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ABSTRACT 

Novel unidirectional crystallization was tested in 

glasses of the Bi-Sr-Ca-Cu-O system to produce highly oriented 

microstructures. Some evidence of liquid-liquid phase 

separations on cooling melts of Bi2sr2calcu2ox and 

PbO.32Bi1.6SSr1.7Sca2cu30x is found for the first time from 

Differential Thermal Analysis (DTA) , X-ray Diffraction (XRD), 

and Transmission Electron Microscope (TEM). This made it 

difficult to produce highly oriented microstructures through 

the present route because one of the phases in the phase 

separated structure is likely close to "R"-phase composition 

and lead to copious nucleation of "R"-phase on heating. This 

also resulted in sequential crystallization of the current 

liquids, 

phase. 

first to "R"-phase and then to the Bi2Sr2Calcu20x 

Theoretical modelling was performed to understand 

general questions in the present route. The model suggests 

that a liquid with high interfacial energy is a good candidate 

for the present route to produce highly oriented 

microstructures. The model ''las tested in lithium diborate 

glass and showed a highly oriented microstructure. Thus, 

unidirectional crystallization is generally an attractive 

processing option for a liquid free of phase separation. 
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1. INTRODUCTION 

The discovery of superconductivity in the Ba-La-CU-O 

system l has led to broad interest in high temperature ceramic 

superconductors. Since this initial discovery, several other 

related copper-based structures have been found 

superconducting, including structures in the Y-Ba-Cu-02 and 

the Bi-Sr-Ca-Cu-O systems3 ; these subsequent discoveries have 

raised the critical temperature (Tc) for superconductivity 

into a more practical temperature range: Tc above the boiling 

point of liquid nitrogen, 77°K. 

Superconductivities in the Bi-Sr-Ca-Cu-O system are 

particularly important because of wide compositional range of 

glass formation by cooling a melt4 ,S,6,7,S,9 while it is 

difficult to form a glass in the Yi-Ba-Cu-O system by a 

conventional melt-quenching method. Glass formation by 

cooling a melt in the Bi-Sr-Ca-Cu-O opened the window for 

glass-ceramic route for the fabrication of high temperature 

ceramic superconductors in this system4-9 • 

Current issues in the area of high temperature ceramic 

superconductors include: 

(1) finding a new superconducting structure with higher 

critical temperature (Tc) 

(2) increasing critical current density (Jc) 

(3) finding a technologically inexpensive processing 

route. 
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The first issue is related to finding a new superconducting 

structure with new composition. The last two issues involve 

choosing a right processing route that can produce highly 

oriented microstructures. 

Even if current critical temperatures are high enough for 

some practical uses, high critical current density is required 

(>105 A/cm2 ) for more wide spread applications of 

polycrystalline high temperature ceramic superconductors lO • 

High critical current density (>105 A/cm2 ) was exhibited by 

single crystal high temperature ceramic superconductors in the 

both Y-Ba-Cu-O and Bi-Sr-Ca-Cu-O system ll , 12. 

Polycrystalline superconductors, however, exhibit critical 

current density much smaller than that of single crystal lO-

13" by about two or three orders of magnitude. The source 

of this current impediment is attributed to the grain-boundary 

weak links l3 • However, if a technique ",as available to 

crystallize the material into a highly oriented fibrous or 

platy microstructure, then utilization of these materials 

would become more attractive. 

During the course of this work, textured microstructures 

have formed in the Bi-Sr-Ca-Cu-O system. Mica-like Bi-based 

ceramic superconductors have been successfully fabricated by 

applying a temperature gradient to a polycrystalline sample. 

The temperatures used induced some partial melting that 

accentuated texturing. A two-phase microstructure resulted, 
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presumably as an additional undesirable side-effect of the 

partial melting4• This two-phase microstructure is known to 

be present in the Yi-Ba-Cu-O system due to incongruent 

melting. 

The present vl0rk focuses on the novel unidirectional 

crystallization route: forming a glass by melt quenching 

followed by crystallization in a temperature gradient. The 

potential advantages of this route are the high density and 

oriented morphology that can in principle be obtained by 

reheating the glass in a temperature gradient. Such a 

gradient crystallization process has produced unidirectional 

microstructures in other glass systemsl4 , IS, 16. In addition, 

it may be possible to process complicated shapes by forming a 

glass sample through conventional glass-forming techniques, 

followed by an appropriate heat treatment in a temperature 

gradient. This route is technologically an inexpensive route 

as well. 

Conventional glass-ceramics are crystalline or partially 

crystalline materials fabricated through the controlled 

crystallization of a glass. Their microstructure is 

characterized by fine-grained and randomly oriented with some 

residual glass, but they are without voids, microcracks, or 

other porosity. The basis of controlled crystallization lies 

in nucleation process. It is often observed that the bulk 

nucleation is more difficult to occur than the heterogeneous 
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nucleation. In order to encourage internal nucleation, a 

nucleation agent often introduced in the glass sample before 

heat-treatment for nucleation. 

Unidirectional crystallization of a glass is, however, to 

suppress nucleation because it is difficult to obtain a highly 

oriented microstructure without avoiding nucleation. 

Temperature gradient can be imposed in an edge-seeded glass 

sample being translated from the cool to the hot zone. This 

imposes a kinetic limitation on nucleation but encourages 

crystal growth producing a highly oriented microstructure. 

Thus, utilization of the present route in the processing of 

high temperature superconductors is quite attractive. 

1.1 statement of purpose of Dissertation 

1.1.1 Experimentalwork 

When using the present route for forming a dense ceramic 

superconductor, great care must be taken to crystallize the 

desired superconducting phase in a highly oriented 

microstructure. This is a diff icul t process; much information 

about the sequence of phase development is required. Since 

each subsequent stage of microstructure development may depend 

on previous condi tions, the present \'lOrk t'lill focus 

particularly on the earliest stages of microstructure 

development and its impact on the unidirectional 

crystallization of glass compositions in the Bi203-sro-cao-cuo 
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system. Of particular interest is the development of liquid

liquid phase separation and its effect on crystal nucleation. 

Among the various glass compositions, a glass composition 

wi th Bi; Sr ; Ca; Cu=2 ; 2; 1; 2 was investigated in detail because of 

easy glass formation and its desirable superconductivity 

property when this glass is crystallized to the BizsrZcalCuZox 

phase: Tc above the boiling temperature of liquid nitrogen. 

DTA (Differential Thermal Analysis), XRD (X-Ray Diffraction) 

were used to investigate structural and chemical changes 

involved in liquid-liquid phase separation and 

crystallization. TEM (Transmission Electron Microscopy) was 

used to investigate the early stage of microstructure 

development. Based on these results, the results of the 

unidirectional crystallization of a glass in the present 

system will be discussed. 

1.1.2 Modelling 

Theoretical modeling is performed to examine the kinetic 

processes in the unidirectional crystallization of a glass. 

Of particular interest is in defining a processing windo'Yl 

where highly oriented microstructures can be produced through 

the present route. 

Two approaches are considered for the modelling: the 

locations and the magnitude of nucleation and gro\vth curves of 

a liquid. Follmving evaluating these t,.,o approach, more 
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relevant approach was used. The cr iter ion of an 

unidirectional crystallization is set such that the total 

number of nuclei should be less than one during gradient 

~eating. An analytical expression for the total number of 

nuclei during an unidirectional crystallization was 

established; \'lhich incorporates the integration of nucleation 

rate with respect to temperature, the maximum growth rate, the 

cross sectional area of a glass, the glass transition 

temperature, the crystallization temperature, and the applied 

temperature gradient. Here, crystallization temperature is 

the temperature where portion of glass is completely 

crystallized. Having established a master equation for a 

viscosity, and necessary thermodynamic data, numerical 

calculations were performed to obtain a required temperature 

gradient to avoid a formation of a nucleus on heating a glass 

in a temperature gradient. Here, classical nucleation and 

growth theory ,.,ere used. Processing window can, then, be 

defined in term of a heat of fusion (part of thermodynamic 

contribution) and a viscosity (kinetic contribution) of a 

liquid for given temperature gradient (30oC/mm). 

