '" ,' .. 

1022 0.822 -0.0851 -1.0851 0.0822 

990 0.942 -0.0259 -1.0259 0.0942 

949 1.488 0.1727 -0.827 0.1488 

942 1.760 0.2455 -0.7545 0.176 

897 2.803 0.4477 -0.5523 0.2803 

863 5.21 0.7168 -0.2832 0.521 

832 9.37 0.9717 -0.0283 0.937 

818 11.8 1.0719 0.0719 1.18 

*575 4.7x106 6.672 5.672 4.7x105 

2.3.10 Nucleation in Lithium Borate Glass 

This author, to the best of my knowledge, was the first to observe 

homogeneous crystal nucleation in a glass which did not contain Si02. Internal bulk 

crystal growth was observed in a borate glass, specifically a lithium diborate glass 

composition, with the first published account reported in 1987 [120]. Crystal 

nucleation measurements were made on three lithium borate glasses near the lithium 

diborate composition at 500De. The three glass compositions were 33.8, 36.8, and 

38.2 mole % Li20. X-ray diffraction showed only the Li20· 2B20 3 crystalline phase 

when crystallization could be detected. Single stage heat treatments, described in 

Section 3.7, were used to nucleate and grow the internal crystallites. A single stage 

heat treatment might lead to underestimation of the particle number as a certain 
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fraction of nuclei will be too small to observe. This was shown to be a negligible 

effect and will be discussed in Section 2.3.1D.a. 

The experimentally determined steady state nucleation rate was observed to 

have the largest value at 36.8 mole % Li20 and smaller values in the two 

neighboring compositions. Thus, as the lithia content increases, the nucleation rate 

first increases and then decreases. The following explanation was given for the above 

observation. It was assumed that the viscosity decreases with increasing lithia content 

which would cause the nucleation rate to increase (see Equation (2.23». It was also 

postulated that the viscosity effect dominated any change in the bulk free energy, ~G, 

and the interfacial energy, a, even though the nucleation rate is a much more 

sensitive function of ~G or a. However, as the lithia content increases, the strong 

dependence of the nucleation rate on t1G and a begins to dominate at larger 

compositional variations from lithium diborate, which eventually causes a decline in 

nucleation rate. This effect was discussed in Section 2.1.5. It was also noted that the 

transient time, T, decreased as the lithia concentration increased and since T has the 

following dependence 

(2.65) 

it was argued that the effect of viscosity must dominate as ~G is believed to decrease 

and a is believed to increase when the glass composition departs from its 

stoichiometric composition. The large magnitude of the nucieation rate found in this 
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study indicated that the observed bulk nucleation rate may have occurred by a 

homogeneous nucleation mechanism. The current research will investigate this 

possibility. 

Wang and James [121] performed a cursory investigation of volume nucleation 

in lithium diborate glass, after a private communication with one of my co-authors, 

M.e. Weinberg which confirmed our previous work. They also found volume 

nucleation of the lithium diborate phase near the glass transition temperature (which 

they measured as 485°C). They were unable to detect volume nucleation in lithium 

metaborate, Li20· B20 3, and postulated that as the Li20 content is increased from 

the diborate composition that the nucleation rate falls. This is also in accord with 

our findings. Wang and James noted that lithium metasilicate has a greater volume 

nucleation rate than lithium disilicate, whereas, lithium diborate exhibits volume 

nucleation and lithium metasilicate does not. They attempted to explain these 

observations by comparing their respective thermodynamic driving forces, ll.G/V m' 

at the glass transition temperature. The results are shown in Table (2.2). They 

observed that the driving force 
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TABLE 2.2 Thermodynamic driving force 

ComposItIOn ~G at T 
(J /mole) x 10-4 

AG/Yrn at T 
(J /m3) x 10-% 

,-.; .. ,',' '-' .. ' "'"' , •• < ',-,' "'.' .,,, '" . 

Li2O-B20 3 -1.1 -3.1 
Li2O-2B20 3 -2.8 -4.1 
LI2O- SI02 -1.1 -3.1 
LI20-2SI02 -2.2 -3.6 

is smaller for both the metaborate and metasilicate within their own glass system. 

At the glass transition temperature the viscosities should be close to equal for all of 

the above glasses so the observed differences in nucleation rates (see Equation 

(2.23» must be attributable to changes in the driving force, ~G/Y rn' and the 

interfacial energy, a. As the metasilicate nucleation rate is greater than the disilicate, 

the interfacial energy, a, may be smaller for the metasilicate composition. The 

driving force at T g is approximated by James [10] as 

~G, c ~~ c f~m)H;:)) (2.66) 

where ~Gv depends on the ratio Tg/Tm to a first approximation. 

2.3.10a Possible Effect on the Nucleation Rate and Crystal Density Due 

to Underestimation of Experimental Crystal Number 

In a previous work [120] it was shown that single-stage heat treatments (used 

in this study) would not introduce any error in the measured steady-state nucleation 

rate due to crystallites that are too small to be observed. In addition, it was 
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demonstrated that the time axis intercepts and number densities would have only 

negligible errors. A summary is given below. 

The actual number density of crystals present, Ntrue, is made up of the 

experimental number density, Nexp, and the unobservable number density, Nun' 

made up of crystallites which are too small to see by the experimental technique 

used. Therefore, 

(2.67) 

If we define ro as the radius at which crystals are just observable and t* (actual time 

at which the experimental number density value corresponds) as 

(2.68) 

* where t is any arbitrary time (t~t ) and U is the crystal growth rate, then the 

unobservable number density is given by 

, 
Nun = f I(T')dt' 

,. 

As 1 = dN/dt then 

I"", = lap + I(t) - I (t-~ 1 
and since I(t) = Itrue it follows that 

(2.69) 

(2.70) 



93 

(2.71) 

From Equation (2.71) it is clear that if there are no transient effects at the 

temperature of the number density measurement, then I(t - ro/U) will be 

independent of time and the experimental nucleation rate will be the true nucleation 

rate. If there are transient effects at the temperature for which number density 

measurements are being made, one need only consider the points corresponding to 

the steady-state nucleation rate and then Iexp will be independent of time and thus 

the true nucleation rate. Clearly crystals too small to observe will not affect the 

nucleation rate determination. 

The effect on the actual crystal density due to crystals too small to observe is 

now considered. From Equations (2.67) and (2.69) one sees that 

t 

Ntnu = Nexp + J I(t')dt (2.72) 
to 

Above it was shown that I(t) = Is for t~t* where Is is the steady-state nucleation 

rate. Using this relation in Equation (2.72) and also using Equation (2.68) gives 
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(2.73) 

where t e is the experimental value of the intercept on the time axis (experimental 
o 

induction time). If one considers only the data points corresponding to the steady-

state nucleation region then 

(2.74) 

where t a is the actual true time axis intercept (actual induction time). Plugging 
o 

Equation (2.74) into Equation (2.73) and simplifying gives 

(2.75) 

It will be shown in Section 4.7.3 that ro/U is smaller than the uncertainty in 

Thus t:>r JU and approximately equal to t: . 
2.3.11 Crystal Growth in Lithium Borate Glass 

Crystal growth from lithium borate melts is not only important scientifically, 

but also technologically. Shuqing et al. [17] have reported the growth of Li20· 3B20 3 

single crystals by a modified flux or flux-pulling method in a platinum crucible and 

Yangyang et al. [18] report that Li20· 3B20 3 crystal fibers have been successfully 

pulled using a laser-heated pedestal growth method. Li20·3B20 3 has a very high 

nonlinear coefficient and can be used as a second harmonic generation medium. 

LiB02 and Li20· 2B20 3 crystals have been grown by Czochralski growth [16] and 

Li20· 2B20 3 crystals have also been grown by Bridgman growth [15] with < 001>, 
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< 100>, and < 110> orientations. Lithium diborate crystals are piezoelectric and 

non-ferroelectric and have attracted attention for use in surface acoustic wave (SAW) 

and bulk acoustic wave (BA W) devices [15]. Li20· 2B20 3 crystals have a high SAW 

coupling coefficient, k2=1. In addition to piezoelectric devices, Li20· 2B20 3 

crystalline material can be used for thermoluminescent dosimetry [14]. 

Ohmori et al. [14] studied the kinetics of crystallization for bulk Li20· 2B20 3 

samples using Differential Thermal Analysis (DTA) equipment. They found that 

crystallization occurred three-dimensionally in the bulk and that the overall kinetic 

barrier or activation energy for this process was 57.1 kcal/mole. Goktas et aL [122] 

studied the crystallization behavior and glass forming ability of lithium borate glasses 

in the range from lithium diborate, Li20· 2B20 3, to lithium metaborate, Li20· B20 3. 

They found that glasses could be made from compositions in the range 33.3 to 42 

mole % Li20 when cooled in the platinum crucible used for melting but not for 

compositions of 45 and 50 mole % Li20. For all of the above compositions a good 

glass could not be formed when poured into a brass mold. They argue that this 

behavior is due to the molten glass being a good solvent for heterogeneities which 

are dissolved during the melting process and are present in the brass molds. This is 

a very credible argument. Although the phases found upon crystallization matched 

the reported equilibrium phase when brought to temperature from either above or 

below, the samples brought from below the crystallization temperature exhibited 

metastable phases at short times. This difference was explained by the fact that 
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lithium diborate crystals formed initially when samples were heated from below 

which set up a diffusion zone rich in lithia where the lithium metaborate crystals 

could nucleate. Growth of Li20· B20 3 of the correct stoichiometry is difficult due 

to lithium atoms having to diffuse "uphill" against the concentration gradient near the 

lithium diborate crystal. When samples were heated from above, the lithium 

metaborate phase took longer to nucleate, but was of the correct stoichiometry. 

Internal bulk crystallization was reported at low temperatures in 40 mole % Li20 

lithium borate glass. 

Earlier work on the crystal growth kinetics of lithium diborate was reported 

by Nagel [100] and Nagel et al. [119]. Crystal growth rates were determined 

optically, using a hot-stage and microscope, by seeding a glass sample and then 

filming the crystal growth over the temperature range from 581 to 917°C (336°C of 

undercooling). The measured crystal length plotted versus time exhibited linear 

behavior at all temperatures. The growth rates were determined by calculating the 

slope of the crystal length versus time plots. The maximum growth rate measured 

was 177,000 f.Lm/min at 720°C. The fast axis growth direction was determined to be 

the [100] direction for Li2B40 7 crystallizing from the melt. This seems unlikely as 

Li2B40 7 is a tetragonal crystal which will be discussed later in Section 5.2.l. 

The morphology at small undercooling was observed to be faceted, plate-like 

crystals. While at very large undercoolings the morphology was observed to be 

similar to Si02 and Ge02' a smooth interface, crystal morphologies where growth is 
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known to proceed by a normal growth process. Nagel [100] describes the growth 

mechanism of Li2B40 7as follows. For ~T<22°Cgrowth was determined to proceed 

via a two-dimensional nucleation mechanism. At undercoolings in the range 

22°C < AT < 220°C growth was believed to proceed by a nucleation mechanism where 

the nucleus has decreased to a minimum, fixed volume. An interfacial energy of 104 

ergs/cm2 (104 mJ/m2) was calculated in this intermediate region. At large 

undercoolings, !l. T~220oC, it was determined that the fraction of growth sites was 

independent of undercooling and growth proceeded by a normal growth process. 

This type of growth mechanism progression seems unlikely as Li2B40 7 is a high 

entropy of fusion material. Crystal growth at large undercoolings will be studied in 

this work and discussed in Section 5.2. Nagel showed that the free energy of 

activation for crystal growth could be directly related to the activation energy for 

viscous flow. It was proposed that growth involved the transport of a diborate, 

(B40 7r 2, structural unit across the melt-crystal interface (the extremely mobile Li+ 

ion would quickly be incorporated) which would also be the structural unit involved 

in viscous transport. This observation is quite reasonable in light of the experimental 

work in this area. Nagel et al. did report problems in determining the growth rate 

due to a large temperature rise at the melt-crystal interface upon crystallization. 

Herron [123] and Herron and Bergeron [124,125] reexamined the crystal 

growth kinetics of Li2B40 7 due to a possible high temperature increase at the liquid

crystal interface reported by Nagel. Herron did find an increase in temperature at 
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the interface by imbedding a small gauge thermocouple in the glass melt. The 

interface temperature was taken to be the highest temperature as the crystal interface 

grew past the thermocouple. The growth rate as a function of temperature curve 

(using the melt or bath temperature) has a maximum at 738°C, while the interface 

temperature corrected growth rate curve (using the temperature measured at the 

crystal-liquid interface) showed a maximum at 886°C. The temperature rise at the 

maximum growth rate is 148°C. The measured maximum steady-state growth rate 

was 178,900 p,m/min. 

The plots of crystal length versus time, measured in a similar fashion as Nagel, 

at temperatures above the maximum growth rate were linear and at temperatures 

below, but near, the maximum the same types of plots exhibited positive curvature 

indicative of non-steady state growth. Non-linear growth rates of Li2B40 7 at 

temperatures below the maximum growth rate exceed the steady-state growth rate 

due to the increased rates of heat transfer needed, because of the lower ambient 

melt temperatures. The heat generated at the interface by crystal growth is 

postulated to be removed by phonon conduction and thermal radiation. The 

increased temperature at the interface at temperatures greater than the maximum 

growth rate is thought to have a self-stabilizing effect on the growth rate which 

explains the linear plots of length versus time. 

Herron reports that at growth rates less than 20,000 p,m/min, which on the 

low temperature side corresponds to temperatures below -660°C, there is excellent 
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agreement between his results and those of Nagel's. Nagel and Herron's crystal 

growth data is reported in Table 2.3. 

TABLE 2.3 Measured crystal growth rates from Nagel [100] and Herron [123] 

To(VC) Ti(VC) U (p-mj min)" U(p-m/min)U 
_.' ,0"" ~ __ ~ '.' ,."- ., -.-' , , ~ ,....... ,~, - ' .. ' ". .'" " ' .".., .. ~ ."~!. ., ' .,{" ;",."'.-., ,~" .c_-; 

650 5,800 
646.4 660.3 10,000 
643 3,190 
642 2,940 
641 2,630 
639.1 644.8 9,600 
639 2,310 
636.1 645.8 4,810 
633 2,020 
630.9 659.3 4,840 
625 1,220 
621 1,030 
605 364 
599 336 
596.4 606.5 606 
588.5 594.0 754 
582.5 585.4 464 
576.6 584.0 461 
596.8 581.6 447 
554.0 559.4 100 
538.4 544.2 66 
527.6 528.8 29 
.) 15.2 516.4 20 

To, Temperature 0 furnace 
T i, Temperature measured at the crystal/liquid interface 
a, L.W. Herron's crystal growth data 
b, S.R. Nagel's crystal growth data 

At these lower growth rates the heat transferred to the melt is largely by thermal 

conduction and the temperature gradients in the crystal itself are small and nearly 
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the same as the melt. In this regime the melt or bath temperature is essentially the 

same as the melt-crystal interface. 

The morphologies reported by Herron are similar to those reported by Nagel. 

At small undercoolings lithium diborate crystals were faceted. As the undercooling 

increased there was a gradual transition to dendritic-like morphology. The dendritic

like morphology found at temperatures near the maximum growth rate is 

characteristic of heat-flow-controlled growth. This transition to heat-flow-controlled 

growth is believed to occur at growth rates of about 30,000 p.m/min and greater. At 

large undercoolings the observed morphology is spherulitic in nature as observed by 

Nagel. Morphologies and crystal growth mechanisms at large undercoolings near the 

glass transition temperature are investigated in this study. 
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3. EXPERIMENTAL PROCEDURE 

3.1 Glass Preparation 

All glasses used in this study were prepared using conventional glass making 

techniques. The starting materials were high purity lithium carbonate, Li2C03, boron 

oxide, B20 3, and boric acid, H 3B03 (Alfa Chemicals). They are described as follows: 

lithium carbonate, puratronic, 99.999% pure, and d.c. Arc emission spectroscopy 

analysis showed that Ag, Mg, Cu, Fe, K elements were < 1ppm and Al= 1ppm. 

Atomic absorption found Ca and Na at 5 ppm; boron oxide, 99.99% pure; and boric 

acid, puratronic, 99.9995% pure, with d.c. Arc emission spectroscopy analysis showed 

that Ca and Mg < 0.1 ppm and Si equal to 2 ppm. As discussed previously, very low 

impurity levels such as these will have no measurable effect on nucleation or crystal 

growth kinetics. 

All glass precursor powders were weighed and batched according to the 

desired glass composition and placed into a glass jar. The jar was then placed on a 

rolling mill and rolled for about four hours to ensure mixing of the powders before 

melting began. The powders were then poured into a platinum crucible (-3/4 full) 

and placed into a high temperature furnace which was preheated to 1100°C. Powder 

was then slowly added to the melt to ensure that foaming of the powders did not 

result in overflow of the crucible. The types of reactions during melting are 

(3.1) 
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or 

(3.3) 

Changing the boron oxide and boric acid mixtures in the above chemical reactions 

could influence the water content in the resultant glasses. This possibility will be 

discussed in Section 4.3. The glasses were then melted at l1000 C for 3.5 hours and 

they were stirred two to three times with a platinum stirring rod to produce a 

homogeneous glass. At the end of this period the temperature of the melt was 

lowered to 950°C, -30°C above the liquidus, and held for 30 minutes. At the end 

of this period the platinum crucible and melt were taken out of the furnace and 

placed on a large steel plate to cool. Basically the same procedure was used for melt 

CC except for the stirring with a platinum rod. Instead, a platinum tube was lowered 

into the l1000 C melt and dry, ultra-high purity nitrogen was bubbled through the 

melt for 3.5 hours. The bubbling tube was then raised to a position just above the 

melt surface, the temperature was lowered to 950°C and held for 30 minutes. This 

was done so that the glass melt was not exposed to any heterogeneous nucleation 

sites (see explanation in Section 2.3.11). After 5 to 10 minutes the melt had 

solidified to a good water clear glass and had not cracked due to thermal stress. To 

relieve thermal stress the lithium borate glass and platinum crucible were placed into 
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a 400°C annealing oven and held at temperature for 24 hours at which time the oven 

was turned off and allowed to cool slowly to room temperature (usually about 12 

hours). After the crucible and glass were cooled the crucible was flexed and lightly 

tapped with a hammer until the major portion of the glass came loose. 