The results of model can be tested in a lithium diborate 

glass sample. 

candidate for 

The present model sho\'lS this is a 

the unidirectional crystallization. 

good 

The 

microstructure following the unidirectional crystallization 

can be examined by polarized optical microscope and XRD. 
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1.2 Outline of Dissertation 

In the literature review, three aspects are discussed. 

General phase separation and crystallization are discussed in 

the first two chapters (part I and II). Even if focussed on 

the theor ies of thermodynamics and kinetics of these two 

processes, some of relevant experimental \010rks in conventional 

glass forming systems are explored. The later part of the 

literature review (part III) consists of some previous work of 

superconductivities in the Bi-Sr-Ca-Cu-O system. In this 

chapter, the processings of high temperature ceramic 

superconductors are emphasized rather than the theory of 

superconductivities. 

Experimental procedures are described in detail in the 

chapter following the literature review. Experimental results 

are presented separately from the discussion. Here, some 

evidences for liquid-liquid phase separation of a liquid in 

the present system from DTA, XRD, and TEM are presented. 

Modeling approaches and the results and discussions of the 

modeling work are presented in the chapter of modeling of 

unidirectional crystallization. 

In the discussion, interpretation of the experimental 

results are presented. Here, liquid-liquid phase separation 

observed from 'cile experiment is discussed. This is the key to 

the interpretation of the unidirectional crystallization of a 

glass in the present system. In the conclusion, it is 
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highlighted that an unidirectional crystallization of a glass 

is generally an attractive processing option. 
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2. LITERATURE REVIEW (PART I): PHASE SEPARATION 

In this section, the thermodynamic and kinetic aspects of 

general phase separation will be presented. The theoretical 

frame of phase separa~ion by nucleation and growth is the same 

as the one applied to the crystal nucleation of a liquid. 

Thus, the theory of spinodal decomposition will be reviewed in 

more detail in this section. Following these reviews, liquid

liquid phase separation in some inorganic liquids is 

discussed. 

2.1 Thermodynamics of Phase Separation 

The stability of a phase under infinitesimal fluctuation 

was originally predicted by Gibbs 17 • Its two categories are 

large in degree and small in extent and small in degree and 

large in extent. The former is the thermodynamic 

characteristics of nucleation and growth and the latter is the 
. 

thermodynamic characteristics of spinodal decomposition. In 

nucleation and growth, phase separation of a solution involves 

a large contrast in composition and a small volume fraction of 

phase separation. In spinodal decomposition, it initially 

involves a small change of composition and a large volume 

fraction of phase separation. These two mechanisms are best 

understood by considering the free energy-composition diagram 

for a miscibility gap (see Fig. 1). When heat of mixing is 

posi ti ve, a solution is unstable to demixing. At temperatures 
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Figure 1. (a) Free energy vs. composition diagram. 
(b) corresponding miscibility gap showing chemical 
spinodal and coherent spinodal. 
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below the miscibility gap, the positive enthalpy contribution 

to free energy outweighs the entropy contribution. The 

resulting free energy curve defines the compositions of the 

phases present and the stability limit of infinitesimal 

fluctuations. A solution with a composition between X3 and 

X4 is unstable to the fluctuation of composition due to the 

decrease in free energy. But a solution with a composition 

between Xl and X2 is stable to the fluctuation of composition, 

because the free energy increases on fluctuating. The points, 

X3 and X4 , are defined by solving the second derivative of free 

energy with respect to composition for zero (d 2G/dC2 = 0) and 

its locus is refereed to as chemical spinodal. Thus, 

compositional fluctuation is favored at the composition inside 

chemical spinodal. 

The free energy of phase separation contains 

contributions from both the bulk free energy and the surface 

energy. The long range compositional fluctuations inside the 

chemical spinodal creates a diffuse interface. This diffuse 

interface does not present a distinct structural 

discontinuity, characterized by the positive contribution to 

free energy as in the classical nucleation case \'Tith its 

distinct droplet microstructure. Spinodal decomposition is, 

therefore, a spontaneous process and determined solely by 

diffusion. In this case, the positive surface energy term is 
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negligible, due to the diffuse nature of the interface created 

during the initial stage of spinodal decomposition. 

2.1.1 stability Limits: Chemical mnd Cohoront spinodal 

Based on the theoretical frame work develoPed by 

Hilliard18 and Cahn and Hilliard19, the free energy of unit 

volume of a solution with composition C given by C - Co = A 

COS~X can be expanded in a Taylor's series about the average 

composition Co as: 

The total difference in free energy between the initial 

homogeneous solution with composition Co, and the one with a 

sinusoidal composition fluctuation is 

AG = IyA9dV 

where Ag = g(C) - g(Co) from eq. 2.1. 

(2.2) 

The diffuse nature of the interface in the early stage of 

spinodal decomposition results in excess energy due to the 

composition gradient at the interface. By adopting an 

analogous approach of bond counting of a simple regular 

solution model, the excess energy is shown to be proportional 

to square of composition gradient (VC) at the interface19 • The 



28 

total difference in free energy from both contributions is 

then: 

Since all odd terms are canceled for integration, it is 

rewritten as: 

(2.4) 

in which K should be the positive otherwise a solution is 

unstable even outside the chemical spinodal. with o2g/oC2 > 

0, the solution is stable with respect to infinitesimal 

sinusoidal composition fluctuation. Within spinodal (o2g/oC2 

< 0), it is unstable for the wavelength of sinusoidal 

fluctuation greater than the critical wavelength given as: 

A = c (2.5) 

Compositional fluctuation will lead to a density 

fluctuation. In particular, the difference in molar volume 

between two phases will lead to strain mismatch. For spinodal 

decomposition to occur, the excess energy due to the strain 

mismatch should be accommodated in the lattice of a 

crystalline system. This energy is the positive contribution 
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to the free energy difference. The total free energy 

difference is rewritten as: 

(2.6) 

in which 11 is the linear expansion coefficient per unit 

compositional change, E is Young's modules for the average 

composition and " is the Poisson's ratio. The limit of 

stability is then given by 

(2.7) 

The locus of the above equation is called as coherent 

spinodal. It is clear that the depression of stability at the 

composition of critical point is due to the positive 

contribution of the strain energy as seen in Fig. 1. 

Therefore, the coherent spinodal is the more accurate limit of 

spinodal decomposition in materials where a large strain 

mismatch is involved in spinodal decomposition. 

2.1.2 Effect of Fields 

The movement of a charged particle is influenced by 

electrical field. This is likely in ionic materials ",here the 

diffusing species is an ion. 

Hopper and Uhlmann concluded that the application of an 

external electric field generally tends to hinder spinodal 

decomposition, but the degree of influence is smallw. In 
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addition, an internal field may be generated, arising from the 

local fluctuation of a cation and an anion vacancy due to the 

difference of cation mobility. For example, a cation with 

fast mobility may lead to excess cation vacancy in an out

diffusion region, and one with slow mobility may result in 

excess anion vacancy21. The internal electrostatic energy 

contribution is derived as €(2kp/e)2[{1-r)/{1+r)]2 where € is 

the static dielectric constant, k is the Soltzman constant, p 

is the wavenumber of fluctuation, e is the electronic charge 

and r is the ratio of a cation diffusion coefficient to the 

other cation diffusion coefficient. It can be rearranged as ~R 

in which ~ is €{2kp/e)2 and R is [{1-r)/{1+r)]2. 

This is the positive contribution to the free energy 

change for spinodal decomposition. Physically, this electric 

field arises from the kinetics of the system, and this field 

will hinder the equilibrium distribution of atoms. By using a 

typical value of static dielectric constant (-10) 22 for 

oxides and the wave number for sodium silicate glass (10-8 

cm- I ) 18, the calculated ~ is close to zero. The second term of 

the electrostatic contribution is about 0.33 assuming a 

difference in cation mobility of r{= Dn/D~) = 3.78 at 1280 °c 

in the FeA1204-Fe304 system23. Thus, the product of these t\OlO 

terms (electrostatic contribution) is a negligible 

contribution to the total free energy difference (AG) for 

spinodal decomposition. This suggests that the true stability 
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curve is not significantly affected by an electrostatic 

contribution. Spinodal decomposition of a material with a 

high dielectric constant may be influenced by an internal 

field. But the contribution of the bulk free energy is 

expected to be much greater than the contribution of the free 

energy related to a local electrical potential, because of a 

high interaction energy due to the high bond strength of an 

ionic crystal. 

2.2 Kinetics of Phase separation 

In a metastable region where the classical nucleation 

mechanism is operative, a nucleus is formed with a fixed 

composition given by the phase diagram. The nucleus grows by 

the diffusion of a solute to interface and the interface 

reaction as shown in Fig. 2. In spinodal decomposition, the 

initial compositional fluctuation is amplified by uphill 

diffusion, in which an atomic species moves to the direction 

of the higher concentration. It is shown that mobility(M) is 

related to the interdiffusion coefficient(D j ) by 

(2.8) 

where Nv is the number of atoms per unit volume and gil is the 

second derivative of free energy per unit volume \'lith respect 

to composition18 • Within the spinodal (g"<O), the 

interdiffusion coefficient is negative because the mobility 

has to be positive. 
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Figure 2. Evolution of a composition fluctuation as a 
function of time: (a) nucleation and gro~~h, and 
(b) spinodal decomposition. 
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In the metastable region, the overall kinetics of phase 

separation could be either diffusion controlled or the 

interface reaction controlled depending on the competition of 

these two processes. However, in the early stage of spinodal 

decomposition, the kinetics are solely diffusion controlled 

because of the diffuse interface. 

Amplification factor is given by 

R({3) = -(M/Nv ){32g " (2.9) 

The initial compositional fluctuation will be amplified or not 

depending on the sign of the amplification factor. outside 

the spinodal, it is obvious that compositional fluctuations 

will be decayed because of a negative amplification factor. 

While inside the spinodal, compositional fluctuations with 

wavelengths greater than the critical wavelength will grow 

because the amplification factor should be positive. The 

maximum amplification factor is at about half of the critical 

wavenumber as seen in Fig. 3. 

As discussed above, it is shown that the driving force 

for the spinodal decomposition is proportional to the second 

derivative of free energy as: 

(2.10) 

and the mobility is inversely proportional to the second 

derivative of free energy as: 

M oc (02g1 og2)-1 (2.11) 
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Figure 3. Amplification factor (R(~)) as a function of wave 
number ~. 
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Since the wavenumber is a linear function of the second 

derivative of free energy, the driving force is small in the 

regime I (small wavenumber) and the mobility is small in the 

regime II (large wavenumber). Thus, the overall kinetics may 

be controlled by thermodynamics (driving force) in the regime 

I and by kinetics (mobility) in the regime II. This 

competition of the driving force and the mobility is in 

analogy with the kinetics for the classical nucleation theory. 

2.3 Phase Separation in Inorganic Glass Forming systems 

The occurrence of phase separation in a liquid depends on 

the presence of a miscibility gap and the molecular mobility. 

The miscibility gap can exist as either a stable one above a 

liquidus, a metastable one extended from the stable 

miscibility gap or a metastable miscibility gap below 

liquidus. The limit of spinodal decomposition is a 

thermodynamical question which involves various free energy 

contributions to spinodal decomposition. As discussed above, 

there are several independent contributions to the total free 

energy change on spinodal decomposition. In a glass forming 

system, the strain energy due to the lattice mismatch is 

negligible, because the strain energy can be relaxed as an 

approximate rate of a viscous flat·l. Thus, the chemical 

spinodal is a reasonable approximation for the limit of 

stability of spinodal decomposition. 
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A supercooled liquid is metastable with respect to the 

corresponding crystalline state. In the time scale of 

experiment, the measurement of the metastable miscibility gap 

and the chemical spinodal is difficult due to the competing 

crystallization process. A thermodynamical estimate can be 

then an alternative to obtain some information about the 

extent miscibility gap when thermodynamic data is available. 

Haller proposed a modified regular solution model 

allowing internal mixing of end members for a regular 

solution24 • This model predicts fairly well the metastable 

miscibility gaps in the Li20-Si02 , Na20-Si02 , and BaO-Si02 

systems by adjusting mixing entropy. 

One of the limitations of this model is that the 

information about the end members for a regular solution is 

necessary. In addition to this, the correct and independent 

estimate of the mixing entropy is required to predict a 

miscibility gap in an unknown system. 

2.301 Experimental Methods for Phase separation 

Experimental methods for the investigation of liquid

liquid phase separation are well described in numerous review 

papers25 , 26,27. Among various methods, microstructure 

observation by direct TEM (Transmission Electron Microscopy) 

and TEM by using replication can provide microstructural 

characteristics in detail. The construction of an image of a 



37 

phase separated glass in TEM is described in Fig. 4. The 

electron density difference between glass phases with 

different composition produces the image contrast between 

glass phases in a phase-separated structure. 

Sometimes liquid-liquid phase separation can be detected 

by thermal analysis as well. Moynihan et al. observed double 

glass transitions in the phase separated pseudobinary 

chacogenide glass sample, XPbSe - (l-X) Gel.SAso.SSe3' in the 

composition range of x=o.o to 0.6,28. The double glass 

transitions were confirmed by their TEM observation that shows 

two glass phases. Zarzycki and Naudin determined the meta

stable miscibility gap in the lead borate glass compositions 

by the observation of temperatures where a clear and 

homogeneous liquid become opalescent during cooling and 

reheating. 29 They also used DTA (Differential Thermal 

Analysis) during cooling a melt, and they interpreted the 

exothermic signal as an evidence of phase separation. In 

their work, the miscibility gap determined by both methods is 

in excellent agreement. 

Phase-separation is a demixing process so that some heat 

of mixing is released on phase separation. This heat can be 

detected by DTA on phase separation during cooling a 

homogeneous melt. Zarzycki and Naudin's work is important 

because it further suggests that an exothermic signal can be 

detected on phase separation during reheating a homogeneous 
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Figure 4. Description of image formation of phase separated 
structure by Transmission Electron Microscopy; 
particles are electron dense phase. 
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glass sample when the competing crystallization is slower than 

the phase separation. Thus, one should be careful in 

interpreting an exothermic signal on reheating a glass sample 

since this may indicate phase-separation. 

2.3.2 Viscosity of Phase separated Glass 

When a liquid is phase-separated, the viscosity of a 

phase separated glass (composite viscosity) is quite different 

from the corresponding homogeneous liquid. The compos i te 

viscosity of a phase-separated glass should be considered for 

kinetic process of a phase separation, particularly in the 

later stage of phase separation. 

The viscosity of a glass can be used as a measure of 

diffusion coefficient by the well known empirical stocks

Einstein relation, D = kT/31TfJao
3 , \'lhere k is the Boltzman 

constant, ao is the molecular diameter, and fJ is the 

viscosity. 

The rheological approach suggests that both the 

microstructure and the phase composition can influence the 

composite viscosity in a phase separated glass. For an 

interconnected structure, the composite viscosity ~Jill be 

predominantly influenced by the phase ,·lith the high viscosity. 