3.2 Chemical Analysis of Prepared Glasses 

Chemical analysis was performed on lithium borate glasses using atomic 

absorption and index of refraction measurements to determine the lithia content. 

Prior to this study a number of lithium borate glasses had the lithia content analyzed 

by atomic absorption [120]. It was found that the analyzed lithia content was always 

lower than what would be expected and slightly lower than the value determined by 

measuring the index of refraction (refer to Section 2.3.4.b). As more glasses were 

analyzed the disparity between the lithia values became much smaller. Melt Q [120] 

had a measured lithia content of 33.0±.2 mole % Li20 by atomic absorption and 

33.8 mole % Li20 by index of refraction determination on three separate samples. 

Melt R from this study had a measured lithia content of 33.8 mole % Li20 by atomic 

absorption and 34.3 mole % Li20 by index of refraction determination on three 

separate samples. The lower mole % Li20 values from atomic absorption is likely 

due to difficulties associated with adequately dissolving the glass completely in 

solution prior to analysis. As index of refraction determinations of the lithia content 

were always in good agreement within the same melt this method was chosen to 

determine subsequent lithium borate glass compositions. 
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Glass samples were prepared and used for both index of refraction and water 

content measurements. Glass samples of approximately 1.8 by 15 by 30 mm were 

cut, ground, and polished (method described in Section 3.7) on the two largest 

opposite faces to an optical quality. An edge (-1.8xI5 mm) was then polished by 

hand so that it was vertical to the other polished surfaces. The sample was then 

placed into a Zeiss Abbe-Refractometer, Model A, with the hand-polished surface 

facing toward an incandescent light source. The samples polished bottom face were 

coupled to the measuring prism with a drop of I-bromonapthalene. The Zeiss Abbe

Refractometer is designed to measure the index of refraction corresponding to the 

sodium D line, nD' when translucent samples are measured in grazing transmitted 

light. The Abbe-Refractometer was calibrated prior to measurement of different 

glass melts. At least three independent glass samples from each melt were measured. 

The measured index of refraction was then used with the data in Section 2.3.4.b to 

determine the composition of the glass. 

3.3 Water Content Determination 

The same glass samples prepared for the index of refraction measurements 

were used for the water content determination. Three independent measurements 

were made on the same glass melt. The samples were ground and polished (method 

described in Section 3.7) on the two large faces to an optical quality with the two 

faces being parallel and approximately 1.8 mm thick. 
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Immediately before the glass samples were inserted into a Fourier Transform 

Infrared (FTIR) Spectrometer, they were heated in a furnace to drive off any surface 

bound water. The heat treatment was at 250°C for 3-4 hours in a vacuum oven. The 

samples were then mounted and placed in an FTIR to obtain the infrared spectra of 

the hydroxyl ion absorption band peak at approximately 2.8 f..Lm. The absorption as 

a function of wavelength was plotted for each glass so that the OH- absorption could 

be measured. 

Once the absorption was measured the Lambert-Beer Equation in conjunction 

with the extinction coefficient [103], the molecular weight of water, and the measured 

density of the glass was used to determine the weight percent water (as OH-)in the 

glass. The Lambert-Beer Equation is 

1 1 
E = €. C = - x log -

d D 
(3.4) 

with 

1 log - = A 
D 

(3.5) 

where E is the extinction (em -I), € is the molar extinction coefficient (liter • mole- I 

• em-I), c is the concentration (mole/liter), d is the optical path length (thickness 

of the glass sample (em», D is the transmission, and A is the absorbance. The water 

content of the glasses used in this study are reported in the next chapter. 
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3.4 Glass Transition Temperature, T g 

A differential scanning calorimeter, DSC, was used to measure the glass 

transition temperature, Tg. At this temperature for glasses log 17 (Pa.s) = 12.0, which 

is the generally accepted value. Either a duPont Model 1090 or 910 DSC was used 

to determine Tg. In the DSC the temperature is varied linearly as a function of time 

and the difference in heat between the sample and a standard is measured and 

plotted. On reheating the glass sample, due to an increase of the heat capacity, an 

endothermic effect is seen. A tangent method [126] is then used to determine T g' 

The powdered glass samples all weighed approximately 4S mg and were 

heated at SOC/min through the temperature regime where Tg would occur. Typically, 

the glass sample was heated in air from room temperature to 360°C at 20°C/min and 

then from 360-SS0oC at SOC/min. The glass transitions for the glass melts measured 

were found to be between 480-49S°C. 

3.S Viscosity Measurements 

The glass viscosity was measured for the different glass melts following a 

method used by Jewell and Shelby [114] described in Section 2.3.9. Melt R viscosity 

was measured at du Pont with the exact experimental arrangement discussed by 

Ewsuk [127]. A du Pont 943 thermomechanical analyzer was used to make the 

measurements. The lithium borate glass samples were cut and ground into 

specimens -1 mm thick by -3 mm wide and -11 mm long. A sample was placed on 

a fused silica sample holder within the furnace of the thermomechanical analyzer's 
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beam bending apparatus and then ramped quickly to the soak temperature. The 

viscosity was determined using the measured linear deformation rate. Two different 

uniaxial applied loads were used at temperatures very near each other and gave 

similar results (see Section 4.4). A National Institute of Standards and Technology 

(NIST) standard viscosity glass, SRM-711, was used to verify the accuracy and 

precision of the beam bending apparatus. 

The other glass melt viscosities were measured at the Arizona Materials 

Laboratories, Department of Materials Science and Engineering, at the University 

of Arizona following the same method of Jewell and Shelby. A unitherm Model 

1101V(L1)R3-SX19 dilatometer from Anter Lab., Inc., was used to measure the 

linear deformation rate of the lithium borate glass samples through a linear variable 

differential transducer. Lithium borate glass samples were cut and ground into 

rectangular specimens of -4 by -30 mm with thicknesses of -1,2, or 3 mm thick, 

depending on the viscosity regime. Glass samples with compositions >34.9 mole % 

Li20 were also polished to an optical quality, after being cut and ground, to slow 

down the process of surface crystallization which would cause spurious results. A 

sample was placed on a fused silica sample holder and then lowered quickly into the 

dilatometer's furnace which was at the desired test temperature. Different thickness 

samples and uniaxial applied loads were used at the same temperatures, or very 

nearly the same, gave very similar results. NIST glass viscosity standards, SRM-711 
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and SRM-717, were used to calibrate the beam bending apparatus. The viscosity 

results are given in Section 4.4 

3.5.1 Glass Density Measurements 

Density measurements were made on each viscosity sample for the various 

melts, averaged and this value was used in Equation (2.64) to calculate the viscosity. 

The density was determined by accurately measuring the thickness, width, and length 

of the rectangular glass sample using a micrometer and caliper. Then the glass 

samples were weighed on an electronic balance to a thousandth of a gram. The ratio 

of the weight to volume gives the glass density. Density values for the different glass 

melts are reported in Section 4.4.1. 

3.6 X-Ray Diffraction 

Either a Siemens (Siemens, Iselin, NJ) or a Scintag Inc., USA (Scintag, Inc., 

Santa Clara, CA) X-ray diffractometer was used to make powder diffraction or 

surface XRD measurements using CuKa radiation. Powder samples were made from 

glass samples which had been heat-treated at various times and temperatures to 

produce crystallization and then grinding the sample into extremely fine powder using 

an agate or scintered alumina mortar and pestle. Surface crystallization was also 

examined using X-ray diffraction. Samples were prepared by cutting glass pieces to 

the same size as the powder sample holder and then heat-treating the glass in a tube 

furnace. After the sample had surface crystallized, it was cooled and placed in the 
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X-ray diffractometer in place of the powder sample holder. Results of the X-ray 

diffraction measurements are given in Section 4.5. 

3.7 Nucleation Rate Determination 

To determine the nucleation rate at a specific temperature the number density 

of crystallite as a function of time for the desired temperature had to be determined. 

The nucleation rate is the slope of the linear region of the number density versus 

time curve. To determine the number density at the various times for a specific 

temperature, glass samples were cut on a diamond saw. The glass samples were then 

mounted on a diamond stop carrier platen using a thermoset glue. The desired 

thickness to be ground was set using the threaded diamond stop screws (small 

diamond imbedded in the tip) and a Starrett Vertical Displacement Gauge. The 

diamond stop height could be set to one ten thousandth of an inch. The glass sample 

could then be ground to a certain specified thickness and as there were three 

diamond stops on the carrier platen, the glass surface was ground parallel to the 

platen surface. The samples were ground against a cast-iron platen using a 15 J.Lm 

alumina grinding slurry on an R. Howard Strasbaugh, Inc. Model 6BK-16" ring 

precision polishmaster. After the glass samples were ground to the desired thickness 

the platen and glass samples were cleaned and transferred to another Model 6BK-16" 

which was set up to optically polish the glass surface using a 1 J.Lm cerium oxide 

powder slurry and a pelIon cloth polishing pad. The stainless steel platen and glass 

samples were then reheated on a hot plate and the glass samples flipped over and 
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reglued to the platen. The opposite glass sample faces were then ground and 

optically polished as described above. Glass samples of approximately 0.5 cm thick 

by 1 cm wide and 2 cm long were produced with the two opposite, large faces being 

polished to an optical quality. 

The glass samples were then screened using a polarizing microscope prior to 

individual isothermal heat treatments to ensure that there were no initial internal 

crystallites in the sample interior. The samples were then given a single-stage 

isothermal heat treatment in a platinum boat using a tube furnace with an isothermal 

zone approximately 6 inches long and constant to ± l.SoC. A number of samples 

were heated at each individual temperature for various times. They were then 

reground and polished, as the glass samples also surface nucleated and crystallized 

in addition to the bulk internal nucleation and growth, to an optical quality with a 

thickness less than 200,um. Thin samples were needed to ensure that one can focus 

through the entire sample using the polarizing microscope and detect all crystallites 

present and help ensure that small crystallites were not obscured by larger 

crystallites. Again, the sample faces were kept flat and parallel to each other by 

using a diamond stop carrier platen. This is important later so that the volume of 

glass within which the crystallites are counted can be accurately determined. 

An Olympus BHSM polarizing microscope was used to take 10 to 15 

micrographs at a known magnification for each of the heat-treated samples. The 

exact magnification of the micrographs was determined by taking a picture of a 
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micrometer slide with 0.01 and 0.1 mm divisions marked on it so that after the 

photographs were processed the magnification could be determined. The thicknesses 

of the glass samples were measured directly using a micrometer and, with knowledge 

of the magnification, their volume could be determined. The crystallite were counted 

directly from the optical micrographs and used in conjunction with the known volume 

to calculate the crystallite number density within each sample for its specific time and 

temperature. The number density data points at the various temperatures were then 

ploUed as a function of time, and the experimental nucleation rates were determined 

from the steady-state nucleation region of the plots. 

3.8 Crystal Growth Rate Determination 

Both surface crystal growth rates and bulk internal crystal growth rates on 

single crystals have been determined by two different methods. 

3.8.1 Surface Crystal Growth Rate Determination 

Surface crystal growth rates were determined by measuring the surface crystal 

growth layer thickness as a function of time at specific temperatures. Glass samples 

were cut using a diamond saw into approximately 1.5 cm on side cubes. The glass 

cubes were then given a single-stage isothermal heat treatment in a platinum boat 

using a tube furnace with an isothermal zone approximately 6 inches long and 

constant to ± 1.5°C. The glass cube surface did not have to be predusted with 

powdered crystalline Li20· 2B20 3 as in other studies [75,76] since the surface cut by 

the diamond saw was enough to easily nucleate crystallization at the surface. The 
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glass samples were then cut through the center on the diamond saw, mounted on a 

diamond stop carrier platen, and ground and polished to an optical quality as 

described in Section 3.7. An Olympus BHSM polarizing microscope was used to 

photograph all four sides of the cube at a known magnification. The magnification 

of the printed photographs were determined by taking a picture of a micrometer slide 

with 0.1 and 0.01 mm divisions at the same time surface crystalline layer pictures 

were taken. The depth of the white crystal layer (from cube surface to crystal-glass 

interface) was then measured directly from the printed photographs. The surface 

crystal thicknesses were plotted as a function time for the specific temperatures which 

produces a linear relationship. The surface crystal growth rates at each temperature 

were determined by calculating the slope of the best fit line through the data points. 

3.8.2 Bulk Internal Crystal Growth Rate Determination 

Internal crystal growth rates are measured by direct observation of crystallites 

growing in the bulk glass using hot-stage photomicroscopy. Two millimeter thick 

slices of glass were cut and then ground and optically polished as described in 

Section 3.7 to approximately 1.5 mm thick. These glass "slides" were then cut into 

-7 mm squares. The edges of the squares were then ground off by hand to form 

-7 mm diameter discs, -1.5 mm thick, with the faces ground and polished to an 

optical quality. 

The polished glass discs are then placed into a Leitz Model 1350 hot-stage 

mounted on an Olympus BHSM polarizing microscope. The glass slides rest on a 
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thin sapphire disc so that the sample and the hot-stage are not contaminated during 

the crystal growth run. The Leitz hot-stage is designed so that it can be used in 

either a transmitted or reflected light mode. The temperature of the hot-stage is 

regulated by a Eurotherm temperature controller to within ±O.l°C with the 

thermocouple attached to the stage, inside the small furnace, on which the sample 

rests. The furnace is a platinum wire wound, resistance heater. The microscope is 

attached with a high resolution black-and-white video camera which is connected to 

a TV monitor and a video cassette recorder so that real time growth can be recorded 

and played back later for analysis. Before each run, a micrometer slide with 0.1 and 

0.01 mm divisions on it is taped so that the magnification on the video monitor can 

be determined. The magnification on the monitor screen, either vertically or 

horizontally on the screen was the same, was typically about 1000 times. With a glass 

sample in the hot-stage the furnace was turned on to a temperature between 490-

520°C. Growth of a crystal along the c-axis (bipyramidal crystals, see Section 4.6.1 

for description) is measured in real time and recorded on video tape over the same 

temperature regime as the surface crystal growth measurements. After the internal 

crystal growth run the tape is played back and stopped every .5 to 5 minutes, 

depending on the growth rate and the time recorded along with the length of the 

crystal along the c-axis. This crystal length data is plotted as a function of time for 

each specific temperature which gives a linear relationship. The slope is calculated 

from a linear least squares fit to the data and then divided by two, as the crystal is 
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growing in both directions from the center of the crystal, to determine the crystal 

growth rate at that temperature. 

If the bipyramidal crystallite is not exactly perpendicular to the optical axis of 

the microscope, then the measured long axis length (c-axis) will be shorter than the 

actual length. This problem was resolved by calibrating the divisions marked on the 

fine focus knob with a known thickness glass slide. The top of the glass slide was 

brought into focus and the division recorded and then the bottom of the slide was 

brought into focus and the final division was recorded, taking the ratio of the known 

thickness to the number of divisions allowed for calibration of the microscope stage. 

As the crystal grew to a length long enough to get an accurate observed length 

measurement, each point of the crystal was brought into focus and the distance 

between the points was recorded. A schematic of this situation is given in 

Figure 3.1. Lo is the observed long axis length of the crystal, d is the depth distance 

between crystal points along the c-axis, La is the actual long axis length of the crystal, 

and 8 is the angle the crystal differs from perpendicular to the optical path of the 

microscope. From the geometry one sees that 0 is given by 

d e = arc tan -
Lo 

and once 0 is determined, then La is given by 

(3.3) 
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L L = __ 0_ 

a cos 6 
(3.4) 

Growing crystals that appear to be perpendicular to the microscope optical path were 

chosen and the measured cos () values were all:; 0.95. Reported crystal growth 

rates and descriptions of the crystal morphology are given in the following chapter. 



FIGURE 3.1 
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Schematic of an internal bipyramidal crystal for which the c-axis 
is not perpendicular to the optical axis of the microscope 



4. EXPERIMENTAL RESULTS 

4.1 Glass Composition 

117 

Glass melts designated R through CC were made for this study using Li2C03 

and B20 3 or H3B03. The molecular weights for these starting materials is Li2C03 

= 73.89 g/mole, B20 3 = 69.62 g/mole, and H3B03 = 61.83 g/mole. The melts are 

described in Table 4.1. From the results the following observations are made. The 

index of refraction values (each measurement is a different sample) within each 

respective melt is very close to each other (within ± 0.00015), which is a very good 

indication of homogeneous melts. Sastry and Hummel's [96a] data (from which the 

equations in Section 2.3.4.b were derived) have an accuracy of ± 0.5 mole % Li20. 