For droplet structure, it will be influenced by the viscosity 

of the matrix phase. 
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Zarzycki and Naudin measured the composite viscosity in 

the lead borated glass. The composite viscosity is strongly 

dependent upon the composition of the initial composition of 

a homogeneous liquid29 • The composite viscosity of a boron 

rich liquid sample (total composition) is smaller than that of 

a lead rich composition (total composition) by about two 

orders of magnitude when measured at about 550°C. These 

results are confirmed by Mazurin et ale 30 Li and Uhlmann 

observed that a highly interconnected phase separated 

structure is more viscous than less interconnected structure 

in sodium silicate glass when the interconnected glass phase 

is silica rich phase3!. The same result was observed in 

phase-separated borosilicate glass by Takamori and Tomozawa32 • 

These works suggest: (1) a small change in composition 

can result in a marked variation of the viscosity; (2) kinetic 

processes of phase separation will be influenced, specifically 

the later stage of phase separation, by the type of 

microstructure development during the early stage. This 

rheological approach can also suggest more favorable 

condi tions for the development of an interconnected 

microstructure by the particle coalescence model. This point 

will be discussed in the next section. 
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2.3.3 Microstructure Development 

As predicted by Gibbs, it is of interest to understand 

the microstructural development of phase separation either by 

nucleation and growth or by spinodal decomposition. Cahn used 

the linearized theory of spinodal decomposition to predict the 

microstructure development of phase separation by spinodal 

decomposition33 • High connectivity of the two phases is found 

when the volume percent of minor phase is more than 15% (see 

Fig. 5). He further suggested that this interconnected 

microstructure is a strong indication of spinodal 

decomposition. 

In nucleation and growth, the microstructure is a droplet 

structure in the uniform matrix. Cahn' s prediction is 

important because a highly interconnected microstructure is 

observed in some phase separated glasses. This 

microstructural characteristics may be used as an indication 

of spinodal decomposition. 

However, it is now recognized that a microstructure alone 

is not sufficient to decide on the mechanism of phase 

separation. Haller has described that an interconnected 

microstructure can be also developed by touching and viscous 

sintering of separated particles34 • For 33.3% of occupied 

volume fraction of a sphere, 96% of all spheres is attached 

and for 50% of occupied volume fraction of a sphere, 99.6% of 

a sphere is attached (see Fig. 5). The work by Seward et ale 

supports Haller' model, in which they observed an 
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Figure 5. Formation of interconnected structure: 
model, and (b) Haller's model. 
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(a) Cahn's 
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interconnected microstructure developed from the coalescence 

of discrete particles35 • 

However, Goldstein proposed that two particles never meet 

each other under the diffusion controlled condition36 • This 

is because the diffusive flux to the points of the closest 

approach drops off very rapidly as the interparticle distance 

decreases. 

neglected. 

In this work, anisotropic surface tension is 

A counter argument was given by Hopper and Uhlmann37 • 

They suggested that the coalescence of discrete particles can 

occur by either heterogeneous nucleation of a neck joining the 

two particles, thermodynamic fluctuation of the interface, 

volume diffusion driven by capillarity, or diffusion driven by 

a variation of surface energy. 

Except for the model by Goldstein, one common feature of 

the above models is the microstructure development in the low 

energy state (decreases in surface energy). Cahn's model for 

an interconnected structure can be an indication of spinodal 

decomposition but it should not be taken as an evidence for 

the spinodal decomposition. It is expected that the particle 

coalescence by the movement of particles to produce the 

particle-particle contact and the viscous sintering is 

strongly influenced by the initial microstructure and the 

viscosi ties of two the glass phases in a phase-separated 

glass. Consider a high viscosity particle nucleated in a low 

viscosity matrix. The particle coalescence can be possible in 
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the experimental time scale. But the kinetics of the 

coalescence of a low viscosity particle in a high viscosity 

matrix is expected to be very slow due to the difficulty in 

producing an particle-particle contact. Thus, the particle 

coalescence model can be more supported for the former case. 

In order to decide about the mechanisms of phase separation, 

the microstructural observation as a function of thermal 

history can give necessary information on the mechanisms of 

phase separation as suggested by the review paper by Uhlmann 

and Kolbeck26 • Particularly, compositional analysis on a phase 

separated structure as a function of thermal history can 

provide further important information to delineate the 

mechanism of phase separation. 

2.3.4 Multiple Phase separation 

Multiple phase separation is observed in many inorganic 

glasses forming systems27 • It is essentially due to the 

nonequilibrium process of phase separation during the course 

of fast cooling of a melt. In multiple phase separation, a 

fine microstructure is developed in the primary phase 

separated structure due to the oversaturation of a solute atom 

upon cooling a liquid. The microstructure development of 

multiple phase separation is 'oJell described in the revie\<l 

paper by Kreidl27 • 
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Seward et ale observed a secondary phase separation in 

phase separated barium silicate glass on heating. They 

suggested that this is resulting from the shape of the 

miscibility gap and the decreasing atomic mobility with 

decreasing temperature38 • Following this work, Porai-Koshits 

and Averjanov investigated multiple phase separation in sodium 

silicate glasses in detailH . They also suggested that the 

microstructure development of a secondary phase separation is 

strongly dependent upon the shape of a meta-stable miscibility 

gap. This determines the temperature dependence of a 

solubility. 

Shaw and Breedis investigated the secondary phase 

separation in a lead borate glass sample with compositions in 

the miscibility gap40. A glass sample with composition of 

8 mole % showed PbO rich droplet and B20 3 rich matrix. This 

droplet was shown to be further decomposed into two glass 

phases on reheating. 

The PbO rich composition has less temperature dependency 

of solubility, as suggested by earlier work by Zarzycki and 

Naudin29 • Thus, the primary phase separation is frozen in at 

room temperature on cooling and the solute is expected to be 

oversaturated in the B20 3 rich matrix. This glass phase might 

further phase separate on reheating. But the secondary phase 

separation is occurred in the PbO rich droplet. This may be 

due to the slower molecular mobility of PbO rich droplet. The 
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viscosity in the PbO rich droplet in the temperature range of 

about 150°C undercooling is greater than that of the B20 3 rich 

matrix phase by at least an order of magnitude29 • At lower 

temperatures, the viscosity of PbO rich phase is several 

orders of larger than that of B20 3 • Thus, it is likely that 

PbO rich phase is frozen in at room temperature due to the 

slower molecular mobilities. The relatively fast molecular 

mobili ties of the B20 3 rich phase allow an equilibrium 

composition to be reached during cooling, even if this phase 

has more temperature dependency of solubility. 

Ruller and Friebele observed secondary phase separation 

on heating a phase-separated borosilicate glass sample 

containing cuCl semiconducting microcrystalites41 • Fine 

secondary phase separation is occurred in the B20 3 rich matrix 

glass phase in the primary phase separated glass sample. They 

interpreted this secondary phase separation as due to the 

large temperature dependence of solubility in the matrix 

phase. 

This interpretation is quite reasonable as suggested by 

the earlier worlcs by Se\.,ard et al. 38 and Poray-Koshits and 

Averjanov39 • The significant temperature dependence of 

solubility can lead to secondary phase separation. 
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2.3.5 Phase separation in Multicomponent silicate Liquids 

In this section, emphasis will be given to phase 

separation into more than two phases. Based on the 

literature, the implication of thermodynamics and kinetics 

will be discussed. The measurement of a miscibility gap is 

quite laborious in the multicomponent system. A theoretical 

thermodynamic description is also quite complex because of 

difficulties in finding end members for a solution and in the 

measurement of its activity coefficient. Thus, the empirical 

model which can describe the miscibility gap will be discussed 

as well. 

According to the phase rule in the condensed system, it 

is thermodynamically possible for three or more phases can co

exist in the wide range of temperature of the multicomponent 

systems with more than three components. This possibility 

also applies to liquid-liquid phase separation into more than 

two phases. 

Haller et al. suggested the possibility of phase 

separation into three phases in the sodium borosilicate glass 

system42 • But Scholes and Wilkinson suggested that phase 

separation into three phases is not likely based on the 

measurement of composition by electron microprobe analysis43 • 

Haller et al.'s suggestion is quite plausible only if a 

phase-separated glass sample is in an equilibrium as suggested 

by the phase rule. It is difficult to find out whether a 

phase separated glass sample is in an equilibrium or not. 
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Thus, electron microprobe analysis might not show an evidence 

for three liquid phases in an as-cooled glass sample where the 

cooling rate may not be slow enough for a phase separated 

glass reach an equilibrium configuration. Another possible 

reason could be the accuracy of measurement. As Scholes and 

Wilkinson suggested, their accuracy varies considerably 

depending on elements. Besides this, their electron 

microprobe analysis requires a relatively large area for the 

probe, about ten micrometers to produce reasonable signal to 

noise ratio. Thus, it is not certain that the compositional 

measurements on any particles smaller than tens of micrometer 

are accurate. Therefore, the experimental observation of 

three phases in this glass system might not be possible 

because of following summarized possible reasons. 

(1) It is suspected that a phase-separated glass is in 

an equilibrium. This is, of course, difficult 

because of competing crystallization process. 

(2) It is experimentally uncertain to measure 

accurately the composition of smaller scale of 

phase-separated structure than the probe size. 

Kumar and Rindone observed three liquid phases on 

reheating a soda lime silica glass sample44 • Their suggestive 

observation is based on the three different contrasts of 

bright field TEM image in a phase separated glass including 

two distinct contrasts of droplets in the matrix. 
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Kumar and Rindone's suggestion is quite reasonable 

because three liquid phases are observed on heating; this may 

expedite phase-separation to reach in an equilibrium 

condition. In principle, different contrast is originated 

from the different electron density depending on the 

composition of a phase. But it cannot be taken as a direct 

evidence for the three liquid phases. It should be further 

supported by an accurate compositional measurement on each 

phases. For this purposes, a cumulative measurement on many 

particles of the same composition can produce a sharp contrast 

in composition. 

A liquid-liquid miscibility gap in multicomponent 

silicate melts is technologically important27 • For instance, 

immiscibilities in multicomponent borosilicate based glasses 

may be of possible use for immobilizing nuclear fuel 

reprocessing waste ~/46,~. 

Taylor et ale described the liquid-liquid miscibility gap 

very well by establishing empirical correlation between X and 

M of glass composition with X20-MO-B203-Si02 where X is either 

Na or K and M is either Mg, Ca, or Ba48 • The combinations of 

composition of X and M for the critical temperature at 650°C 

approximately fallon the same curve of normalized composition 

of X20 vs. normalized composition of MO. 

This kind of description is useful in estimating the 

miscibility of the same class of materials, and suggests that 
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application in other classes of glass is expected to produce 

useful information in describing a miscibility gap. 

Kawamoto and Tomozawa found that the miscibilities of 

four well known glass forming systems fallon the 

approximately same curve in the plot of normalized miscibility 

temperature (Tmis) by critical temperature (Tc) vs. normalized 

miscibility composition by composition at 

They include glasses in the Li20-Si021 Na2o-Sio21 cao-Si021 and 

Bao-sio2. Mathematical derivation of this behavior showed 

good agreement with experimental data for these miscibility 

gapsso. In this approach I the master curve is obtained for 

the miscibility gap for number of binary silicate melts. 

Kawamoto and Tomozawa also suggested a simple empirical model 

of predicting the miscibility gap in a ternary system with 

known miscibility gaps of binary liquidss1 . Their model is 

based on the similarity in the shape of the miscibility of the 

silicate systems and a pseudobinary regular mixing equation. 

They extended their model to the case where one of the two 

binary miscibilities is not knownSI • Their results agree 

reasonably well with experimantally determined miscibility 

temperatures in K20-Si021 K20-Li20-Si021 K20-Na2o-Sio21 and K20-

BaO-Sio2 systems. The same model was applied to the 

quaternary silicate system and exhibited good agreement with 

experimental dataS2 . 
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At least two research groups (Taylor et ale and Kawamoto 

and Tomozawa) demonstrated empirical correlation in the 

miscibility gaps of a number of silicate melts even for 

multicomponent liquids. Particularly, the empirical model by 

Kawamoto and Tomozawa is useful in predicting miscibilities 

over the wide range of temperatures and compositions in the 

mul ticomponent system where information on constituting binary 

miscibilities are available. This suggests that this 

empirical approach can be applied to other classes of 

materials. But the key drawback of this model may be in 

predicting more than two liquid phases in multicomponent melts 

which are, in principle, possible as discussed previously. 

The other drawback of this model is that it requires 

information on binary miscibilities in the multicomponent 

systems. 
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3. LITERATURE REVIEW (PART II): CRYSTALLIZATION 

3.1 Nucleation 

When a glass is formed by cooling a liquid, the 

supercooled liquid or glass is unstable compared with the 

corresponding crystalline state. Thus, a supercooled liquid 

or a glass is only kinetically stable below the melting 

temperature of its corresponding crystal. A supercooled 

liquid, therefore, tends to transform to the more stable form, 

its crystalline state, by crystal nucleation and growth. 

The total free energy of crystallization includes various 

factors such as the bulk free energy, the surface energy, the 

strain energy and additional energy due to an external field. 

For the crystallization of a glass sample, the strain energy 

is negligible because the stress developed around the 

interface between the crystal and the surrounding glass can be 

relaxed. For this consideration, the free energy of 

crystallization can be expressed as sum of the bulk free 

energy and the surface energy terms as shown in the following 

equation: 

432 b.G = -1Tr b.Gv + 4 rrr a 
3 

(3.1) 

in which ~Gv is the bulk free energy per unit volume, r is the 

radius of a nucleus and a is the interfacial energy between 

the glass and the crystal per unit area. At temperatures 

below the melting temperature, the bulk free energy is a 
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negative contribution and the interfacial energy is a positive 

contribution to the total free energy of crystallization. The 

contribution of the interfacial energy makes it possible for 

a liquid to be kinetically stable below the melting point. 

Below the melting temperature, local fluctuations of 

atomic species (i.e, density fluctuations) in a liquid may 

lead to nucleation. The size of a nucleus can usually be on 

the size of several unit cells of crystal. The sharp 

interface will require interfacial energy, which represent a 

barrier to crystal nucleation, so that the effect of these 

competing contributions results in a critical nucleus size for 

growth. The critical nucleus size is obtained by solving for 

r in the differentiation of total free energy, dAGy/dr=O. The 

corresponding free energy for the formation of a critical 

nucleus is obtained by using the critical nucleus and the free 

energy expression. The critical nucleus size(r-) and the free 

energy for the formation of a critical nucleus (AG2 ) are 

,,,ri tten as: 

r- = -20 

Mr; (3.2) 

AG - 167T03 
= 

3 (AGy)2 
(3.3) 

crystal nuclei bigger than the critical size are stable 

because the free energy is increasingly decreased as a nucleus 

grows, while those smaller than the critical size will tend to 

shrink as shown in Fig. 6. 
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Figure 6. Free energy of formation of a nucleus as a function 
of its radius. 
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Following the work of Turnbull and FisherS3
, the steady 

state nucleation rate for a one component supercooled liquid 

is given by: 

N 
I = ~ D exp [-AG a /kT] 

v 'A2 
(3.4) 

where Nv is number of crystallizing units in per unit volume 

of the liquid, 'A is a jump distance, approximately on the 

order of an atomic dimension, and D is the diffusion 

coefficient. It is usually assumed that the diffusion 

coefficient (D) can be expressed in terms of activation energy 

for migration (AGD) given by: 

(3.5) 

where h is Plank's constant, and k is Boltzman's constant. 