In all the glass melts made for this study the analyzed mole % Li20 is greater than 

the as-batched mole % Li20. This is a strong indication of boron volatilization 

during melting and/or that the boron oxide and boric acid picked up water vapor 

from the atmosphere prior to being weighed. When only boron oxide was used in 

the melt preparation: the -150 gram batches (melts Rl,R, and BB) showed an 

average increase of -2.4 mole % Li20 between the analyzed and batched 

compositions; the -300 gram batches (melts U,X, and Z) exhibited an average 

increase of -3.5 mole % Li20 between the analyzed and batched compositions; the 

low lithia (melt AA) composition of an -140 gram batch exhibited an increase of 

only 1.1 mole % Li20 over the batched composition. The 
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TABLE 4.1 Description of starting materials, batched and analyzed mole % Li20 
for each melt 

Melt Chemi- Weight Moles Batched nD Ana- Il. 
cals Used Mole% lyzed Mole 
Used (g) Li20 Mole% % 

Li20 Li20 
..... . ", .. ' . .,,'<- .,,''''.' c .. ' " " " ,- ~ " 

R1 B20 103.60 1.488 31.85 1.5574 34.4 2.55 
Li2C03 51.40 0.696 1.5575 

R B20 3 100.61 1.445 31.86 1.5573 34.3 2.44 
Li2C03 49.92 0.676 1.5573 

U B20 3 210.27 3.020 30.68 1.5582 34.9 4.22 
Li2C03 98.78 1.337 1.5583 

1.5580 

W B20 3 93.77 1.347 31.86 1.5571 34.3 2.44 
H3B03 166.53 2.693 1.5573 
Li2C03 93.05 1.259 1.5572 

X B20 3 193.51 2.780 32.83 1.5602 36.1 3.27 
Li2C03 100.37 1.358 1.5603 

1.5602 

Y H3B03 330.79 5.350 31.85 1.5569 34.1 2.25 
Li2C03 92.37 1.250 1.5568 

1.5569 

Z B20 3 201.84 2.899 33.33 1.5604 36.3 2.97 
Li2C03 107.10 1.450 1.5605 

1.5605 

AA B20 3 101.90 1.464 26.09 1.5428 27.2 1.11 
Li2C03 38.179 0.517 1.5429 

1.5427 

BB B20 3 99.231 1.425 35.0 1.5619 37.3 2.3 
Li2C03 56.721 0.768 1.5620 

1.5621 

CC H3B03 298.77 4.832 31.85 1.5567 34.0 2.15 
Li2C03 83.43 1.129 1.5568 

1.5566 
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glass melts (melts W,Y, and CC) made using boric acid were all-300+ gram batches 

and showed an average increase of -2.3 mole % Li20. Melt W which used both 

boric acid and boron oxide had a higher lithia increase than melts Y and CC which 

used only boric acid. These findings would indicate that the boron oxide may have 

absorbed water from the atmosphere. The lower lithia composition glass exhibited 

a smaller increase in analyzed composition compared to similarly made glasses of 

higher lithia content. This seems reasonable as glass compositions < 30 mole % 

Li20 would have stronger glassy networks compared to glasses > 33 mole % Li20 

which form increasing number of non-bridging oxygens causing weaker glassy 

networks. This would allow for easier volatilization of boron during melting. It 

appears that water incorporation and boron volatilization both playa role during the 

glass-melting procedure. 

4.2 Water Content 

The water content of each glass was measured so that the effect on viscosity 

could be determined and correlated to nucleation and crystal growth kinetic behavior. 

An attempt to modify the water content was done by changing the glass precursor 

materials, namely boron oxide and boric acid and by bubbling dry nitrogen through 

the melt. The measured water content (method described in Section 3.3) for each 

melt is listed in Table 4.2. Changing the glass starting materials, namely boron oxide 



TABLE 4.2 Measured water content, the boron source, and an indication of 
bubbling for each melt 
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Melt Boron Source Bubbled with Wt. % H2O Ave. Wt. % 
Dry Nitrogen H2O 

<''' -;.·,,"1-,· • ~.,; 'L" '~,' ." . -,;,,' .'" ,~,- .;, •... ~ ,. " .". ;. ~'.-, . ,,<0 " .. ..-" 

R1 B20 3 No 0.0126 0.013 
0.0126 

R B20 3 No 0.0189 0.019 

U B20 3 No 0.0169 0.017 

W B20 3 No 0.0156 0.016 
H3B03 0.0155 

0.0156 

X B20 3 No 0.0208 0.021 
0.0207 
0.0209 

Y H3B03 No 0.0192 0.018 
0.0184 
0.0172 

Z B20 3 No 0.0233 0.023 
0.0233 
0.0231 

AA B20 3 No 0.0259 0.027 
0.0268 
0.0269 

BB B20 3 No 0.0137 0.014 
0.0137 
0.0138 

CC H3B03 Yes 0.0093 0.009 
0.0093 
0.0091 
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and boric acid (see reaction Equations 3.1 and 3.3), would seem to be a good method 

to control the final water content of the glass. From the above results it is clear that 

using boron oxide or boric acid has no effect on the final water content of the glass. 

The difference in water contents of all the glasses that were not bubbled with dry 

nitrogen is likely due to the difference in humidity on the day they were melted. 

Melt CC is the only glass melt that had a significantly lower water content. During 

the melting of this glass the furnace had high purity dry nitrogen pumped into the 

high temperature furnace so that a positive over pressure of gas inside the furnace 

kept out the ambient atmosphere. The positive pressure method was used because 

the high temperature furnace is not a gas tight furnace. In addition to the high purity 

dry nitrogen pumped into the furnace, it was also bubbled through the glass melt 

during the melting procedure using a platinum tube. This method is the only one 

that had any significant effect on the water content. 

4.3 Glass Transition Temperature 

The glass transition temperature, Tg, was determined from DSC runs and in 

all cases a readily recognizable transition was observable from the DSC plot. 

Multiple DSC runs on the same glass showed that the measured T g was accurate to 

± 1°C. T g values were mainly used to get an initial idea of the temperature range 

over which to measure the viscosity. For glass in general the viscosity at Tg is log 11 

(Pa.s)"'12.0 which is the generally accepted value [121]. Tg may vary due to 

differences in heating/cooling rates while making the glass and is also dependent 
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upon the heating rate used to measure T g during a DSC scan. T g of the glass melts 

are listed in Table 4.3. 

TABLE 4.3 The glass transition temperature, T g' for each melt 

Melt Tg(OC) Melt Tg(OC) 
•• , <- •• --. ,~,." , •• <0. _~;. .- ,-'- -' .' ,'- .,- .,,,,,-", -'. '.' -" ~ -~,~ 

R1 490 Y 490 

R 490 Z 482 

U 490.5 AA 492 

W 489.5 BB 480 

X 483 CC 491 

It was found that the measured T g was close to the lower temperature capability limit 

of viscosity measurements using the three-point bend technique. It was found 

empirically that the upper temperature limit for measuring the viscosity using the 

three-point bend technique was -40 to 50°C higher than T g' 

4.4 Experimental Viscosity Measurements 

Viscosity data has been measured for melts R, U, W, Y, Z, BB, and CC using 

a three-point bend technique described previously. Viscosity values are critical for 

evaluating both nucleation and crystal growth kinetics and were made as no literature 

data was available. Comparisons are made between melts with the same composition 

and T g' but with different values for wt % H20, melts with different compositions 

(varying from -34 to 37 mole % Li20) and slightly different water contents, and 

melts for which crystal growth measurements were taken. Tables 4.4a and 4.4b list 



TABLE 4.4a Log f](Pa.s) values for each melt. Values in parentheses are mole % 
Li20 and wt % H20, respectively, for each melt 

MELT 
(mole % Li20; wt % H2Ql 

log" (Pa.s) 

Temp. CC Y W R U 
(0C) (34.0;.009) (34.1;.018) (34.3;.016) (34.3;.019) (34.9;.017) 

'" ." '-- "", >'" " . -.-.,,'- "-<' -,I ..... ,""",- ... -- ,-- . . -",~, ~ .. 

483 12.61 
485 12.499/12.45 
487 12.31 
488 
489 12.07 
490 12.06 12.08 
491 11.87 
492 
493 11.745 
494 11.666 11.53 
495 11.49 11.51 
496 11.35 
497 11.09 
498 11.114 
499 11.00 
501 10.91 10.83 10.75/10.72 10.84 
502 10.69 10.73 
503 10.70 
504 10.63 
506 10.47/10.399 10.46 
508 10.13 10.26 
509 10.099 10.02 10.146 
510 9.96 
511 10.019 9.63 9.88 
513 9.799 
514 
515 9.61 9.413 
516 9.254 9.53 9.49 
517 9.47 
518 9.08 9.26 
519 9.19 9.07 
521 9.076 
523 8.90 
524 8.80 
525 8.81 
527 8.49 
528 8.54 
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TABLE 4.4b Log '7(Pa.s) values for each melt. Values in parentheses are mole % 
Li20 and wt % H20, respectively, for each melt 

MELT 
(mole % Li20; wt % H2Q} 

log '7 (Pa.s) 
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Temperature (0C) Z(36.3;.023) BB(37.3;.014) 
" - , . . '-

461 12.96 13.06 
462 12.83 
467 12.79 
470 12.725 12.87/12.75 
472 12.67 
476 12.49 
477 12.32 
478 12.35 
481 12.19/12.18 
483 12.05 
485 
487 
488 11.61 11.46/11.40 
489 
490 11.40 11.31 
491 
492 10.93 
493 
494 
495 
496 10.83/10.78 
497 
498 
499 10.23 
501 
502 
503 10.355 
504 10.23 
506 
508 9.53 9.59 
509 9.75 
510 9.98 9.42 
511 
513 
514 9.22 
515 9.19/9.096 
516 

4 
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the melts and their respective composition and water content tabulated with 

experimental viscosity values. Log 1] (Pa.s) versus temperature is plotted for melts 

CC, Y, W, R, U, Z, and BB in Figures 4.1 through 4.7 respectively. 

Figure 4.8 combines the log 17 versus temperature data of melts CC, Y, W, and 

R. These glass melts all have approximately the same composition and glass 

transition temperature, but different contents of water ranging from 0.009· to 0.019 

wt % H20. The linear fit to each melt's viscosity data, its Tg, its composition, and 

water content are given in Table (4.5) 

TABLE 4.5 Linear least square fit to viscosity versus temperature data for melts CC, 
Y, W, and R, and each melt's T g' composition, and water content 

Melt Linear Fit Tg Mole % Wt% 
Li20 H2O 

. ~ " ~ 

CC log 1] = -0.093T(OC) + 57.57 491 34.0 0.009 

Y log 1] = -0.099T(OC) + 60.41 490 34.1 0.018 

W log 1] = -0.093T(OC) + 57.96 489.5 34.3 0.016 

R log 1] = -0.097T(OC) + 59.23 490 34.3 0.019 

Examining Figure 4.8 and Table 4.5, it is clear that over the range of water contents 

studied, water plays no significant role affecting the viscosity. 

Figure 4.9 combines the log 1] versus temperature data of melts R, Z, and BB. 

These glass melts all have different lithia compositions, different Tg's, and slightly 

different water contents. The linear fit to each melt's viscosity data, its Tg, its 

composition, and water content are given in Table 4.6. As discussed above the water 
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FIGURE 4.1 Log 1](Pa.s) versus temperature (OC) plot for melt CC 
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FIGURE 4.4 Log T](Pa.s) versus temperature (OC) plot for melt R 
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FIGURE 4.5 Log T](Pa.s) versus temperature (OC) plot for melt U 
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contents in the regime reported should have little effect on the viscosity. Melts Z 

and BB with higher lithia contents (36.3 and 37.3 respectively) are quite similar as 

regards the linear fit and T g data. The slopes are less steep than melt R and the 

curves are offset to lower viscosities at the same temperature. 

TABLE 4.6 Linear least square fit to viscosity versus temperature data for melts R, 
Z, and BB and each melt's T g' composition, and water content 

Melt Linear Fit Tg Mole % Wt% 
Li20 H2O 

R log 77 = -0.097T(OC) + 59.23 490 34.3 0.019 

Z log 77 = -0.083T(OC) + 52.18 482 36.3 0.023 

BB log 77 = -0.089T(OC) + 54.85 480 37.3 0.014 

Figure 4.10 combines the log 77 versus temperature data of melts R, V, and 

Cc. Melt R was used in the nucleation measurement study and bulk internal crystal 

growth study. Melt V was used in the bulk internal and surface crystal growth 

studies. Melt CC was used in the bulk internal crystal growth study. These glass 

melts are compared as their crystal growth kinetics will be contrasted later in this 

study. The linear fit to each melt's viscosity data, its T g' its composition, and water 

content are given in Table 4.7. As can be seen in Figure 4.10 and Table 4.7, there 

is very little difference between these melts and the difference in lithia content has 

no significant effect on the viscosity. The very slight difference between melt Rand 

melts V and CC is likely due only to experimental error as the viscosity of melt R 

was measured at a different laboratory. 
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TABLE 4.7 Linear least square fit to viscosity versus temperature data for melts R, 
U, and CC and each melt's Tg, composition, and water content 

Melt Linear Fit Tg Mole % Wt% 
Li20 H2O 

>. '~". ,.,'~ , • '<i: , ... .; , " ." ~ v'.' 

R log f7 = -0.097T(OC) + 59.23 490 34.3 0.019 

U log f7 = -0.092T(OC) + 57.17 490.5 34.9 0.017 

CC log f7 = -0.093T(OC) + 57.57 491 34.0 0.009 

For comparison of the melt viscosities above, all viscosity data was compared 

using a linear fit. Experimental data for melts Y, W, and U were more closely fit by 

second-order polynomials (Figures 4.2, 4.3, and 4.5 reflect this fit) given by 

Melt Y: log f7(Pa.s) = 268.628-0.919157T(C)+0.0008074T(C)2 

Melt W: log f7(Pa.s) = 172.737-0.547158T(C)+0.0004472T(C)2 

Melt U: log f7(Pa.s) = 146.464-0.444104T(C)+0.0003463T(C)2 

(4.1) 

(4.2) 

(4.3) 

where T(C) is the temperature in 0c. The generally accepted value of log f7(Pa.s) 

at Tg is = 12.0. Table (4.8) lists the glass melts, their measured Tg, and the log 

f7(Pa.s) value corresponding to the experimental Tg using Equations 4.1, 4.2,4.3, or 

the linear fit equations above as a check on the reliability of the experimental 

viscosity data. As seen in the table, the experimental data is shown to be quite good. 
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TABLE 4.8 Lithium borate glass melt with its measured Tg and the log TJ(Pa.s.) 
value corresponding to the measured T g 

Melt Tg(OC) log TJ(Pa.s)@T~(OC) 
'. "-«i[ -~, ~ ,"vr r> .. , ,. "- .- ~"~. ", ".""'- ~ .. ' , .. 'M_""'_'.. ~ .. " .. ", ,." ... """ .... ., 

CC 491 11.9 

Y 490 12.1 

W 489.5 12.1 

R 490 11.9 

U 490.5 12.0 

Z 482 12.0 

BB 480 12.2 

A Fulcher equation has been determined for lithium diborate over the 

temperature range from -480 to -1020°C. The high temperature viscosity data of 

Nagel [100] (for a glass with 33.52 mole % Li20 and 0.004 wt % H20) was used, see 

Table 2.1, in conjunction with the low temperature viscosity data of melt CC 

(34.0±0.5 mole % Li20 and 0.009 wt % H20) given in Table (4.4.1). Equations 

2.61-2.63 were used to calculate the constants in the Fulcher equation using the 

following data points: TI =490oC, LI = 12.06 log TJ(Pa.s); T2 = 575°C, ~ =5.672 log 

TJ(Pa.s); T3 = 942°C, L3 =-0.7545. The new Fulcher equation is given by 

log 1') (Pa.s) = -4.647 + __ 2_2_94 __ 
(T(0C) - 352.688) 

(4.1) 

Nagel [119] derived a Fulcher equation using just the high temperature data 

described above and is given by 
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log 'f)(Poise) z:: -2.523+ 1464.7 
(1{°C)-410.7) 

(4.2) 

Nagel's low temperature data, melt CC data, and the two Fulcher Equations (4.1 and 

4.2) are shown in Figure (4.11). Nagel's Fulcher Equation (4.2) is a poor fit to the 

low temperature viscosity data. In the low temperature regime Equation (4.2) 

predicts log TJ viscosity values that are much too high. For example, the viscosity 

predicted for TgQ(490oC is log TJ(Pa.s)Q(14.9 which is about three orders of magnitude 

too large. The Fulcher Equation, (4.1), calculated using both high and low 

temperature data gives an extremely good fit to all the experimental data points. 

Using this Fulcher Equation (4.1), viscosity predictions appear to be accurate over 

approximately 14 orders of magnitude, although viscosity data between -530 and 

815°C are extremely difficult to measure due to rapid and easy crystallization. It was 

observed in this study that log TJ(Pa.s) values lower than approximately 8.5-9 were not 

possible to measure, even with polished samples, using the three-point bend 

technique as crystallization made viscosity measurements untenable. Figure 4.12 

shows both Nagel and melt CC data and a best fit equation to the experimental data 

using a third-order polynomial fit, 
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log T] (Pas) = -37.5426 + 12.480l( ~~) - 1.4953( ~~ r + Oo06341( ~~ )' 

This equation is an extremely close fit to the experimental data and may be used in 

lieu of the Fulcher equation. 

4.4.1 Experimental Density Measurements 

Density measurements were conducted on all samples used for viscosity 

determinations. Melt R viscosity was done at E.I. du Pont in Delaware and the 

density values were not provided. The average density was calculated using all the 

measured densities from each respective melt and used in Equation (2.64) for all 

viscosity determinations within the same melt. Table 4.9 lists each melt, the density 

of each sample within the same melt and its approximate thickness in mm (width and 

length are all approximately the same), and finally the average density of each melt 

± one standard deviation. 

4.5 Summary of Physical Data 

A summary of Sections 4.1 through 4.4 is presented in Table 4.10 as a quick 

reference source. 
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Plot of viscosity data from Nagel [100] and melt CC showing 
two Fulcher Equations. Nagel calculated Fulcher Equation 
(Equation (4.2) does not pass through the experimental data; 
Fulcher Equation (4.1) gives a good fit to the experimental 
data) 
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TABLE 4.9 Lithium borate melts listing the measured density (g/cm3) for each 
viscosity sample with its approximate thickness in millimeters in 
parentheses. The average density for each melt, ± one standard 
deviation, is also reported 

["iii> .. '{SH"·;' 

MELT .".j;.'.~;; ;k··;}·S::BliYii·',·· \'50hmmwJ "·\'y,,,.,oy·-<···jAii,j,k iN po;''''' '7< t,",;;,,,,,:,t~~ 'W,.,54i,.,,;,",,>! ,-,~.' .. _.,?$-:it? L,'_,f?'-:'':::';u.qt ''"4\0 .. ;& _'!~"";'-~'\i:# ··?kti'F-~ ".,f,~·...:·.:ii> 

CC y W U X Z BB 
..... -.-.'.-... "-,.',,,),,", ',.','- r:-,J ,;, .~·I .. -..<.' "- ;;>, ,~, '. ~ ,., • d-,' .... ,_<,or 

2.242(3) 2.239(3) 2.244(2) 2.251(3) 2.270(2) 2.265(3) 2.265(2) 
2.226(3) 2.247(3) 2.247(2) 2.265(3) 2.270(2) 2.265(3) 2.259(2) 
2.239(2) 2.242(3) 2.248(2) 2.256(2) 2.257(2) 2.268(3) 2.257(2) 
2.246(2) 2.250(3) 2.250(2) 2.262(2) 2.248(2) 2.270(3) 2.275(2) 
2.238(2) 2.237(3) 2.248(2) 2.244(2) 2.266(2) 2.265(3) 2.266(2) 
2.239(2) 2.248(3) 2.256(2) 2.250(2) 2.262(2) 2.266(3) 2.259(1) 
2.253(2) 2.246(3) 2.243(2) 2.250(2) 2.268(2) 2.253(1) 
2.251(2) 2.255(3) 2.253(2) 2.201(1) 2.268(2) 2.268(1) 
2.253(2) 2.249(3) 2.246(2) 2.241(1) 2.278(2) 2.285(1) 
2.251(2) 2.247(2) 2.245(1) 2.280(2) 2.288(1) 
2.249(2) 2.254(2) 2.263(1) 2.264(2) 2.257(1) 
2.250(2) 2.236(2) 2.247(1) 2.263(2) 2.257(1) 
2.242(2) 2.253(2) 2.246(1) 2.284(2) 2.251(1) 
2.251(2) 2.253(2) 2.268(2) 2.273(1) 
2.224(1) 2.246(2) 2.269(2) 2.260(1) 
2.232(1) 2.250(2) 2.268(2) 2.261(1) 
2.233(1) 2.262(2) 2.277(2) 2.279(1) 

2.238(1) 2.273(2) 2.255(1) 
2.248(1) 2.235(1) 
2.249(1) 2.251(1) 
2.248(1) 2.271(1) 

2.234(1) 
2.269(1) 

Ave. Density, p 

2.242 2.248 2.249 2.247 2.267 2.266 2.265 
±0.01 ±0.006 ±0.O06 ±O.02 ±0.01 ±O.Ol ±O.Ol 
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TABLE 4.10 Summary of composition, Tg, water content, and density for the lithium 
borate glass melts used in this study 

Melt Mole % Li20 Tg(OC) Wt % H2O Ave. Density 
(gjcm3) 

,",', . .,' .r'~ , .~.,> ',', ,-" - .,' " .... ~~, N,' 'I, '", ~ ,'.".": " ,~. ~.;'I·, :" ",0 ;-,. ~, .. 

AA 27.2 492 0.027 

CC* 34.0 491 0.009 2.242 

y* 34.1 490 0.018 2.248 

W* 34.3 489.5 0.016 2.249 

R* 34.3 490 0.019 

R1 34.4 490 0.013 

U* 34.9 490.5 0.017 2.247 

X 36.1 483 0.021 2.262 

Z* 36.3 482 0.023 2.266 

BB* 37.3 480 0.014 2.265 

* Viscosity measured 

4.6 X-Ray Diffraction Results 

For all times and temperatures used to nucleate and crystallize any of the 

melts used in this study, only lithium diborate, Li20· 2B20 3, crystals were found to 

exist. At very small volume fraction crystallized where any crystalline phase could 

be detected, only lithium diborate was found. Figure 4.13 is a representative plot of 

intensity versus degrees 2(J, for this type. One observes a broad amorphous peak with 

faint reflections due to lithium diborate crystallization. The X-ray powder diffraction 

pattern is from melt R heated at 491°C for 23 hours. Figure 4.14 is another X-ray 

powder diffraction pattern that has a much higher volume fraction crystallized (note 
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degrees, 20 

X-ray powder diffraction pattern from a melt R sample heated 
at 491°C for 23 hours. Notice a broad amorphous peak with 
faint reflections due to lithium diborate (LB2) crystallization 
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present 
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that there is no broad amorphous peak present) and when one compares this pattern 

to the JCPDS file, specifically card number 18-717 and 18-717a (see Figure 4.15), the 

match is complete and only lithium diborate is detected. 

4.6.1 Crystal Morphology 

It is important to note that crystalline lithium diborate is a member of the 

tetragonal crystal group [94,95]. The internal bulk crystallites (melts CC, R, R1, and 

U) at early development times all exhibit a bipyramidal faceted morphology which 

is common for crystals in the tetragonal system [128]. When the crystals are 

observed optically with the c-axis perpendicular to the optical path they exhibit a 

diamond-shaped cross section, while those with the c-axis pointed directly to the 

observer exhibit a square-shaped cross section. Figures 4.16(a) and 4.16(b) show 

representative bulk internal crystal morphology at early times (square and diamond

shaped cross sections). At longer times there is an eventual change in morphology 

of the internal crystals from a bipyramidal crystal to a "dumbbell" shaped crystal and 

then eventually to a spherulitic shape. A dumbbell-shaped crystallite is shown in 

Figure 4.16( c). 

For glass melts Z and BB, both > 36 mole % Li20, a sort of truncated 

bipyramidal (pointed ends are "cut-off') internal crystal morphology is found. Crystal 

faces may be depressed in the center as in "Hopper" growth [129,130]. As the 

crystals got larger there was pronounced internal cracking which was observed in real 
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time using optical microscopy and hot-stage apparatus. Figures 4.17(a) and (b) show 

the crystal morphology typical for these melts. 

The morphology of the Li20· 2B20 3 surface crystals were observed to be 

columnar-like (melts CC, R, R1, and U) with a growth front that was initially 

"bumpy." At longer times the growth front became planar and was parallel to the 

initial glass face. Figures 4.18(a) and (b) show the surface crystal morphology typical 

of these melts. 

4.7 Experimental Crystal Nucleation Rates 

4.7.1 Experimental Number Density Plots 

To determine the experimental nucleation rate as a function of temperature, 

the number density of crystallites as a function of time for each temperature must be 

determined. The number density evaluation was done using single-stage heat 

treatments as the nucleation and crystal growth curves overlap sufficiently to 

accommodate this method. Section 2.3.ID.a discussed a previous work which showed 

that underestimation of the crystallite number due to some particles being too small 

to observe has a negligible effect when using single-stage heat treatments. 

Figures 4.19,4.20,4.21,4.22, and 4.23 show the experimental number density 

values as a function of heating time at five different temperatures. Figure 4.19 

obtained at 490°C, which is below the maximum nucleation rate temperature, shows 

two distinct portions, one at earlier times which corresponds to transient nucleation 

behavior and the second which corresponds to the steady-state nucleation 
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(a) (b) 

(c) 

Internal bulk lithium diborate crystals from a melt R hot-stage 
run at 520°C: (a) c-axis close to perpendicular, diamond
shaped cross section, (b) c-axis pointed to observer, square
shaped cross section, (c) bipyramidal crystal which has 
transformed into a "dumbbell" shaped crystal (all pictures 
375 x magnification) 
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(a) 

..... ,':;. .. 

(b) 

Internal bulk lithium diborate crystals from a melt Z hot-stage 
run at 480°C: (a) "side" profile of truncated bipyramidal crystal, 
(b) "end" view of truncated bipyramidal crystal (both pictures 
are 375 x magnification) 
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region. Figure 4.20 shows the same two portions. Figures 4.21, 4.22, and 4.23, 

number density plots at 500, 510, and 520°C (which is above the temperature of the 

maximum nucleation rate) respectively, show only steady-state nucleation. The error 

bars on each point correspond to ± one standard deviation which was calculated by 

taking into account the slightly different number density values for each of the ten 

to fifteen random optical micrographs used for each point. Table 4.11 lists each 

temperature along with its respective time/number density pairs and associated error. 

Figure 4.22 shows two number density versus time curves. The upper curve 

used thinned samples in the range of -0.0120-0.0175 cm thick with an average equal 

to 0.0149 cm thick. The bottom curve used thicker samples in the range 0.0265-

0.0290 cm with an average thickness of 0.0280 cm. The glass samples used at 60, 90, 

and 120 minutes are the same glass; the "thin" values were recalculated after 

regrinding and polishing the samples. The "thin" number density curve has a lower 

time axis intercept value (important in transient nucleation) than does the "thick" 

curve which would be critical for transient nucleation studies. Thin enough samples 

are needed to ensure accurate time intercept values. It is important to note that 

samples thickness did not play any role in altering the slopes which are the 

nucleation rates. The "thin" curve has a slope equal to 0.94 and the "thick" curve 

slope is 0.93 so as long as sample thicknesses are relatively close an accurate 

nucleation rate will be determined. The "thin" sample point at 120 minutes is not 

directly on the curve and will be discussed in the next paragraph. 
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~ --- .---
(b) 

"Short" and "long" time surface crystal growth fronts: (a) melt 
U, 2.5 hours at 500°C, (b) melt U, 4.0 hours at 500°C (notice 
internal crystals), (both photographs are 63 x magnification) 
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500°e. Error bars represent ± one standard deviation. The 
line is a linear least squares fit to the data in the steady-state 
nucleation regime 
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Crystallite number density plotted versus time for melt R at 
510°C. Error bars represent ± one standard deviation. The 
line is a linear least squares fit to the data in the steady-state 
nucleation regime. The upper curve used "thin" samples and 
the bottom curve (three points) used "thick" samples. See text 
for discussion 
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Figures 4.24 and 4.25 show number density plots at 490 and 520°C for much 

longer times. This was done to study saturation effects on nucleation at longer times 

and greater volume fraction transformed. Number density at 490°C was studied 

initially and instead of the curve going through a region of increasing negative slope 

to a constant slope of approximately zero at long enough times, there was a "peak" 

region where the slope increased before decreasing. This was thought to be due to 

an increase in the nucleation rate caused by an increase in temperature from heat 

generated upon crystallization. At longer times the higher volume fraction of 

crystallization could produce enough heat in the sample so that it would be hotter 

than the furnace. Since 490°C is below the maximum nucleation rate temperature, 

an increase in temperature would place the sample in a higher nucleation regime. 

To verify this hypothesis the same experiment was conducted at 520°C which is a 

higher temperature than the maximum nucleation rate temperature. If the hypothesis 

is correct, then one would expect that at longer times and higher volume fraction 

crystallized, the nucleation rate would decrease at longer times. Figure 4.25 shows 

a plot of the number density data at longer times, for 520°C samples, which shows 

an increase in the nucleation rate similar to the data at 490°C. It is clear that an 

increase in the sample temperature, due to a release of heat upon crystallization, is 

not the cause of this effect. It is suggested that this effect is due to secondary 

nucleation near or at the surfaces of larger crystallites. This effect is seen at all 

temperatures in the nucleation regime and as mentioned in the above paragraph is 
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nucleation regime 



TABLE 4.11 Number density x 104(cm-3) ± one standard deviation data for melt R samples 
heated for various times at 490, 495, 500, 510, and 520°C 

Time (min) 490°C 495°C 500°C 
?.,-. ',- , , 

20 
30 
50 
60 (1 hr) 
70 
75 
90 

100 
105 
120 (2 hr) 
130 32.9±14.6 
140 
155 67.5±6.1 
165 85.1±9.8 
175 69.3±9.2 
195 85.7±7.5 
205 106.0±2.9 
210 4.17-1.2 
215 125.0±9.9 
225 115.1±14.4 
240 (4 hr) 5.76±1.6 

I 270 17.58±3.4 
285 30.98±3.5 
300 (5 hr) 0.14±.12 38.10±4.6 
315 42.36±3.2 
330 46.45±1.4 
420 (7 hr) 0.69±.27 
480 (8 hr) 1. 78±.72 
540 (9 hr) 2.87±.69 
600 (10 hr) 5. 73±. 77 
660 (11 hr) 7.44±.85 
720 (12 hr) 11.55±2.37 
780 (13 hr) 23.34±1.59 
840 (14 hr) 20.57±3.86 
905 (15hSm) 12.6±2.7 
960 (16 hr) 16.4±2.7 

1080 (18 hr) 13.5±2.3 

160 

-------------

510°C (Thin) 510°C (Thick) 520°C 
"" ,','" ," " ,; . .. , . . "'. ~' .... ".' 

3.95±1.2 
5.60± .8 

20.93±2.57 11.2 ±1.6 
33.65±4.18 19.80±1.20 12.8 ±2.5 

14.5 ±2.1 
49.24±2.32 
62.35±2.74 42.65±2.56 

36.5±3.1 
73.08±3.65 

103.01±5.60 75.34±3.86 60.8±3.4 

39.1±1.9 
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Crystallite number density plotted versus time for melt R at 
490°C showing "long time" behavior. Error bars represent 
± one standard deviation. The line is a linear least squares fit 
to the data in the steady-state nucleation regime 
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Crystallite number density plotted versus time for melt R at 
520°C showing "long time" behavior. Error bars represent 
± one standard deviation. The line is a linear least squares fit 
to the data in the steady-state nucleation regime 
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likely the reason the 120-minute data point at 510°C is higher than the linear fit 

through the other data points. 

The straight lines in Figures 4.19 through 4.23 are clearly drawn through the 

points corresponding to the steady-state nucleation region and were obtained by a 

least squares fit to the experimental data points. Table 4.12 lists the equations for 

the experimentally determined number density, Nexp, lines at the various 

temperatures measured for this study along with the associated correlation 

coefficients. 

TABLE 4.12 Linear fit of experimental number density data for melt R 

Temperature (OC) Equation of Line Correlation Coefficient 
, " 

490 Nexo = 0.04t-18.22 0.980 

495 Nexo =0.477t-108 0.985 

500 Nexo = 0.86t-72.34 0.943 

510 Nexo = 0.944t-23.92 0.995 

520 Nexo =0.22t-0.540 0.995 

4.7.2 Underestimation of Experimental Crystal Number Effects 

Previously in Section 2.3.1O.a, it was shown that the single-stage heat 

treatments used in this study would not introduce any error in the measured steady-

state nucleation rate due to crystallites too small to observe experimentally. It was 

also shown that time axis intercepts and number density values would have only 

negligible errors. Table 4.13 lists the experimentally determined nucleation rate and 
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its error (calculated errors were obtained using standard statistical analysis methods), 

the experimental induction times with their associated error, and the experimental 

growth rate (discussed in the next section). 

TABLE 4.13 Experimental nucleation rates and errors, experimental induction times 
and errors, and the experimental growth rates for melt R 

Temperature Nucleation Rate Growth Rate, U 
(OC) (cm-3min- 1 x 104) t~ (min) (p,m/min) 0 

" -" . . ~.' - " 
.. .~ ~. 

490 0.04±0.015 455± 127 0.5 

495 0.48±0.113 225±50 0.8 

500 0.86±0.306 84± 11 1.1 

510 0.94±0.184 25±1 2.0 

520 0.22±0.039 2.5±7.6 5.8 

An estimate of the smallest crystal size that was detectable using optical microscopy 

was -2 f.Lm and this will be used for the value roo Simple calculation for the value 

ro/U' for each temperature, shows that it is equal to or smaller than the uncertainty 

in t: .Thus t: > ro/u and from Equation (2.75) one sees that the actual true time 

axis intercept (actual induction time), t a , is approximately equal to the 
o 

experimental time axis intercept (experimental induction time). Therefore, there is 

a negligible effect on the actual time axis intercept and the number density plots due 

to crystals which are too small to observe. 

4.7.3 Experimental Nucleation Rates 
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The experimental nucleation rates are reported in Table 4.14 using mks units 

along with the calculated errors obtained using standard statistical methods (one 

standard deviation). The experimental nucleation rates are plotted as a function of 

temperature in Figure 4.26 along with the calculated error bars. The dashed curve 

is a second-order polynomial fit to the nucleation data and is given by Is(x106m-3s- l ) 

= -162760 + 644.038T(OC) - 0.63647T(OC)2. This curve places the maximum 

nucleation temperature at -506°C with the nucleation region extending from 490°C 

(the measured glass transition temperature) to approximately 522°C. The maximum 

experimental nucleation rate was found to be 1.57x108m- 3s- 1. 

TABLE 4.14 Experimental steady-state nucleation rates for melt R and the 
associated error 

Temperature (OC) Nucleation Rate ± Error (m-3s- 1 x 106) 
(m-3s- 1x 106) 

" 
... .. . .. 

" "" .' 

490 6.67 2.5 

495 79.5 18 

500 143 50 

510 157 30 

520 36.7 6.5 
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4.8 Experimental Crystal Growth Rates 

4.8.1 Surface Crystal Growth Rates 
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To determine the experimental surface crystal layer growth rate, the depth of 

the crystal layer (from cube surface to crystal-glass interface) was determined as a 

function of time for each temperature investigated. The growth of the surface 

crystalline layer was done using a single-stage heat treatment and the layer was 

polycrystalline. Surface crystal growth rates were determined at four temperatures 

(490,500,510, and 520DC) using melt U and at one temperature, 495DC, for melt R. 

Table 4.15 lists each temperature and its respective time-surface crystal 

thickness pairs and associated error (one standard deviation calculated by taking into 

account the slightly different surface crystal thicknesses in the different photographs). 

Figures 4.27, 4.28, 4.29, 4.30, and 4.31 have the surface crystal thickness as a function 

of time plotted for each temperature listed in Table 4.15. The error bars on each 

point correspond to ± one standard deviation of the surface crystal thicknesses 

measured on each side of the cube. The line drawn through the points was obtained 

by a linear least squares fit to the experimental data. Table 4.16 lists the equations 

for the experimentally determined surface crystal thickness lines for the above listed 

temperatures with the associated correlation coefficients. The growth rates are listed 

in Table 4.18 along with their respective errors calculated using standard statistical 

methods [131]. 
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TABLE 4.15 Surface crystal layer thickness (p,m) ± one standard deviation (p,m) 

Time Melt U Melt R Melt U Melt U Melt U 
(min) 490°C 495°C 500°C 510°C 520°C 

,- • .' ~~p' .,~, " ,~" -- ., ,. 
" ";.-" .. -- . --

110 88±37.2 
120 145±35.8 
130 172± 17.4 
135 240±22.1 
140 246± 15.6 
150 48± 12.9 69± 14.1 
180 64±8.9 106± 14.7 
210 117±12.3 93± 18.3 132±31.9 
240 146± 14.4 111 ±6.8 186± 16.9 
270 162±5.7 147± 13.6 225±24.2 
300 184±20.2 
420 81±5.2 280± 18.6 
480 96±8.3 
600 155±7.6 
720 191 ±7.2 
840 229±5.7 

TABLE 4.16 Linear fit of experimental surface crystal thickness 

Temperature (OC) Equation of Line Correlation Coefficient 
... , .-.- - . . -- , . 