The molecular motions in molecularly complex liquids 

involve re-orientation or bond breaking. Both reorientation 

and bond-breaking should involve similar energy for the 

transport in bulk liquids. For simple liquids, it is often 

assumed that the activation energy of viscous flow is 

approximately the same order as the activation energy for 

diffusion. The temperature dependency of the viscosityS4 can 

be expressed in the Arrhenius form as: 

(3.6) 
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Thus, D can be related to the viscosity of liquid by the 

Stokes-Einstein relation 

D = KT / 3 Tr AT] (3.7) 

From the above equations, the expression for the nucleation 

rate can be rearranged as: 

(3.8) 

The above expression can be expressed in terms of the surface 

energy and the free energy per mole as: 

(3.9) 

For crystal nucleation in multicomponent glass systems, 

the above equation can be applied provided that the glass 

sample is crystallized without a shift in composition. 

Classical nucleation theory as described above, has been 

tested in many glass systemsSS • The main problem in testing 

nucleation theory is the difficulty in evaluating the 

interfacial energy by independent experimental methods. It is 

usually estimated by the slope of a plot of In (IyT]) vs. 

1/(~Gy2T). The accuracy of such a methods is dependent upon 

the accuracy of the nucleation experiment as well as the range 

of temperatures covered by the experiment. 

Thermodynamic data 

thermodynamic driving 

experiments to theory. 

are necessary to calculate the 

force in order to compare the 

The heat capacity of the liquid and 
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the corresponding crystal can be measured for various systems. 

Using heat capacity and heat of fusion data, free energy of 

crystallization can be calculated from the following equation: 

(3.10) 

where Tm is the melting temperature, aIiFM is the heat of 

fusion, and .1Cp is the heat capacity difference between 

crystal and liquid. The measurement of the temperature 

dependence of the heat capacity of a liquid is, however, very 

difficult due to the possibility of crystallization below the 

melting temperatures. If .1Cp can be taken as independent of 

temperature from Tm to a temperature of interest, T, below the 

melting temperature, the above equation then reduces to: 

(3.11) 

Turnbull suggested that the temperature dependency of the 

heat capacity difference can be considered negligible when 

heat capacity data is not availableS6 • The free energy then 

reduces to: 

(3.12) 

This is fairly good approximation for small undercoolings. 

For simple metals, this has been shown to give an excellent 

agreement with experimental data over a wide range of 

temperatureS7 • 
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Assuming that the difference in enthalpy between the two 

phases vanishes at a temperature somewhat below the glass 

transition temperature, HoffmanS8 obtained following the 

approximation: 

2 AG = -AHFM.1T T/TM (3.13 ) 

The accuracy of this approximation is also good in the range 

of small undercoolings. 

In order to test these approximations, the free energy of 

crystallization for anorthite is calculated from measured 

thermodynamic dataS9 , 60. The heat capacity of liquid 

anorthite between the glass transition and the melting 

temperature is estimated using the enthalpy data below the 

glass transition and above the melting temperature. This 

procedure is described in detail in the following modelling 

section. As shown in Fig. 7, the small undercooling 

approximation overestimates the free energy and the Hoffman's 

approximation underestimates it. Among these two, Hoffman's 

approximation appears to be more accurate for the present 

case. 

When the crystal nucleation of a liquid at large 

underdoolings is considered, the thermodynamic driving force 

is large. On the other hand the molecular mobilities are very 

slow at large undercoolings so that the nucleation is 

significantly affected by the viscosity. Nucleation is also 

strongly influenced by the thermodynamic driving force: ~Ga in 
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-&- Hoffman ~ s.u. approximation 

Figure 7. Free energy of crystallization of liquid anorthite: 
(a) small undercooling approximation, (b) 
experimental data, and (c) Hoffman's approximation. 
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the exponential as seen in eq. 3.8. Therefore, when the 

nucleation is estimated using classical nucleation th~ory, 

accurate measures of both the viscosity and the thermodynamic 

driving force are important. For example, when small 

undercooling approximation is used, the nucleation rate of 

anorthite is bigger by several orders of magnitude than the 

nucleation rate calculated using the free energy without an 

approximation. In contrast, the nucleation rate of anorthite 

is smaller by several orders of magnitude using Hoffman's 

approximation. 

Nuclei are formed at external surfaces easily because the 

surface energy is smaller when compared with the energy 

required for the formation of crystal nuclei in the bulk. 

Consider crystallization by nucleation at a external surface 

and subsequent growth. Through consideration of energy 

balance at the interfaces among the external surface, the 

crystal, and the liquid, the total free energy change for 

heterogeneous nucleation can be expressed as: 

LlG' = LlG • [2 - 3 cos e + cos' e] 
het 4 

(3.14) 

where 9 is contact angle of the crystal on an external 

surface. For 0<9<180, f(9)=[(2-3coS9+cOS39)/4] is less than 

one. Thus, a smaller driving force is required for 

heterogeneous nucleation. The expression for heterogeneous 
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nucleation is the same as for homogeneous nucleation except 

for the thermodynamic driving force as shown above. 

3.2 Jackson's Treatment of Interface 

In his treatment of the interface between a liquid and a 

crystal, Jackson used a single layer Bragg-WIlliams model to 

consider the free energy change of an initially uniform 

interface on adding atoms at the interface61 • This free 

energy change, AG, was expressed as: 

AH AT T 
= - FM X + exX(l-X) + _~ In X + (l-X) In (1-X){j3.15) 

RTTm Tm 

where N is the number of sites on the interface, k is 

Boltzman's constant, Tm is the melting temperature of the 

crystal, AHFM is the heat of fusion per mole, R is the gas 

constant, and AT is the degree of undercooling. ex is the 

interface roughness parameter given by 

(3.16) 

where ~ is the number of nearest neighbor sites in a layer 

parallel to the surface divided by the total number of 

nearest-neighbor sites. The graphical representation of 

AG/NkTm vs. X, for different values of the interface roughness 

parameter, demonstrates essentially two classes of free energy 

configurations; for ex > 2, the minimum free energy corresponds 

to a interface almost filled or empty representing atomically 
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smooth interface and for Q < 4, minimum free energy 

corresponds to a half of interface fil~.ed representing rough 

interface. The crystal growth rate is anisotropic for a 

smooth interface while the crystal growth rate anisotropy will 

be small for a rough interface. 

In an extensive review of crystal growth by Uhlmann62 , 

it is shown that predictions of the interface roughness 

parameter are in excellent agreement with experimental 

findings. Most of the inorganic silicate liquids with high 

entropies of fusion have anisotropic crystal growth rates and 

result in a facet interface morphology. 

Consider the following models of crystal growth;62 

(1) Normal growth is operative for the rough interface 

characterized by low Q. 

(2) Screw dislocation growth is operative for a smooth 

interface but growth takes place at a step site 

provided by screw dislocation. This step site is 

continuously provided by the screw dislocation 

during the course of crystal growth. 

(3) Surface nucleation growth is operative for a smooth 

interface free of screw dislocations. 

For a liquid with high Q, the normal crystal growth 

mechanism is not relevant. When the crystal growth is slow, 

an equilibrium configuration can be maintained during the 

course of the crystal growth. Dislocation is unlikely to 
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occur by the plastic deformation in inorganic crystal with 

ionic bonding because the number of active slip systems is 

small due to the electrostatic forces involved for the slip 

between crystallographic planes. Ionic crystals, which 

encompass most of silicate systems are, therefore, likely to 

have small dislocation densities as compared to metallic 

materials. Thus , it is likely that surface nucleation crystal 

growth is a fairly descriptive mechanism for a conventional 

silicate liquid. 