•• ~ "" > -. -- . ~ .,.;, ~ 

490 Tsur = 0.4t-71.2 0.991 

495 Tsur =0.8t-42.7 0.997 

500 Tsur =0.8t-78.9 0.983 

570 Tsur = 1.3t-130.8 0.989 

520 Tsur =5.4t-505.6 0.950 
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4.8.2 Bulk Internal Crystal Growth Rates 

The experimental bulk internal crystal growth was determined by filming a 

growing single crystal, internal to the melt, in real time using a hot stage and 

measuring the crystal length. The experimental internal crystal length (from point-to

point of the bipyramidal crystal) along the c-axis was plotted as a function of heating 

time. The c-axis length was measured selecting crystals for which this axis was 

perpendicular to the optical path. Such crystals exhibit a diamond-shaped cross 

section, while those with the c-axis pointed directly to the observer exhibit a square 

cross section. Crystal growth measurements were ceased when points along the c-axis 

of the crystal began to exhibit defects which subsequently resulted in a change of 

morphology. Bulk internal crystal growth rates were determined at five temperatures 

(490,495, 500, 510, and 520°C) for glass melts CC, R, and U. 

Figures 4.32 and 4.33 show a plot of an internal bipyramidal crystal's length 

along the c-axis in microns plotted versus elapsed time in minutes. One sees that at 

elapsed time equal to zero the linear curve crosses the y-axis at a positive crystal 

length. This is due to the fact that an actual crystal is being filmed so it must at least 

have grown to an observable size and the sample must also be searched to find a 

crystal in the correct orientation to be filmed. Thus, the time axis is arbitrary and 

only corresponds to the length of time over which the crystal growth experiment was 

conducted. As it was difficult to determine the error associated with measuring the 

crystal length, a number of experiments were conducted at each temperature on 
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separate crystals and samples, the data plotted as in Figures 4.32 and 4.33, and the 

growth rates determined from the linear least squares fit to each data set. Each 

growth rate measured is listed in Table 4.17 with its respective temperature and glass 

melt. 

TABLE 4.17 Experimental internal crystal growth rates 

Crystal Growth Rate (p.m/min) 
Temperature 

Melt CC Melt R Melt U (OC) 

490 0.58, 0.37, 0.50 0.41, 0.53, 0.43 0.496, 0.494, 
0.480 

495 0.80, 0.73, 0.53 0.66, 0.69, 0.80 1.033, 0.986, 
0.913 

500 1.0, 0.88, 0.90, 0.80, 1.34, 1.10, 1.278, 0.839, 
0.92,0.98 0.96 1.042 

510 1.55, 1.35, 1.49 2.01 1.929, 1.486, 
1.976 

520 4.2, 3.71, 2.27, 7.24, 4.45, 5.57 4.446, 4.638, 
2.78,3.18 5.313 

4.8.3 Summary of Crystal Growth Rates 

The surface crystal growth rates with their calculated errors (standard 

statistical method using Reference [131] are listed in Table 4.18. Also listed are the 

internal crystal growth rates (average of the different measurements) and their 

associated errors (one standard deviation calculated from the different values). 
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TABLE 4.18 Crystal growth rates for surface and internal (bipyramidal) crystal 
growth in the [001] direction 

Crystal Growth Rates (}.t.m/min) 
Temperature 
(OC) Internal Internal Surface Internal Surface 

Melt CC Melt R Melt R Melt U Melt U 

490 0.5 ±0.1 0.5±0.06 0.5±0.01 0.4±0.02 

495 0.7±0.1 0.8±0.1 0.8±0.1 1.0±0.1 

500 0.9±0.1 1.1±0.2 1.1±0.2 0.8±0.1 

510 1.5±0.1 2.0± 1.4 1.8±0.3 1.3±0.2 

520 3.2±0.8 5.8± 1.4 4.8± 1.7 5.4± 1.2 

Melt CC: 34.0 mole % Li20; Tg = 491°C; 0.009 wt % H2O 
Melt R: 34.4 mole % Li20; ~ = 490°C; 0.019 wt % H2O 
Melt U: 34.4 mole % Li20; 'g = 490.SoC; 0.017 wt % H2O 



5. DISCUSSION 

5.1 Analysis oLthe Nucleation Rate Data 

5.1.1 Bulk Free Energy Calculation 
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To determine the bulk free energy change upon crystallization, AG, one needs 

to know the specific heats of both glass and crystal. The calculation of this data has 

already been discussed in Section 2.3.8. Figure 2.11 shows a plot of heat content (at 

constant pressure) as a function of temperature for both the glass and the crystal 

over the temperature range of the experimentally determined volume nucleation and 

the crystal growth rates measured. As can be seen, the specific heats of the glass and 

the crystal are constant over the temperature range of the experiments. The specific 

heats, Cp' of the glass and the crystal are 0.66 and 0.38 cal/gK respectively, which 

gives a constant value of -0.28 cal/gK for ACp (glass transforming to crystal) and 

allows one to use Equation (2.29) to calculate the change in bulk free energy over 

the nucleation and crystal growth range. Table 5.1 lists the temperature and 

corresponding AG value over the temperature regime studied for both nucleation and 

crystallization. 
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TABLE 5.1 Bulk Gibbs' free energy change upon crystallization for lithium diborate 

Temperature Temperature (K) .&G(caljmole) .&G(J/mole) 
(DC) 

«' •• .. ,n,' " ., .... • ~. ~> .,... ~-" .. - .. , . " -'.:w-. '.-", .1", •• 

490 763 -6152 -25740 

495 768 -6136 -25673 

500 773 -6118 -25598 

505 778 -6099 -25518 

510 783 -6078 -25430 

515 788 -6056 -25338 

520 793 -6032 -25238 

525 798 -6007 -25133 

530 803 -5980 -25020 

535 808 -5952 -24903 

540 813 -5922 -24778 

.&Hm = 28,770 cal/mole or 120,373.68 Joules/mole; T m = 1190K 

5.1.2 Calculation of a, V m' nv' and A 

The Classical Nucleation Theory rates were calculated using Equation (2.31) 

for the liquid-crystal surface tension, a, with a = 1/3; according to Turnbull, a 

typically assumes values in the range 0.33-0.5, with values for non-metallic materials 

usually at the lower end of the range. The molar volume for crystalline Li20· 2B20 3 

can be calculated using, V m = mol.wt./ p, where the molecular weight (mol.wt.) for 
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2.44 g/cm3. This results in a molar volume for crystalline lithium diborate equal to 

69.31 cm3/mole (or V m = 6.93 * 1O-5m3/mole). 

Inspection of Equation (2.23) shows that both the basic crystallizing unit per 

volume, ny, and the 'Jump distance," A, must be defined. The basic crystallizing unit 

per unit volume, ny, is determined by dividing Avogadro's number by the molar 

volume, nv = NA/VM. Therefore, nv = 6.02 * 1023 molecules/mole/6.93 x 10-5 

m3/mole which gives nv = 8.69 x 1027 molecules/m3• The 'Jump distance" is 

estimated by using Krogh-Moe's [94,95] result that crystalline lithium diborate is 

made up of eight formula units of Li20· 2B20 3 in the unit cell. The unit cell 

dimensions are given in Section 2.3.2 which will allow the volume of the unit cell to 

be calculated and this value divided by eight (eight formula units per unit cell) gives 

the volume of one formula unit. This value is estimated to be equal to A 3 giving the 

"jump distance" A = 4.87 A. This same value can also be derived by the relation, 

A 3 = nv -I ,which also gives A = 4.87 A (4.87 x 10-1 Om). Prediction of nucleation rates 

using CNT can now be accomplished. 

5.1.3 Comparison with Classical Nucleation Theory 

Using the results from the last two sections and the viscosity data from Section 

4.4 the CNT rates were calculated. Table 5.2 compares the nucleation rates 

predicted by theory and those found experimentally, and one can see that the 

predicted classical nucleation rates are about 95 orders of magnitude smaller than 

the experimentally determined values; furthermore, selection of a larger value for 
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a(a = 1/2 produces nucleation rate values which are about 361 orders of magnitude 

smaller than experimental values) produces a greater discrepancy between theory and 

experiment. 

TABLE 5.2 Comparison of nucleation rates predicted by Classical Nucleation 
Theory (a= 1/3) and experimental values 

Temperature (DC) Classical (m-3s- l ) Experimental (m-3s- l ) 
'- ". , ~ ~ ~q- '" ' 

v _ • 1, _,' ~, . -,,, .,." - -; " ~ ~-- .. -

490 1.29 x 10-89 6.67x106 

495 5.55 x 10-89 7.95x107 

500 2.00 x 10-88 1.43 x 108 

510 1.73 x 10-87 1.57x108 

520 8.58 x 10-87 3.67x107 

As discussed previously in Chapter 2, the fact that CNT underestimated the 

magnitude of the nucleation rate is not surprising. In the silicate glass systems 

studied this was also the case, but the silicate glasses studied did correlate well to the 

temperature dependence predicted by CNT. Plots of In 117/T vs. 1/(dG)2T (see 

Equation (2.23» did plot linearly, with some glasses exhibiting a small departure 

from linear behavior at low temperatures. However, use of a temperature dependent 

interfacial energy allows one to reconcile theory and experiment completely. 

Table 5.3 lists this data for melt R used in this nucleation study. As one sees from 

this table, a plot of In 171/T vs. 1/(dG)2Twould give a vertical line which would not 
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TABLE 5.3 Data used for analysis of nucleation temperature dependence 
-- - --- ----- --------

Temp. dG(J/mole) (dG) 2 x-axis ry(Pa.s) I (m-3s-1) ryI/T y-axis 
(K) 1/ (dG) 2T In ryI/T 

.~, . ,., . '.', '" -.... ' ~'. ,. .. -~ , ~ '_. '" ~ ,", ",~, ~'~ ," /- " ,: .. • )'>"'. . .. ,,'.;, 

763 -25740 6.63x108 1.978X10-12 7.59X1011 6.67x106 6.64x1015 36.43 

768 -25673 6.59x108 1.976X10-12 2.51x1011 7.95x107 2.60X1016 37.80 

773 -25598 6.55x108 1.974X10-12 8.32x101O 1.43x108 1. 54X1016 37.27 

783 -25430 6.47x108 1.975x10-12 8.91X109 1.57x108 1.79x1015 35.12 

793 -25238 6.37x108 1.980x10-12 9.55X108 3.67x107 4.42X1013 31.42 
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intersect the y-axis and one could not calculate the interfacial energy from the 

slope.The standard method to check the predicted temperature dependence of CNT 

showed that the temperature of lithium diborate glass does not follow CNT. 

The temperature dependence of the nucleation rate predicted by Classical 

Nucleation Theory was then assessed by plotting the normalized experimental 

nucleation rate as a function of temperature together with the results obtained for 

normalized classical nucleation calculations using various values of a for the 

temperature range in which the experimental nucleation rates were non-negligible. 

The results are shown in Figure 5.1. The experimental curve fits a second-order 

polynomial equation, I = - 2462.63 + 6.3256T(K) - 0.00406032T(K)2, which produces 

a maximum nucleation rate at approximately 506°C and gives a very good fit to the 

experimental data. One would expect a to have a value between 0.33 and 0.50, but 

in this range the temperature dependence predicted by Classical Nucleation Theory 

differs substantially from the observed experimental temperature dependence and a 

value of at least 0.60 is necessary for the predicted nucleation curve even to resemble 

the experimental curve. As can be seen this curve does have a maximum at a 

temperature in the vicinity of the experimental value, but the overall fit to the 

experimental data is not very good. Also, the nucleation rates predicted using a = 

0.60 are too small by more than 600 orders of magnitude. The use of larger values 

for a shifts the maximum of the curve slightly toward lower temperatures, but the 

curve still does not match the experimental curve, being much narrower. In addition, 
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the use of larger a values progressively increases the interfacial surface energy, a, to 

values which are unreasonable. 

The interfacial surface' energy was estimated using Equation (2.16) to 

determine the pre-exponential value, A, rather than the approximation, Equation 

(2.17). Equations (2.16) and (2.18) were used in conjunction to calculate the 

interfacial energy at each temperature using successive approximations as a is present 

in both equations. The interfacial surface energy is plotted as a function of 

temperature in Figure 5.2. One sees that aT varies between only -148 - 156 mJ /m2 

which is a much narrower regime than found in the silicates. The shape of the curve 

is somewhat similar to that found by James [10] for lithium disilicate. From the work 

of James and others a value of -151 mJ/m2 is not unreasonable in the glass systems 

previously studied. Given that aT varies only over a very narrow temperature regime 

(arguably aT could be expressed as a single value), it may be that aT is not as 

temperature dependent as people believe or Classical Nucleation Theory is not a 

reliable theory to describe nucleation phenomena. Figure 5.3 is a plot of the 

thermodynamic barrier to nucleation divided by kT as a function of temperature. 

aGc/kT values vary from -37 - 44 and shows the same trend as the surface energy. 

If aT is expressed as a single value, 151 mJ/m2, and is used to calculate the 

nucleation rate (where a= 151 mJ/m2 give a Turnbull a ratio of 0.179), the 

magnitude of the nucleation rate is not too dissimilar to the experimental nucleation 

rates (considering how poorly the predictions are in general), but the predicted 
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temperature dependence is quite poor as shown in Figure 5.4. The dashed curve is 

an exponential fit to the predicted nucleation rate data. 

5.1.4 Comparison to Silicate Glasses 

Comparisons between Classical Nucleation Theory and experiments with 

several simple silicate glasses have also indicated large discrepancies between theory 

and experiment for the magnitudes of the nucleation rates [10,26,28,54,55,59,121]. 

However, the temperature dependence of the experimental rates in these systems 

appears to obey Equation (2.23). The silicate glass compositions studied have 

exhibited the following reduced values: [10,28,121] Tmax/Tmvalues (where Tmaxis 

the temperature at the maximum nucleation rate and T m is the melting temperature) 

are all in the range 0.53 to 0.59; T d/T m values (where T d is the temperature of just 

detectable nucleation (I = 106m-3s- I )J'all in the range 0.62 to 0.64; Tg/Tm values 

fall within the range 0.48 to 0.57; and (Tm-Td)/Tm values (which is the reduced 

undercooling for the onset of homogeneous nucleation) fall within the range 0.33 to 

0.38. James and coworkers [10,28,121] have taken these fairly consistent values to 

be an indication of homogeneous nucleation. These same values for the lithium 

diborate glass system studied here are listed in Table 5.4: the reduced value of T max 

is 0.65 and although this is somewhat higher than those found for the silicate glass 

compositions, one should note that its reduced T g is also higher. In addition, the 

reduced undercooling for the onset of homogeneous nucleation, reduced value of 
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TABLE 5.4 Comparison of Li 20.2B203(LB2) and Li 20.2Si02(LS2) glass systems 
--- --- ---- ------- ----

T~rature COC) Reduced Temperature (K) 

System Tm Tmax Td Tg TmaxITm TclTm Tg/Tm I (Tm-TclTg 
~'~,-'- ". ..~" ••• , _.'v· ~- - ,. ~ ~ ""., . , ~ ", ~ ~'" :-" '-'" , 

LB., 917 510 490 490 0.65 0.64 0.64 0.36 

LS., 1034 454 535 454 0.556 0.618 0.556 0.38 

AGc/kT 6Gc/kT aTCmJ/m2) vmCm3/mole) AG(J/mole) a from aT Viscosity, f] lmax 
System 

(m-3s- 1) (iilT=Tmax (iilT=Td) (iilT=Tmax ) (iilT=Tmax ) (iilT=Tmax ) (Pa.S) 

(iilT=Tmax ) 

LB., -40 -39 151 6.93x10-5 -25430 0.179 _1010 1.57X108 

LS2 -32 -49 146 6.12x10- 5 -24746 0.31 _1011 4.25x109 

I 
[VU ] [AG] 

nv Cformula AHm ACp Molecular IJt. Density, p AG(J/mole)x10-4 AG/V x10-8 I 

System leA) m 

unit/m3) (J/mole) CJ/mole K) (g/mole) (g/cm3) (iilT=T~) (aT=T ) i 

LB., 4.87 8.69x1027 120374 -198 169.12 2.44 -2.6 -3.7 I 

LS., 4.67 9.84x1027 57400 -13 150.04 2.45 [p] -2.2 -3.6 i 
I 

[AG] Same as Reference [54]; AG=-22000 is given in Ref. 121 (IJang & James). 
I 

[Vm] Same as Reference [132]; Vm=6.134x10-5 m3/mole is given in Reference [26]. 

[p] Same as Reference [133] 
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(T m -T d)' is 0.36 which in fact does fall in the above noted range found for silicate 

glasses. The significant point is that Tmax=Tg,as for the silicate systems [10,28,121]. 

As described in the previous section, aT and dGc/kTwere calculated assuming 

the pre-exponential value, A, can be calculated using Equation (2.16). These same 

values have been calculated for the silicate systems and it was found that for all the 

systems .1Gc/kT was -30 at T=Tmax and -50 at T=Td. For lithium diborate 

.1Gc/kT is -40 at Tmax and -39 at Td . As aT is used as a fitting parameter for 

Classical Nucleation Theory it is difficult to make any definitive conclusion on the 

differences observed for .1Gc/kTvalues. Maximum nucleation rates for the silicates 

[10,28,121] are in the range 106 to 1013 m-3s-l~hile the maximum for the borate 

glass composition studied is 1.57 x 108 m-3s- 1 ~hich is in the range of values found 

for the silicate glass compositions. James [121] also notes that the viscosity at T max 

for all the silicate systems is approximately lOll Pa.s, whereas in the borate glass the 

viscosity was approximately 1010 Pa.s; this is consistent with the observation that 

homogeneous nucleation occurs just above Tg [134]. Table 5.4 lists other pertinent 

values for both lithium diborate and lithium disilicate which are important for 

nucleation experiments for comparison. 

The influence of water content on the kinetics of crystal nucleation was not 

directly studied, but as nucleation kinetics are usually similar to crystal growth 

kinetics [10] the following general remarks should be applicable. The glass viscosity 

and crystal growth kinetics were studied on glass melts which varied from 0.009 to 
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0.019 wt % H20. No significant differences were found between the glass viscosities 

and the experimentally measured crystal growth rates were the same for all the 

glasses studied. From this circumstantial evidence it seems likely that these levels 

of water content will have little to no influence on the kinetics of crystal nucleation. 

An increase in the kinetics of crystal nucleation and growth in lithium disilicate was 

found in the range 0.02 to 0.136 wt % H20 [10]. Therefore, for similar effects to 

occur in lithium diborate, it may be necessary to test glasses with higher water 

content. James [10] believes that not only L\GD is affected but also L\Ge, at higher 

temperatures within the nucleation regime, by affecting a. He believes that a is 

decreased by the presence of water in the glass. This would be an interesting area 

to study in the lithium borate glass system. 

'Vang and James [121J point out that at the glass transition temperature the 

viscosity of glasses in general should be close to equal so the observed differences 

in nucleation rates (Equation (2.23» must be attributable to changes in the driving 

force for nucleation, L\G/V m' and the interfacial energy, a. Values for L\G and 

L\G/V m at Tg are listed in Table 2.2 for lithium metaborate/diborate and lithium 

metasilicate/disilicate; corrected values of L\G and L\G/V mat Tg for lithium diborate 

are listed in Table 5.4. James points out that the metasilicate nucleation rate is 

greater than the disilicate which may indicate that the interfacial energy, a, is smaller 

for the metasilicate composition. As James found no evidence of nucleation in the 
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metaborate glass at all, this may indicate that the interfacial energy, a, for the 

metaborate is larger than the diborate composition. 

Finally, the question of whether the bulk nucleation found in this borate glass 

composition is homogeneous or heterogeneous will be addressed. James [10,26] has 

pointed out that in glass compositions known to nucleate homogeneously the 

temperature at the maximum nucleation rate is at or just above the glass transition 

temperature. The borate glass composition studied has its Tmax near 510°C, which 

is just above the measured glass transition temperature (T g = 490°C), conforming to 

this observation. James [10,26,121] has also argued, in the case of silicates, that if 

the nucleation were heterogeneous one would expect that the experimental pre

exponential factor would be smaller (not larger) than the theoretical value. Since the 

experimental pre-exponential terms are always larger than those predicted by theory 

for silicate glasses, this feature is indicative of homogeneous nucleation. For the 

borate glass composition studied, the experimental pre-exponential factor is much 

higher than that predicted by theory, thus making it implausible that the bulk 

nucleation is due to heterogeneous nucleation. Zanotto and Miiller [135] report that 

if the difference in density between a given glass and its crystalline phase is large, 

(fl p / p glass)% > 10%, any observed crystallization likely was initiated by a 

heterogeneous nucleation mechanism. They do show that the above criteria is a 

necessary, but not sufficient, condition for structural similarity and thus homogeneous 

nucleation. The density difference between lithium diborate glass and the crystalline 
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phase is 7.3% which again points to a homogeneous nucleation mechanism. In 

addition, the low impurity level of the borate glass (due to use of very high purity 

starting materials) and the melting procedure (melted in a platinum crucible) used 

are similar to those used in the silicate studies where it was shown to have no effect 

on the nucleation kinetics by any heterogeneous mechanism. Therefore, it is my 

belief that the volume nucleation observed in the borate glass composition studied 

is indeed due to a homogeneous rather than a heterogeneous nucleation mechanism. 

5.1.5 Analysis of Classical Nucleation Theory 

Classical Nucleation Theory may not adequately describe the nucleation 

process. Some of the theoretical assumptions used to derive the theory are likely in 

error. The capillarity approximation (assumes that the nucleus was homogeneous 

and has a sharp boundary with the liquid phase) is likely incorrect for very small 

cluster sizes. When nuclei are made up of a small number of crystallizing units, 

dividing the free energy into bulk and interfacial components should be invalid as the 

interface thickness is on the order of the nuclei size. Bulk thermodynamic properties 

are assigned to nuclei made up of a small number of crystallizing units which may 

also be an invalid assumption. For condensed liquid phase systems, it is assumed 

that interfacial mobility scales directly with the bulk mobility (Le., the diffusion 

coefficient is related to the bulk viscosity by the Stokes-Einstein relation) which has 

not been tested adequately, although present experimental transient behavior 

supports this assumption. 
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In the silicate glass systems studied to date, there is some evidence that 

classical theory correctly predicts some aspects of nucleation in undercooled liquids 

and glasses. The prediction of a critical undercooling is observed (as well in the 

lithium berate glass system). Classical theory allows the interfacial energy, a, to be 

determined from experimental data and the predicted linear dependence of the 

In{IT7/T) VS. 1/{AG)2Tplot is observed over a certain temperature regime. For some 

silicates the predicted linearity fails at low temperatures, however. In this study it 

was found that the predicted temperature dependence does not hold over any 

temperature range for nucleation in the lithium borate glass studied. The transient 

nucleation behavior seems to be predicted well for the silicates. This was not studied 

in the lithium borate glass. The magnitUde of the experimental nucleation rate is 

always many orders of magnitude larger than is predicted by Classical Nucleation 

Theory. This has possibly been corrected by assuming a temperature dependent 

interfacial energy which reconciles classical nucleation data to experimental 

nucleation rates. In the lithium borate glass studied, a temperature dependent 

interfacial energy can be used as a fitting parameter to reconcile both the 

experimental magnitude and temperature dependence to Classical Nucleation 

Theory. This will be discussed more fully in Section 5.2.4 in connection with crystal 

growth data. In addition, Classical Nucleation Theory should naturally "flow" or 

"merge" into crystal growth theory as both processes incorporate the idea of discrete 

addition of crystallizing units at the crystal liquid interface, but this would seem to 
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imply that only normal crystal growth is an extension of Classical Nucleation Theory. 

At present there is no provision in Classical Nucleation Theory that would allow for 

2D surface nucleation or screw dislocation growth which should be an extension of 

nucleation theory. Finally, it is clear that much more investigation and study needs 

to be undertaken in the field of nucleation kinetics. 

5.2 Analysis of the Crystal Growth Data 

5.2.1 Crystal Growth Rates: Surface vs. Internal 

Examining the crystal growth rates in Table 4.18, one finds that within 

experimental error the experimental crystal growth rates are the same for all the 

melts and for both the internal bulk crystal growth and for surface crystal growth. 

Being that lithium diborate is in the tetragonal crystal system and the observed 

morphology is a bipyramidal crystal (a common morphology for the tetragonal crystal 

system), it is a simple matter to determine that the c-axis is the fast axis growth 

direction and to be able to measure it directly. However, determining the fast axis 

growth direction of the surface crystallization by direct observation is difficult. Are 

the similar growth rates fortuitous and what growth axis is actually being measured 

for surface crystallization? This question will be addressed in this section. 

XRD was used to determine the fast axis growth direction of the surface 

crystallization on a melt U glass heated for 135 minutes at 520°C. The fast axis 

growth direction will dictate the crystal orientation as growth proceeds into the bulk. 

Eventually, the crystal orientation will be solely the fast axis growth direction normal 
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to the surface [136]. Figures 5.5 and 5.6 show XRD patterns from 10 to 60 degrees 

28 for a powdered sample from melt U heated for 3.5 hours at 520°C and a solid 

melt U sample that is surface crystallized (heated for 135 minutes at 520°C), 

respectively. Figure 5.7 compares the powder XRD pattern of the melt U glass 

(lower curve) with the pattern from the surface crystallized melt U glass (upper 

curve) from 32 to 42 degrees two theta. Each diffraction peak is labeled with its 

(hkl) value [32,33] and the angle in degrees between the normal to its planes and the 

normal to the (001) planes [137]. One observes that the (hkI) peak, (004), 

corresponding to the c-axis direction is barely noticeable in the powder scan and is 

greatly enhanced in the surface crystal scan, which corresponds to the case when the 

c-axis is oriented normal to the surface and growing into the bulk. Other diffraction 

peaks are seen in Figure 5.7, since crystal nucleation at the surface gives rise to 

random initial orientations. Those crystal directions which are somewhat or nearly 

parallel to the c-axis (angles less than 45°) are enhanced and those closer to being 

perpendicular (angles greater than 45°) are diminished. The result that the c-axis is 

the fast axis growth direction is not surprising as lithium diborate has a tetragonal 

crystal structure. Also, the crystal growth rates can be compared directly as they 

were measured for the same axis. The fact that Nagel [100,119] found the fast axis 

growth direction to be the [100] direction for Li2B40 7 crystallizing from the melt 

seems unlikely due to the present findings. 
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5.2.2 Effect of Water Content, Compositional Difference, and Heat Flow 

Near the Interface on the Growth Rate 

1) Water Content: Comparison of the growth rates (see Table 4.18) shows 

that, within experimental error, the growth rates measured from the surface are the 

same as the growth rates measured in the interior of the glass on bipyramidal crystals 

measured along the c-axis. This is a reasonable result since the fast axis growth 

direction for surface growth is the [001] direction (as confirmed by the surface XRD 

studies). One might expect that the presence of OH- at the surface could accelerate 

the growth rate by breaking up the glass network, which in turn would lower the local 

viscosity and produce a more rapid growth rate. Surface hydroxyl ions do not appear 

to have an appreciable influence on the surface growth rates in the present case, 

since it is observed that the internal growth rates determined by hot-stage 

photomicroscopy are usually somewhat greater than those found experimentally. 

Also, Scherer and Uhlmann [75] found that OH- did not increase the rate of crystal 

growth into the bulk glass when the glass structure was already highly disrupted by 

the presence of a modifying oxide in large concentrations, as is the case for 

Li20·2B20 3. In addition, Franz [98] found that the effect of water content for 

lithium borate glasses of 33 mole % Li20 and higher was negligible on the refractive 

index, density, and glass transition. Thus, the present results are in accord with their 

findings. 
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2) Compositional Differences: Comparing the growth rates in melts CC, R, 

and U one sees that, within experimental error, the growth rates are the same~ Melts 

CC, R, and U have compositions of 34.0,34.3, and 34.9 mole % Li20 respectively. 

Therefore, for small compositional differences the measured growth rates are 

identical (within experimental error). For large differences in composition one would 

expect solute buildup at the interface which would lead to a depression of the 

equilibrium temperature at the interface and thus lowering of the growth rate barring 

large viscosity changes. 

Bulk internal crystal growth was studied in melt Z, 36.3 mole % Li20. Due 

to the compositional difference between Li20· 2B20 3 and the glass (-3 mole % 

Li20) diffusion induced problems in growth were observed. Melt Z did show 

internal crystallization that was Li20· 2B20 3, but the crystal shape was not 

bipyramidal. Instead, the morphology was a type of truncated bipyramid (points 

along what appear to be the c-axis were "cut-off' perpendicular to the c-axis) shape. 

As these crystals grew one could see internal cracks initiate and grow due to the 

crystals being subjected to tensile stress as the crystal has a greater density than the 

glass and during crystallization it contracts. As these crystals become larger the 

center of the crystal faces did not grow as fast as the edges, similar to "hopper 

growth" [129,130] possibly due to diffusion and higher solute buildup near the center 

of the faces. It appears that at compositions in the vicinity of: 35 < x < 36.3 mole % 
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Li20 diffusion effects in crystal growth become important and determination of the 

bulk internal crystal growth rate is not tenable. 

3) Heat Flow Near the Interface: In previous growth studies [100,123] on 

Li20· 2B20 3, at higher temperatures, a large difference in temperature was found 

between the interface and the furnace or "bath" temperature. However, at 

temperatures below -660°C a negligible difference in temperature was found 

between the interface and the bath temperature [123]. This shows that growth rates 

measured below -660°C (which corresponds to growth rates below 20,000 /Lm/min) 

are small enough that the latent heat of crystallization does not limit interface 

advancement due to heat flow effects. Thus, there is very little likelihood that the 

measured growth rates are in error due to a difference between the interface and the 

furnace bath temperature produced by the latent heat generated upon crystallization. 

5.2.3 Comparison to Crystal Growth Mechanisms 

In all cases the crystal size versus time plots for both surface and internal 

crystal growth measurements exhibit linear behavior, which is indicative of an 

interface controlled crystal growth mechanism and a steady state growth rate. To 

determine the crystal growth mechanism the reduced growth rate, UR (see Equation 

(2.54» defined by Jackson, Uhlmann, and Hunt [12], was plotted versus the 

undercooling, .1 T, for all the glass melts (internal and surface) studied over the 

restricted temperature regime from 490 to 520°C. Table 5.5 lists the temperature, 

undercooling, growth rate, driving force for crystal growth, and the reduced growth 
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TABLE 5.5 Data for reduced growth rate versus undercooling plots 

Melt Temp. (Oe) Temp. (K) ~T Growth [1-exp UR 
(Tm-T) Rate (-~G/RT)] 

(cm/sec) 
. ~'. ~: ""', ~ ;-" : ~ " , ~, , , .... '.' ." ., .. .... -!"'" " ~. " i' 

ee, Internal 490 763 427 8.33X10-7 0.9827 7.437X106 

ee, Internal 495 768 422 1.17X10-6 0.9821 3.567X106 

ee, Internal 500 773 417 1.50x10-6 0.9814 1. 571x106 

ee, Internal 510 783 407 2.50x10-6 0.9799 3.073x105 

ee, Internal 520 793 397 5.33x10-6 0.9783 7.695x104 

R, Internal 490 763 427 8.33x10-7 0.9827 6.510x106 

R, Internal 495 768 422 1. 33X10-6 0.9821 3.427X106 

R, Internal 500 773 417 1.83x10-6 0.9814 1.550x106 

R, Internal 510 783 407 3.33x10-6 0.9799 3.051X105 

R, Internal 520 793 397 9.67X10-6 0.9783 9.581X104 

R, Surface 495 768 422 1. 33x10-6 0.9821 3.427x106 

U, Internal 490 763 427 8.33x10-7 0.9827 8.483x106 

U, Internal 495 768 422 1.67X10-6 0.9821 5.187X106 

U, Internal 500 773 417 1.83x10-6 0.9814 1.815X106 

U, Internal 510 783 407 3.00X10-6 0.9799 3.389x105 

U, Internal 520 793 397 8.00x10-6 0.9783 1.210X105 

U, Surface 490 763 427 6.67x10-7 0.9827 6.786X106 

U, Surface 500 773 417 1. 33x10-6 0.9814 1. 320x106 

U, Surface 510 783 407 2.17X10-6 0.9799 2.448x105 

U f Surface 520 793 397 9.00X10-6 0.9783 1.361X105 
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rate for each melt. In all cases, these plots produce curves of increasing positive 

slope suggestive of a 2D surface nucleated growth mechanism. Figure 5.8 shows all 

the crystal growth data from melts CC, R, and U plotted in the reduced growth rate 

versus undercooling format. The error bars shown for each point are calculated from 

the error in the experimental growth rate and are ± one standard deviation. One 

clearly sees an increasing positive slope; the solid curve is an exponential fit to the 

combined data to aid the eye. 

Combining Equations (2.50) and (2.53) gives the following relationship for 2D 

surface nucleated growth 

U2D = - exp -- ,with b = --Cb ( -B ). kT 
"TIl.T 31tA3 

with the values already defined in Section 2.2.1. One sees that for the case of 2D 

surface nucleated growth a plot of log (U 17) vs. l/T Il. T should produce a straight line 

of negative slope. The data, for both internal and surface crystal growth, exhibits 

such behavior over the restricted temperature regime, in accordance with the 2D 

growth model. Table 5.6 lists the temperature, undercooling, growth rate, viscosity, 

and the log of the growth rate times the viscosity for each melt (for internal and/or 

surface crystal growth). The viscosity was calculated from each melt's respective best 

fit viscosity curve equation (see Section 4.4). Figure 5.9 shows all the crystal growth 

data from melts ce, R, and U (internal and/or surface) plotted as log (U17) versus 

106 /TIl. T. The error bars shown for each point are calculated using the error in the 
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TABLE 5. 6 Crystal growth parameters, for both internal and surface growth, for melts 
CC, R, and U 

Melt 

CC, Internal 
CC, Internal 
CC, Internal 
CC, Internal 
CC, Internal 
R, Internal 
R, Internal 
R, Internal 
R, Internal 
R, Internal 
R, Surface 
U, Internal 
U, Internal 
U, Internal 
U, Internal 
U, Internal 
U, Surface 
U, Surface 
U, Surface 
U, Surface 

Temp. 
(K) 

763 
768 
773 
783 
793 
763 
768 
773 
783 
793 
768 
763 
768 
773 
783 
793 
763 
773 
783 
793 

~T 
(Tm-T) 

427 
422 
417 
407 
397 
427 
422 
417 
407 
397 
422 
427 
422 
417 
407 
397 
427 
417 
407 
397 

U 
Growth 
Rate 

(cm/sec) 

8.33X10-7 

1.17x10-6 

1.50X10-6 

2.50x10-6 

5.33x10-6 

8.33x10-7 

1. 33X10-6 

1. 83x10-6 

3.33X10-6 

9.67X10-6 

1.33x10-6 

8.33x10-7 

1.67X10-6 

1. 83X10-6 

3.00X10-6 

8.00X10-6 

6.67x10-7 

1. 33x10-6 

2.17X10-6 

9.00x10-6 

TJ 
Viscosity 

(poise) 

8.77X10'2 
3.00X10'2 
1.03X10'2 
1. 20x10" 
1.41x10'o 
7.68X10'2 
2.52xIO'2 
8.30X10" 
8.97x10'o 
9.70X109 

2.52x10'2 
1. 00x10'3 
3.06x10'2 
9.72x10" 
1. 11x10" 
1. 48x10'o 
1. 00X10 13 

9.72X10" 
1. 11x10" 
1. 48x10'o 

U x TJ 
(cm. 

poise/ 
sec) 

7.32X106 

3.50x106 

1.54X106 

3.01x105 

7.53x104 

6.40x106 

3.37X106 

1. 52x106 

2.99x105 

9.37X104 

3.37X106 

8.33x106 

5.09X106 

1. 78X106 

3.32X105 

1. 18X105 

6.67X106 

1. 32x106 

2.45x105 

1. 36x105 

log(UTJ) 

6.864 
6.544 
6.188 
5.479 
4.877 
6.806 
6.527 
6.182 
5.476 
4.972 
6.527 
6.921 
6.707 
6.251 
5.521 
5.073 
6.824 
6.112 
5.380 
5.124 

1 06/TAT 

3.07 
3.09 
3.10 
3.14 
3.18 
3.07 
3.09 
3.10 
3.14 
3.18 
3.09 
3.07 
3.09 
3.10 
3.14 
3.18 
3.07 
3.10 
3.14 
3.18 
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FIGURE 5.9 Log (Ury) versus 106/TllT for both internal and surface growth 
measured in melts CC, U, and R. Error bars are ± one standard 
deviation 
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growth rate (see Section 4.8.3). The line is a linear least squares fit to all the data 

and is given by log (U71) = - 17.214(106 /T4 T) + 59.654. As seen in Figure 5.9, 

within experimental error the crystal growth data over the restricted temperature 

regime of 490 to 520°C fits the 2D surface nucleated growth model. 