The surface nucleation crystal growth rate is written as: 

U= ( / 3) 1/3 [ ]2/3 [ -1Taa
2 1 (3 v 1T N 1/3a SI3 1 - exp (-D.G /RT) exp M • 

r ( 4 / 3 ) 5. v 3 kN 213V 113 AG T 17) 
o M v 

where v is the frequency of atomic jumps at the interface, a 

is the distance advanced by the interface in a unit kinetic 

process, Ns is the number of atoms per unit area at the 

interface, r is the gamma function, VM is molar volume of a 

crystal, K is the Boltzman constant, No is Avogadro's number, 

aM is the molar surface energy, and D.Gb is the bulk free 

energy of crystallization per mole. The frequency factor (v) 

can be related to the viscosity of the bulk liquid as 

described previously. 
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3.3.1 crystallization Kinetics 
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The kinetics of crystallization of a liquid can be 

described by the formal theory of transformation kinetics. 

This theory is well described by Christian63 • In the 

treatment which follows, it is assumed that nucleation and 

growth occur without a shift in composition unde~' isothermal 

conditions. The crystallization kinetics are dependent upon 

the homogeneous nucleation rate and the subsequent growth 

rate. It is also assumed that the growth rate is isotropic 

and, thus, transformed volumes are spherical. 

When a volume fraction crystallized, Fc, is less than 

0.1, the nuclei are widely spaced and no interference between 

particles occurs. The number of nuclei formed in the time 

interval between rand r + dr in the volume of glass (Vg) is 

IvVgdr, where Iv is the homogeneous nucleation rate per unit 

volume. The volume of each crystalline particle (vc )- at time 

t is given as: 

Vc = 43
1T UT

t Udt'r 
where U is crystal growth rate. 

(3.18 ) 

The volume change of a crystallized particle between 1 

and r + dr is written as: 

(3.19) 
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The volume fraction crystallized, Fe' is then obtained by 

substituting eqs. 3.18 into 3.19 and integrating over all time 

interval: 

(3.20) 

where V ::::: Vg • 

When a volume fraction crystallized is large in the later 

stage of crystallization, the nucleation can occur in a 

previously crystallized region. Thus, the volume fraction 

crystallized obtained from above is not valid. Avrami treated 

this later stage of transformation by introducing the concept 

of an extended volume fraction transformed~. This extended 

volume is expressed by an equation that is quite similar to 

the above equation. 

It is necessary to relate the true volume crystallized Ve 

to the extended volume crystallized, Vee,. This relationship 

was established by Avrami who considered a small random region 

where a fraction (1 - ve/V) remain untransformed at time t. 

During a further time dt, the extended volume increases by 

dVee. Among this, only a fraction of the (1 - Ve/V) \'1ill lie 

in the volume crystallized from previously untransformed 

material which leads to: 

(3.21) 
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and 

v: = -v In (l-Vc/V) (3.22 ) 

by integration. 

substitution into eq. 3.18 gives: 

(3.23) 

For an isothermal heat-treatment for crystallization, this 

equation can be reduced to: 

(3.24 ) 

3.3.2 Glass Formation 

The formation of glass is treated as a kinetic process by 

Uhlmann65 • In his model, an isothermal kinetic theory of 

nucleation and growth is used to construct TTT (time-

temperature-transformation) diagrams for the allowable volume 

fraction of crystallization during cooling of a liquid. 

Generally, this is taken as Vc/V=10·6 • For a small volume 

fraction of crystalli zation eq. 3.23 can be 

approximated as: 

Vc 
F = = c V (3.25) 
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From the TTT diagram constructed using the above equation, an 

approximate critical cooling rate is given by: 

(3.26) 

where Tm is the melting temperature, Tn is the temperature at 

the nose, and to is the value of time at the nose. By 

substituting eq. 3.25 into eq. 3.26, one finds that: 

(3.27 ) 

This treatment has been notably improved by Hopper et 

al. 66 • They introduced the crystal distribution function and 

this technique is now known as crystallization statistics 

analysis. This research group also treated crystallization on 

reheating a glass 67; but a treatment has not yet given for 

the crystallization of a glass in a temperature gradient. 

3.4 Application of Classical Nucleation Theory in Silicate 
Liquids: Discrepancy between measured nucleation rate and 
theory 

since there is difficulty in counting individual nuclei 

due to their extremely small size, two stage heat-treatments 

are used in the low temperature regime where the gro~~h rate 

is small. Single stage heat-treatments can also be used in 

the high temperature regime \Olhere crystal growth rate is high 

enough. This experimental method is well established and 
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theoretically justified68 • other methods employed are to use 

transformation kinetic theory and back-calculate nucleation 

rate from known growth rate and volume fraction crystallized. 

This method is well described by Cranmer et al. 69. 

Nucleation kinetics have been extensively studied in 

lithium-disilicate glasses because thermodynamic data are 

available and this composition can be considered as an 

effective one component system because there is no shift in 

composition during the course of crystallization. This allows 

comparison with classical nucleation theory. 

According to the work by James68 and Rowlands and 

James 70,71, , measured nucleation rate 

discrepancy when compared with theory. 

shows a large 

This discrepancy 

exists for a variety of viscosity data: data from Matusida and 

Tashiro72 as well as data from their laboratory. A good 

straight line fit was obtained in the plot of In(Iv~/T) vs. 

1/AG2T as predicted by theory. However, the calculated 

preexponential factor(A) is much higher than the theoretical 

value by order of 19 and 25 when using viscosity data from 

Matusida and Tashiro and their own viscosi ty data 

respectively. They found good agreement for A 't'lhen the 

interfacial energy was assumed to be temperature dependent and 

suggested that the use of a temperature independent 

interfacial energy can account for the discrepancy between 

theory and experiment. Similar results were obtained for a 
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liquid with composition of Na20*2caO*3Si02 by Gonzales-Oliver 

and James 68. 

Turnbull found that the interfacial energy is 

proportional to the molar heat of fusion with proportionality 

constants ranging from 1/4 to 1/3 depending on materialsS6 • 

At temperatures below the melting temperature, the heat of 

fusion can be assumed to be equivalent to the inverse of heat 

of crystallization. Since the heat capacity difference 

betvleen a crystal and a liquid does not usually change 

significantly over a wide range of undercoolings, the heat of 

crystallization is assumed to exhibit only a slight 

temperature dependence. Certainly, there may be some 

temperature dependency of interfacial energy even if the 

magni tude of this dependence seems to be small. Turnbull also 

suggested a temperature dependency of interfacial energy based 

on experiments with mercury73. However, these suggestions by 

James and Rowlands need to be theoretically justified in order 

to receive more widespread support. This is a quite difficult 

yet intriguing question. 

Independently, Neilson and Weinberg74 performed a 

theoretical analysis about experimental nucleation kinetics. 

Their work also showed the disagreement between the 

experimental nucleation rate and the theoretical value in 

terms of the relative magnitude and the temperature dependence 

of the nucleation rate. 'l'he theoretical value is smaller by 
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an order of 28 and the temperature of the maximum nucleation 

rate predicted by theory is 50°C lower. They also suggested 

that the following possible explanations for these 

discrepancies were not adequate to explain the lack of 

agreement between experiment and theory: (1) transient 

nucleation effects, (2) heterogeneous nucleation, (3) phase 

separation, and (4) metastable crystalline species. They 

further suggested the revision of classical nucleation theory. 

The works from both schools suggests that there is wide 

disagreement between classical nucleation theory and 

experimental nucleation kinetics when interfacial energy is 

assumed to be temperature independent. This discrepancy can 

arise from the extrapolation over large temperature ranges 

using nucleation data collected over small temperature range. 

As opposed to these systems, nucleation data on anorthite is 

in good agreement with the classical nucleation theory69. 

Based on these observations, it seems important to investigate 

the following areas to further test the validity of classical 

nucleation theory: 

(1) A theoretical investigation of interfacial energy 

to clarify its temperature dependence. 