If the crystal growth data from this study is combined with Nagel's [100] and 

Herron's [123] data, however, in order to view the crystal growth behavior over a 

wider temperature range, different behavior is found. Figure 5.10 shows a plot of log 

(U71) versus 106 /T4 T over the extended temperature range from 490 to 660°C. The 

solid circles, open circles, open squares, open triangles, open diamonds, and solid 

triangles represent the results of Nagel, melt U surface, melt U internal, melt R 

internal, melt CC internal and Herron, respectively. The crystal growth data of 

Nagel and Herron is given in Table 2.3 and the viscosity was calculated using 

Equation (4.1). 4G values were calculated using a 4Cp value found by plotting heat 

content versus temperature data from Smith and Rindone [105] over a larger 

temperature regime (see Figure 5.11). As can be seen, the use of crystal growth data 

over an extended temperature regime indicates curvature or two linear regions which 

are similar to that found in the analysis of other borate and silicate glasses [11,138-

140]. Explanations for this type of behavior which have been offered are (1) a 

transition to transport-rate controlled growth, or (2) a morphological change at large 

undercoolings. Nagel [100] postulated that crystal growth in Li20· 2B20 3 may 

change from 2D growth to normal growth at larger undercoolings (T < 697°C). Both 
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explanations, to this author's understanding, are essentially the same. Transport-rate 

controlled growth corresponds to the growth being limited only by transport of the 

crystallizing unit to the interface determined by the mobility term. This is a 

transition to a normal growth mechanism. 

The observed positive curvature In the reduced growth rate versus 

undercooling plot (Figure 5.8) over the restricted temperature regime shows that 

crystal growth does not proceed by a normal growth process. The possibility of a 

growth mechanism change has been postulated for other high entropy of fusion 

materials [141]. However, Meiling and Uhlmann [76] showed conclusively that this 

was not the case for Na20. 2Si02, and argued effectively that this would be an 

unlikely scenario for a high entropy of fusion material such as sodium disilicate. 

Since Li20·2B20 3 is a high entropy of fusion material (l1Sm = 12.17R), Meiling and 

Uhlmann's arguments pertain to the present case. 

The morphology of the bulk crystallites is also a strong argument against a 

change from 2D growth to normal growth at undercooIings below 697°C. The initial 

shape of the crystallites are smooth, faceted, bipyramidal crystals. This is an 

expected morphology for a crystal in the tetragonal system with a high entropy of 

fusion. The Jackson, Uhlmann, and Hunt growth models for interface-controlled 

growth predict smooth interfaced, faceted crystals for this system which is observed 

in the initial crystal morphology. The growth measurement along the c-axis, for these 

bipyramidal crystals, gives the same growth rate found for the surface crystal growth 
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(at the same temperature). Therefore, one would expect that the same growth 

mechanism must be operative. The eventual change in morphology of the internal 

crystals from a bipyramidal crystal to a "dumbbell" shaped crystal and eventually to 

a spherulitic shape is not well understood to date and will be discussed further in 

Section 5.2.5. 

5.2.4 Comparisons Between Experimental and Calculated Crystal Growth 

Rates 

Reviewing Section 2.2.l.c, 2D Surface Nucleation Growth, one sees that if 

In(U T]) is plotted versus liT 11 T (similar to Figure 5.10) except for the constant 2.303) 

theory predicts a linear relation and as discussed in the previous section usually two 

linear regions are found experimentally. The slope of these linear regions is given 

by Equation (2.52) and upon inspection the only value not known is the edge surface 

free energy of the two-dimensional nucleus, aE' which one would expect to be similar 

to the homogeneous interfacial surface energy as the growth rates were purposely 

measured over the temperature regime of homogeneous nucleation. Plots similar to 

Figure 5.12 were used to calculate the slope and thus values for aE. Table 5.7 gives 

the equation of each line for melts CC, R, and U (calculated using a linear least 

squares fit to the experimental crystal growth data) along with the correlation 

coefficient and the calculated value for aE. A compilation of all experimental crystal 

growth data for melts CC, R, and U is also used to calculate a value for aE. The 

edge surface free energy values, aE' are all about 1280±20 mJ/m2. aE for melt R 
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is 1263 mJ 1m2 compared to 151 mJ 1m2, the interfacial surface energy for 

homogeneous nucleation calculated in Section 5.1.3. The GE value is approximately 

an order of magnitude greater than GT over the same temperature region, that of 

homogeneous nucleation. This high a value for GE is extremely unlikely. The gram 

atomic edge surface energy is obtained from the following equation [140] 

(5.2) 

and when the gram atomic edge surface energy is compared with the molar heat of 

fusion 

(5.3) 

one would expect that the liquid-crystal surface energy per molar heat of fusion ratio 

would be similar to those values obtained from nucleation experiments on non-

metallic materials which is = 1/3 (see Section 2.1.1.e). The melt R value for GEM 

is 179925 J/mole with GEM/liHM = 1.49. Again, this is not a reasonable value for 

GEM within the homogeneous nucleation temperature regime. 
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TABLE 5.7 Equations of lines, correlation coefficients, and uE values for In(UT7) 
versus l/Ta T plots: melts CC, R, and U 

Melt Equation of Line Correlation uE(mJ/m2) 
Y:ln(UT7) vs. X:1/TaT Coefficient 
(m/sec)(Pa.s) (K-2) 

.'. ~.,~,.~ -'-',- .. ~ - .. ', ~" . -.-.-~-. -. ' ~ .<. -<~-."~ .-~ " • ., L.l 

CC, Internal Y =-4.315x107X + 150.482 0.996 1306 

R, Internal Y =-4.035x107X + 141.766 0.993 1263 

U, Internal Y =-4.153x107X + 145.688 0.982 1281 

U, Surface Y =-3.736x107X + 132.430 0.951 1215 

All Data Y =-4.079x107X + 143.184 0.976 1270 

). =4.87x10- 10m; V m =6.93xlO-5m3 /mole; Tm = 1190K 
k= 1.3805xlO-23Joules/K; AHm = 120373.68 Joules/mole 

TABLE 5.8 Comparison of ~rowth rates: 2D Surface Nucleation (B=40350864; 
uE = 1263 mJ /m ) and Melt R, Internal 

Temperature (OC) 2D Surface Nucleationa Experimental b 
(m/s) (m/s) 

... ... " .. .. . ~, "'. ... .. ~ ~" - ..• . - .. -
490 1.14xlO-68 8.33xlO-5 

495 1.81xlO-68 1.33xlO-4 

500 2.82xlO-68 1.83xlO-4 

510 6.27xlO-68 3.33xlO-4 

520 1.24xlO-67 9.67xlO-4 

aln(UT7) versus l/TAT Y intercept equals -6.31 ± 0.0007 
bln(UT7) versus l/TAT Y intercept equals 141.76 ± 0.2 

. .. 
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Crystal growth rates were calculated using the 2D surface nucleation growth 

model and Equations (2.50),(2.51),(2.52), and (2.53). The number of atoms per unit 

area, Ns' was taken as (nv)2/3(number of crystallizing units per unit volume2/ 3), the 

gamma function of 4/3, r(4/3), was determined by a mathematical numerical 

solution and is =0.89298, and using a gas constant, R, of 8.3144 1IK·mole. 

Table 5.8 lists the experimental crystal growth rates for melt R, internal and the 

values calculated using the 2D surface nucleation growth model for which the melt 

R viscosity equation was used (see Section 4.4) and B =40350864 (aE = 1263 mJ 1m2) 

(the value obtained from the experimental slope of the In(u17) vs. 1/TAT plot). On 

inspection of the growth rates one sees that the 2D surface nucleation growth model 

under predicts the experimentally measured growth rates by about 64 orders of 

magnitude. This would make b (Equation (2.53), Section 2.2.1.d) larger by sixty-four 

orders of magnitude as opposed to one [74,75] to two [76] orders of magnitude larger 

found in other glass systems. It is interesting to note that the crystal growth rate for 

lithium diborate glass, at the glass transition temperature, is non-negligible which 

goes against the generally accepted idea that "molecular" rearrangement at such high 

viscosities is unlikely. Furthermore, it appears that crystal growth may likely occur 

at temperatures below the glass transition. 

As mentioned earlier aE is the only value not known in the 2D surface 

nucleation growth model. If aE were known, then the crystal growth rate could be 

calculated without having to use experimental data. It was discussed in Sections 2.1.5 
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and 5.1.5 that a temperature dependent liquid-crystal interfacial surface energy can 

be used as a fitting parameter to reconcile both the experimental magnitude and 

temperature dependence of nucleation to Classical Nucleation Theory. As aE should 

be equivalent to the liquid-crystal interfacial surface energy, a, melt R experimental 

nucleation rates will be reconciled with Classical Nucleation Theory using a 

temperature dependent surface energy, aT' (see Figure 5.2) and aT used to test the 

2D surface nucleation growth model. 

The experimentally determined nucleation rates for melt R are shown in 

Figure 5.13 with Figure 5.4 overlayed showing that a constant surface energy cannot 

predict both the magnitude and temperature dependence for nucleation within the 

framework of Classical Nucleation Theory. Also shown in Figure 5.13 is that a 

temperature dependent surface energy, uT=71392.2 - 416.932 T(OC) + 

0.812503 T2(OC) + 5.27228 x lO-4r\oC), provides an excellent representation of the 

experimental nucleation rates. For melt R both experimental crystal nucleation and 

growth data were measured over the same temperature regime so the third-order 

polynomial expression for aT is used in the 2D surface nucleated growth model to 

compute crystal growth rates. The results are shown in Figure 5.14. Neither the 

magnitude nor the temperature dependence of the growth rate is given correctly by 

the theory. Also shown in Figure 5.14 is the magnitude and temperature dependence 

predicted using the constant value for the surface energy, 151 mJ/m2. The reduction 

in discrepancy in the magnitude of the predicted growth rates (ten orders of 
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magnitude compared to 64) is not related to using a temperature dependent surface 

energy as its curve is virtually identical to the curve computed using a constant value 

of surface energy. For the 2D surface nucieated crystal growth model, unlike the 

situation for crystal nucleation, the surface energy cannot be used to produce 

agreement between theory and experiment. 

Inspection of Figure 5.10 shows two linear regions in the log (U ry) versus 

l/TAT plot discussed earlier. The two lines were calculated using a linear least 

squares fit to the data (split into two groups, both of which excluded the four points 

above and to the right of the "bend"). Computer simulations of crystal growth [142] 

have noted that log (Ury) versus l/TAT relations do have larger slopes at higher 

undercoolings than at lower undercoolings. The behavior observed for lithium 

diborate occurs over a very small temperature range as opposed to other glass 

systems which exhibit this behavior from the glass transition, T g' to the melt 

temperature, T m' Table 5.9 lists the equation of the line for both the "low" and 

"high" temperature regions with the calculated aE for each region. The "low" 

temperature region includes all data points (this study and Herron'S) from 490 to 

559.4°C. The "high" temperature region includes all data points (Nagel and Herron) 

from 599 to 660.3°C. Also, listed are the gram atomic edge surface energies and this 

value compared with the molar heat of fusion. 
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TABLE 5.9 Equation of line, edge surface energy, gram atomic edge surface energy, 
and uEM compared to the molar heat of fusion for both "low" and "high" 
crystal growth data (see Figure 5.10) 

Temperature Equation of Line uE uEM uEM/J1Hm 
Region Y:ln(UTJ) VS. X:1/TJ1T (mJ/m2) (J/mole) 

(m/sec)(Pa.s) (K-2) 
,- ~"- ""'.~ .. ~ ,.. "~'.'-'" '" "'-" ~ . • ~ r" -, _. ~-" "~~ ", ~. ":' .. -" ~ '.~ .. 0 z·'~ " 

., 

"Low" Y =-2.669x107X+99.433 1027 146305 1.22 
"High" Y =-1.704x106X+ 13.802 259 36897 0.31 

Calculation of the growth rates using the 2D surface nucleation growth model 

for the combined experimental growth rate data in the "low" temperature region was 

done using the experimentally determined value of uE = 1027 mJ /m2 and the value 

uT= 151 mJ/m2 (calculated from CNT in the same temperature region) so that these 

predicted crystal growth rates could also be compared to the experimentally 

measured growth rates. Table 5.10 lists the temperature, the predicted crystal growth 

rates (using both uE = 1027 mJ/m2 and uT= 151 mJ/m2) and the experimentally 

measured internal crystal growth rates from melt R. The 2D surface nucleation 

growth model still predicts crystal growth values which are many orders of magnitude 

too small for the values of uE "low" and uT' approximately 45 and 10 respectively, 

when compared to experimental crystal growth data. Again, the gram atomic edge 

surface energy and the reduced uEM values in the "low" temperature region (region 

in which homogeneous nucleation occurs) are much higher than theory would predict. 

The gram atomic surface energy value for uT' uTM' is 21,511 J/mole making the 

reduced value, uTM/dHm, equal to 0.179 which is much lower than one 
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would expect using Turnbull's approximation empirically determined in the 

temperature region of homogeneous nucleation. The same values in the "high" 

temperature region seem to agree well with accepted theory, but we know that 

homogeneous nucleation does not occur in this region. I believe that this agreement 

is just fortuitous. It was suggested that the difference in size between the critical 

radius of the nucleus at small and large undercoolings may account for the two linear 

regions. It is unlikely that this is the cause for the two linear regions in the case of 

lithium diborate. Table 5.11 lists the temperature, .!1 G value, and the critical radius 

of the nuclei, re, (using Equation (2.6b) and 151 mJ/m2 for the interfacial surface 

energy found in Section 5.1.3). The change in rc from -8 to IDA is extremely small 

and thus unlikely to be the cause of the observed break in the experimental crystal 

growth data. From these findings it appears that the Boltzmann statistics used in the 

2D surface nucleation growth model do not represent the distribution of crystal 

embryos on the interface in the large undercooling region where one would expect 

that the edge surface energy of a nuclei should be similar to the interfacial surface 

energy of the nuclei where homogeneous crystal nucleation occurs. A previous study 

[140] found that the model did not hold up well in the small undercooling region; 

therefore, it may be that any agreement with the model is fortuitous. 
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TABLE 5.10 Comparison of growth rates: 2D surface nucleation growth model (with 
aE = 1027 mJ 1m2) and aT = 151 mJ 1m2) predictions and experimentally 
measured melt R, internal crystal growth rates 

Temp. 2D Surface Nucleation, 
(1027 mJ/m2): (m/s) 

2D Surface Nucleation, 
(151 mJ/m2): (m/s) 

Experimental 
(DC) (m/s) 

,. '4 _. " '-," . , • p. 0"':"" , .. ", ~ ~'\~ .. 

490 1.82xlO-5O 1.19xlO- 15 8.33xlO-5 

495 3.62xlO-5O 3.60x10- 15 1.33 x 10-4 

500 7.08xlO-5O 1.09xlO- 14 1.83xlO-4 

510 2.56x10-49 1.00xlO- I3 3.33xlO-4 

520 8.60xlO-49 9.17xlO- 13 9.67xlO-4 

TABLE 5.11 Calculation of the nuclei critical radius (Eqn. (2.6b) 
with a= 151 mJ/m2) 

Temperature (DC) .1G (J/mole) rc (m) rc(A) 
. - -

490 -25,740 8.13xlO- 10 8.13 

560 -24,690 8.48xlO- IO 8.48 

600 -23,211 9.02xlO- 10 9.02 

660 -20,249 1.03xlO-9 10.34 

5.2.5 Discussion of the Observed Morphology Change 

'" .. -.. 

Determining the mechanisms of morphology evolution generally requires a 

detailed investigation. The following ideas related to crystal morphology evolution 

in lithium diborate are only speCUlative, as such a detailed study has not been 

undertaken. Many of the ideas were formulated in discussions with M.C. Weinberg, 

K.A. Jackson, and D.R. Uhlmann. I hope that these thoughts may be useful in 
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advancing the understanding of spherulitic growth [143] which to date is poorly 

understood, and hopefully to stimulate work in this area by those listed above. 

As mentioned previously, crystal growth measurement data on the bulk 

internal bipyramidal crystals were ceased when the crystal points along the c-axis 

began to exhibit defects which subsequently resulted in a change of morphology to 

a "dumbbell" shaped crystal and eventually to a spherulitic morphology. Figure 5.15 

shows a plot of crystal size (end-to-end) plotted versus elapsed time for two different 

internal crystals, both melt R, for growth temperatures of 490 and SOO°e. One sees 

an initial linear growth region which corresponds to growth of a bipyramidal crystal 

along the c-axis and then a "break" in the growth rate, leading to an increase in the 

growth rate, as the "dumbbell" morphology begins. The growth measurement along 

the c-axis, for the bipyramidal crystal, gives the same growth rate found for the 

surface crystal growth. However, (it is postulated that) as the internal crystal grows 

(at these large undercoolings) the tensional stress increases due to the specific 

volume change upon crystallization. Mechanical strains produced at the tips of rod

shaped metal particles, at the substrate glass interface, have been shown to produce 

spherulitic growth [144]. This would give rise to cracking of the internal crystals, 

which has been observed in real time for melt Z. The stress would be greatest at the 

points of the crystal along the c-axis. It seems likely that as the bipyramidal crystal 

gets larger, the stress at the points along the c-axis increases to the point where a 

crack will form which would expose a number of potential nucleation sites of 
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different crystal orientations. Gilmer and Jackson [145] showed that materials 

exhibiting faceted growth at small undercoolings can exhibit non-faceted growth at 

very large undercoolings (transition from anisotropic to isotropic growth). The 

present internal crystals could display a similar transition if newly exposed nucleation 

sites with different crystal orientations begin to grow (e.g., at a crack). The growth 

of some of these orientations could give rise to larger growth rates. The 

experimental crystal growth rate does increase as the bipyramidal crystals begin their 

morphological change. This type of mechanism might explain the transition from a 

smooth, faceted crystal to a spherulitic internal crystallite. 

Figure 5.16 shows eight individual SEM photographs of crystallites in various 

stages of growth from a melt U glass cube heated for 140 minutes at 520°C. The 

cube was cut in half, optically polished, and then etched for 30 seconds in a 1.6% 

hydrofluoric acidj distilled water solution. Figure 5.17 is a continuation of the stages 

of growth from a melt U glass cube heated for 14 hours at 490°C and processed as 

described above. One sees the general morphology discussed previously in this work. 

When first observable the small internal crystallites are bipyramidal in shape with a 

square cross section when the c-axis is pointed at the observer and a diamond-shaped 

cross section when the c-axis is perpendicular to the observer. As time progresses, 

the points along the c-axis develop defects (may develop at different times) which 

eventually give rise to the "dumbbell" shaped morphology and then eventually to a 

spherulitic morphology. The unusual morphology of the etched crystallites may be 
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(a) (b) 

(c) (d) 

SEM photographs of crystals in various stages of growth from 
a melt U glass cube heated for 140 minutes at SOO°e. Growth 
progression would start at (a) and continue through (h) 
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(e) (f) 

(g) (h) 

FIGURE 5.16 ( continued) 



FIGURE 5.17 

231 

(a) 

(b) 

SEM photographs of crystals in the latter stages of growth from 
a melt U glass cube heated for 14 hours at 490°C. Both (a) 
and (b) show crystallite progressing from the "dumbbell" 
morphology to a spherulitic morphology 
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due to an etching artifact; however (in a private communication with K.A. Jackson), 

it is believed that the etched morphology is real and due to the internal crystals being 

"imperfect single crystals." At any rate the pictures do show the progression of crystal 

morphology observed in real time using the hot-stage photomicroscopy apparatus. 

The morphology of the Li20. 2B20 3 surface crystals were found to be 

spherulitic in nature at the earliest detectable times. They eventually became 

columnar-like, with a growth front parallel to the initial glass face and the c-axis (fast 

axis growth direction) growing normal to the surface. The surface growth is initiated 

from randomly oriented nucleation sites (as evidenced by the XRD pattern, 

Figure 5.7) which quickly covers the entire surface of the glass. The growth 

directions other than the c-axis growing into the glass interior will soon be overtaken 

by the faster growing c-axis, and any change in orientation by non-c-axis areas to 

align themselves with the fast growth axis would promote a spherulitic morphology 

(as well as the surface crystals being unconstrained and easily able to grow in any 

direction) as opposed to a single crystal morphology. Thus, at longer times one 

measures the fast growth c-axis direction as the crystal growth is constrained to the 

normal leading to a growth front parallel to the initial glass surface. The reason that 

the surface crystal growth rate does not increase at longer times is likely because as 

the surface crystal layer grows it is not constrained on all sides as are the bulk 

internal crystals and it relieves the stress by the outer surface moving inward and 

cracking as the surface crystalline layer grows. In this manner the c-axis growth rate 
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remains constant. This would also explain the observation that when cooled, the 

surface crystallization is easily "spalled" from the rest of the remaining glass cube. 

Figure 5.18 shows a small crystalline area on a glassy surface of a melt U 

viscosity sample. The crystalline area appears spherulitic and the glass-crystal 

interface shows columnar-like growth similar to other high entropy of fusion 

materials exhibiting highly anisotropic growth (private discussion with D.R. 

Uhlmann). Figure 5.19 shows the early stages of surface crystal growth on a melt U 

viscosity sample. The rectangular sample was cleaved through an area of early 

surface crystallization and the pictures are taken of the fractured surface which is 

perpendicular to the long axis of the viscosity specimen. The pictures are mirror 

images of each other with one side unetched and the other half of the sample being 

etched for 30 seconds in a 1.6% hydrofluoric acid/distilled water solution. One can 

see the growth axis orienting itself perpendicular to the glass surface and the cracks 

evident in the surface crystalline areas. The crystal-glass interface is magnified for 

both the unetched and etched samples with the etched sample again showing the 

columnar-like morphology which is common for very anisotropic growth making it 

unlikely that it is an etching artifact (although still a possibility). Finally, Figure 5.20 

shows an internal spherulite in a melt U glass cube heated for 14 hours at 490°C next 

to the surface crystal-glass interface. One sees that the surface crystal interface is 

flat; it is also parallel to the glass cube surface and the morphology is the same as 

those observed at short times. The lower picture of the magnified, etched, 
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(a) 

(b) 

SEM photographs of a small crystalline area on a glassy surface 
of a melt U viscosity sample (a) with a higher magnification 
shot at the crystal-glass interface (b) 
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(a) (b) 

(c) (d) 

SEM photographs from a melt U viscosity sample which was 
fractured through a region of early surface crystallization. 
Pictures (a) and (b) are mirror images of the same fracture 
surface. Pictures (a) and (c) are unetched with (c) being a 
magnified picture of the crystal-glass interface. Pictures (b) and 
(d) are etched with (d) being a magnified picture of the crystal 
glass interface 
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spherulite-giass interface shows that the morphology of the spherulitic internal 

crystals appears to be the same as the surface crystal growth, but with a more 

random orientation. 

5.3 Analysis of the Viscosity Data 

The temperature function of a kinetic process, such as viscosity, can be 

described as an activated process [146] by 

and taking the natural log gives 

T} = K exJ~l 
1(R1) 

(5.4) 

(5.5) 

E7] is the activation energy of viscosity and represents the magnitude of the energy 

threshold to overcome so that rearrangement of the liquid can occur. This relation 

holds for In TJ versus liT data which yields a straight line. Glasses which have a 

steep viscosity curve (usually in the range of 105 to 108 Pa.s) are designated as "short 

glasses" because as this glass cools through this "working range" one has only a short 

time in which processing of the glass is possible. Glasses with a more "shallow" 

viscosity curve in this region are called "long glasses" as they can be processed for a 

longer time for a similar cooling rate. Short glasses will have a large value for Er} 

and long glasses will have a small value for Er}' Usually the above equations are 

approximately valid at very high or very low viscosities. Other equations which more 
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(a) 

(b) 

SEM photographs from a melt U glass cube heated for 14 hours 
at 490°C. Picture (a) shows a large internal spherulite which 
has evolved from a "dumbbell" shaped crystal, (b) magnified 
edge of the spherulite-glass interface which shows a more 
random orientation. This glass cube has been etched 
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closely model glass viscosity over a wide temperature regime have already been 

discussed in Section 2.3.9. 

Figure 5.21 shows a plot of In 71 versus liT for melts CC, R, and U. Over the 

temperature from -485 to -525°C this viscosity data produces straight line behavior. 

The lines shown in this figure were calculated using a least squares fit to the 

experimental data. The melt, the equation of the line, the correlation coefficient, 

and the activation energy of viscosity are listed in Table 5.12. The activation 

energies, E7]' are all approximately 1100 kJ/mole. Although the activation energy, 

E7]' cannot be directly related with binding energies, it is still a useful comparison. 

The strengths of B-O and Si-O bonds are both on the order of 400 kJ Imole, while 

E7] for a Si02 melt is -710 kJ/mole and that of a B20 3 melt is -310 kJ/mole. For 

this reason it is thought that few bonds are broken during viscous flow, but atoms 

instead move through positions that are quite far from their equilibrium position. 

At low temperatures the viscosities of alkali borate glasses are found to be a function 

of field strength (inverse ionic radius) of the alkali cation [147]. For example, the 

glass transition temperature, Tg (near log 71(Pa.s) = 12.0), is 257°C for B20 3, and 

420°C, 450°C, and 480°C for alkali borate glasses containing 20 mole % of Cs20, 

Na20, and Li20, respectively. Thus, activation energies, E7]' measured for melts CC, 

R, and U seem to be high in the temperature regime of homogeneous nucleation and 

crystal growth rate measurements and therefore cannot explain the high nucleation 

and crystal growth rates found experimentally. 
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TABLE 5.12 Equation of the line, the correlation coefficient, and the activation 
energy of viscosity for melts CC, R, and U from Figure 5.21 

Equation of Line Correlation E,., 
In 17 vs. l/T Coefficient (kJ/mole) 

Melt (Pa.s) (K- 1) 
'" ,., .. ~ " . , '~.' ' .~ '<;.'<\..,,- ,'.',ff,.· '. ,~< '. "I ,_¥~, _ ,0-' . .',~-" ~" 

CC In 17 = 1.288 x 1051 1-141.266 0.996 1070 

R In 17 = 1.348x105T- I-149.324 0.997 1121 

U In 17 = 1.296x105T- I-142.299 0.998 1077 

'" 
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6. CONCLUSIONS 

1. Li20· 2B20 3 is the sole crystallizing phase in all cases and melts studied. 

2. A) Empirically determined characteristics of homogeneously nucleating 

silicate glass systems: 

1. T max/T m -0.53-0.59 

2. T g/T m -0.48-0.57 

3. T d/T m -0.62-0.64 

4. (Tm-Td)/Tm -0.33-0.38 

5. I -106 - 1013m-3s-1 max 

6. Reduced densities (Il p / p glass %) are all below 10%. 

but the reduced ratios are approximately equal, as for the silicates, 

showing that homogeneous nucleation occurs near T g which is the case 

for the silicates. 

C) Li20· 2B20 3 T d/T m is 0.64 which is similar to the silicates. 

D) Li20·2B20 3 (Tm-Td)/Tm is 0.36, similar to the silicates. 

E) Imax of 1.57 x 108m-3s- 1 ~imilar to the silicates. 

F) Reduced density (Ilp/p glass %) of 7.3% is in the range of silicate 

glasses. 

3. Li20· 2B20 3 glass exhibits bulk, homogeneous nucleation. 
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4. Experimental nucleation rate is _1095 times larger than predicted by Classical 

Nucleation Theory. 

5. Plot of In(Iry/T) versus 1/(AG)2T for lithium diborate is a vertical line. No 

estimate of the interfacial energy can be made using experimental data. 

6. The Turnbull a factor must be 0.60 to approximate the form of temperature 

dependence. However, the corresponding nucleation rate is too small by 

_10600. 

7. The interfacial surface energy, a, can be given a temperature dependence (fit 

by a third-order polynomial which changes value over a very small range 

(-148 - 156 mJ /m2) that allows CNT to match the experimental data. 

8. A single average value for the temperature dependent interfacial energy, 

aT= 151 mJ/m2, produces a temperature dependence that does not fit the 

experimental nucleation rates. 

9. The experimental magnitude and temperature dependence of the nucleation 

rate for lithium diborate is in severe discord with predictions of Classical 

Nucleation Theory. 

10. Li20· 2B20 3 is somewhat unusual In that its crystal growth rate IS non

negligible at and near the glass transition temperature, T g. 

11. Within experimental error, both surface and internal (bipyramidal crystal) 

crystal growth rates are the same. 
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12. The surface and bulk internal crystal fast axis growth direction is [001] 

(c-axis). 

13. Small compositional differences between the three glass melts studied had no 

effect on the experimentally measured crystal growth rates. 

14. Increasing positive curvature of the reduced growth rate plotted versus the 

undercooling indicates the unlikelihood of a normal growth process occurring 

at large undercoolings. 

15. Crystal growth data for both surface and initial internal growth seem to fit the 

2D crystal growth model over the restricted temperature regime of 490 to 

520°C. 

16. Present crystal growth results plotted with literature data for crystal growth 

rates at higher temperatures indicate that the 2D growth model is not 

applicable over an extended temperature regime. 

17. Using the experimentally determined slope of the In(U T]) versus 1 ITa T plot, 

for the crystal growth data over the restricted temperature regime, in the 2D 

surface nucleation growth model predicts crystal growth rates which are _1064 

times smaller than those measured experimentally. 

18. The experimental crystal growth rates of melt R when evaluated using the 2D 

surface nucleation growth model produce an edge surface energy, aE' of 

-1263 mJ/m2 which is about an order of magnitude larger than one would 

expect in this region of homogeneous nucleation. 
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19. Using a value of 151 mJ/m2 (aT at Tmax from Classical Nucleation Theory) 

for the edge surface energy, aE' in the 2D surface nucleation growth model 

still produces crystal growth rates which are _1010 times smaller than 

experimentally determined growth rates. 

20. The experimental magnitude of the crystal growth rate for lithium diborate 

is in severe discord with predictions of the 2D surface nucleation growth 

model. 

21. The temperature dependence of the crystal growth rate in the temperature 

regime of homogeneous nucleation seems to fit the 2D surface nucleation 

growth model, but using data over a wider temperature regime may indicate 

that the temperature dependence is poor. 

22. Understanding the homogeneous nucleation and crystal growth mechanism 

will require knowledge of the kinetic behavior of both over the same 

undercooling range. 

23. Activation energies of viscosity, E
17

, measured for melts CC, R, and U are very 

high in the temperature regime of homogeneous nucleation and crystal growth 

measurements and, therefore, cannot explain the high nucleation and crystal 

growth rates found experimentally. 
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7. APPENDIX A.: DSC HEATING RATE DATA 

In the past, transformation kinetic data (nucleation and crystallization) has 

been extracted from nonisothermal thermal analysis (Differential Thermal Analysis 

(DTA) and Differential Scanning Calorimetry (DSC» experiments using approximate 

analytical expressions for both organic [1] and inorganic materials [2,3,4]. Recently, 

the use of thermal analysis experiments to study nucleation and crystallization 

kinetics has made a resurgence. Lim and Jang [5] studied the crystallization kinetics 

and phase transformation in a cordierite gel. Senapati et al. [6] used isothermal 

(single- and two-stage) calorimetry to study crystallization kinetics in the Ca(N03h

KN03 system. They also showed that emulsion samples of LiCl-H20 produced the 

same results as bulk samples. Ray and Day [7] using DT A were able to reproduce 

the experimental nucleation rate curve for lithium disilicate measured by James and 

others. Ray, Huang, and Day [8] later used both iso and non-isothermal DSC results 

to study a 40 Li20· 60 Si02 (mole %) glass giving what appears to be good results. 

Kelton [9] used a computer model to calculate the volume fraction transformed 

during devitrification of lithium disilicate from non-isothermal DSC studies which 

confirmed the results of Ray and Day [7]. Weinberg [10,11] has shown that care 

must be taken using non-isothermal data and simply assuming an Arrhenius 

temperature dependence of the crystallization rate constant or using a Kissinger-type 

analysis. The correct assumptions will differ based on the operative crystal growth 

mechanism. 
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The present study has experimentally determined the temperature dependence 

of the homogeneous nucleation rate and determined the crystal growth rates over the 

same temperature regime. The following non-isothermal DSC results are furnished 

so that a future analysis of the applicability of thermal analysis techniques to 

accurately predict both nucleation and crystallization kinetics can be performed. 

Both solid (samples cut and shaped into a disc shape that fit into the sample 

pans) and powdered samples of melt R were run in a Perkin-Elmer Model DSC7 

Differential Scannning Calorimeter (DSC) at various heating rates. The glass 

samples, both solid and powdered, were run using standard graphite pans and covers 

supplied by Perkin-Elmer. Table A.I lists the sample type, weight, heating rate, and 

the crystallization peak temperature. 
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TABLE A.l DSC determined, crystallization peak temperature as a function of 
heating rate for both solid and powdered melt R glass samples 

Solid DSC Samples 
,- ~. -.' ,~ • • • -.~ ... ' > "" <", • , ~ ," - ":<' ~. '. ~ ," -"''' '" • - • _-.;~, "."W .,.,.. " ~." " .. .,.,. -.- ">"." 

Weight (mg) Heating Rate (DC/min) Crystallization Peak 
Temperature (DC) 

~..." ~~, ,. )"- ".", "'. , . ' ,,",' -".: ","" , .. " ' 

46.55 2 563.1 

56.20 5 581.6 

53.70 10 595.6 

51.80 15 606.2 

57.20 20 610.8 

49.10 50 631.5 --
48.00 75 638.7 

51.80 100 649.2 

Powdered DSC Samples 
- "'".- . , .. oj .~ • 

" .... M 

Weight (mg) Heating Rate (DC/min) Crystallization Peak 
Temperature (DC) 

- .. , 
~ . .. ", ., 

13.90 2 558.1 

14.16 5 571.0 

13.79 10 580.9 

12.38 50 609.4 

13.73 100 625.0 
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