(2) The possibility of independent measurement of 

liquid-crystal interfacial 

currently quite difficult. 

energy, \-1hich is 
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(3) Since nucleation theory is described for one 

component systems, the viscosity may not be 

sufficient to describe atomic mobility for complex 

multicomponent silicate melts. 

3.S Effect of Glass composition on Nucleation 

For crystal nucleation with a shift of composition from 

the glass, classical nucleation theory can be useful only for 

a qualitative or semi-quantitative description because it was 

developed only for a one component system. From classical 

nucleation theory as shown by eq. 3.8, the nucleation rate 

depends on the intarfacial energy, the thermodynamic driving 

force, and the viscosity. These three contributions will be 

changed with a variation in the composition. One should 

consider all three possible effects in order to assess their 

influence on crystal nucleation with a shift in composition 

from the base glass composition. 

It is obvious that a lag time may be required for a 

compositional fluctuation for the start of the crystal 

nucleation. This lag time can be longer for the crystal 

nucleation with a shift of composition from a glass 

composition. For a simple binary system with a eutectic type 

phase diagram, the free energy of a liquid, a crystalline 

phase and ~ crystalline phase is shown in Fig. 8. The bulk 

free energy (a-b) of crystallization from the liquid 
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Figure 8. Schematic plot of free energy for the simple binary 
system at the temperature below the melting 
temperature of crystalline a and ~ phases. 
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composition X is smaller than that (a-c) from the liquid 

composition Xl. 

There should be difference in interfacial energy between 

crystal nucleation with a shift of composition and without a 

shift of composition. Presently, it is not clear how much it 

is different due to the difficulty associated with independent 

measurement of the interfacial energy. 

Bottinga and Weill investigated the compositional 

dependency of the viscosity of silicate melts75 • In their 

work, it was suggested that the viscosity increases as the 

amount of Si02 increases. This is quite reasonable even if it 

is not always true for inorganic glass forming system. It can 

be generally accepted that the addition of metal oxides in 

glass forming Silica can result in weak bonding. The weak 

bonding can then reduce viscosity of a liquid. 

Burnett and Douglas examined crystal nucleation in the 

Na20-Bao-Si02 system including the barium disilicate-sodium 

disilicate join76 • The melts were cooled directly to the 

nucleation temperature and then heated to the growth 

temperature in order to avoid any possibility of nucleation 

during cooling to room temperature and subsequent reheating to 

the nucleation temperature. It was found that the critical 

temperature for the onset of rapid nucleation of BaO*2Si02 

crystals decreases as the liquid composition was shifted away 

from BaO*2Si02 composition. 
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The introduction of a different ion, Na+ 1, in a barium 

disilicate liquid composition can probably either increase or 

decrease the crystal-liquid interfacial energy depending on 

the number of bonds per unit interfacial area. .Thus, the 

variation of interfacial energy with composition is uncertain. 

But the bulk free energy difference is expected to decrease 

based on a standard thermodynamic argument (see Fig. 8): 

nucleation with a shift in composition and a lowered liquidus 

associated with the addition of Na. This resulted in larger 

undercoolings required for nucleation. Thus, the temperature 

of rapid nucleation and the nucleation rate of a liquid away 

from the BaO*2SiO., composition can be decreased at a given 

undercooling even if there is marked decrease in viscosity as 

suggested by the decreased glass transition temperature. 

Similar results were obtained in liquid samples \-'1ith 

compositions on the Li20*2Si02-BaO*2Si02 join in the Li20-BaO

Si02 system55 • The highest nucleation rate was observed for a 

liquid composition of Li20*2Si02 and a liquid composition of 

BaO*2Si02 • The maximum nucleation rate for the lithium 

disilicate crystal decreases as the liquid composition was 

shifted away from the Li20*2Si02 " Similarly, the maximum 

nucleation rate for the barium disilicate crystal decreases as 

the liquid composition was shifted away from the BaO*2Si02 • 



75 

Analogous explanation can be given to the crystal nucleation 

in the liquid samples of composition on the BaO*2si02-Na20*Si02 

join. 

Gonzalez-Oliver and James investigated the influence of 

the shift of composition on nucleation for Na20*2CaO*3Sio2 

(NC2S3 ) crystal55 , 77. In their work, the largest effect on the 

nucleation rate was caused by the variation of the 

concentration of Na20. A liquid composition with a deficiency 

of 1 mole % of Na20 showed a lower nucleation rate than the 

base glass composition. The liquid composition with an excess 

of 1 mole % of Na~O exhibited a higher nucleation rate. The 

viscosity data showed similar reductions. They interpreted 

higher nucleation rate due to an increased molecular mobility 

overriding over the possibly reduced thermodynamic driving 

force. 

This interpretation 

thermodynamic driving force 

is not 

can be 

clear 

either 

because the 

decreased or 

increased depending on the shape of the free energy curve. 

The variation of interfacial energy can be negligible for a 

small change of composition. It was also found that there is 

a considerable range of solid solubility in the NC2S3 

crystalline phase78 • In this case, the thermodynamic driving 

force may not decrease significantly for nucleation in the 

liquid sample of composition with excess 1 mole % of Na20. 

However, the viscosity can be reduced to the large enough to 
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override the variation of thermodynamic driving force for a 

composition with an excess of 1 mole % Na20 based on a 

classical glass structural approach. The density fluctuation 

leading to the critical crystal nucleus may require 

cooperative motion of atomic species. Presence of solid 

solubilities is unlikely to cause any significant impact on 

the cooperative motion for the formation of a critical nucleus 

of Ne2s3 • 

smith et ale investigated crystal nucleation in lithium 

borate glasses79 • The steady state nucleation rate was 

observed to be largest when the Li20 content (3 6.8 mole %) 

was slightly in an excess of the diborate composition. But it 

was observed to be the smaller when the Li20 content (38.2 

mole %) was in an excess of the diborate composition when 

compared to the nucleation rate of the glass composition 

(33.8 mole %) which is close to the diborate composition. 

They interpreted smaller nucleation rate of a glass sample 

with 36.8 mole % Li20 due to the reduced viscosity. They also 

suggested that the thermodynamic driving force can be 

significantly reduced at a composition with large excess of 

Li,O even if there is a change in the viscosity over the range 

of composition of interest. 

From the viscosity data in the work by Shartsis et al. w, 

the viscosity of liquids with 36.8 mole % Li20 at 800°C can be 

estimated to be smaller by a factor of two than that of liquid 
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with 33.8 mole % Li20. The nucleation rate of a liquid with 

36.8 mole % of Li20 at lower temperature (500°C) can be larger 

on the similar scale (about factor of two). The viscosity of 

the glass matrix may keep decreasing on nucleation of the 

stoichiometric lithium borate crystal because of the 

enrichment of Li20 in the matrix. This effect of 

compositional enrichment will be negligible because of the 

negligible volume fraction of nuclei. Thus, their 

interpretation is at least logically reasonable even if it can 

not be proven. 

3.6 Effect of Phase separation on crystal Nucleation 

It has been long recognized that there may be some links 

between liquid-liquid phase separation and crystal nucleation. 

Uhlmann summarized several possible correlations of phase 

separation and crystal nucleationS!: 

(1) the thermodynamic driving force for the nucleation 

of new crystalline phase which is absent in the 

homogeneous glass, 

(2) interface as a preferred nucleation site in light 

of the local depletion or enrichment of composition 

and interfacial energy consideration 

(3) enhanced molecular mobility in one of the phase 

separated phases. 
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These possible effects of phase separation on crystal 

nucleation can broadly classified as compositional and 

interfacial effects. In the former case, the crystal 

nucleation occurs within the one of the phase~separated 

glasses. For this, the variation of the viscosity should be 

considered as well as the variation of the thermodynamic 

driving force. In the latter case, the crystal nucleation is 

likely to occur at the interface between the two liquid 

phases. 

Tomozawa observed an enhanced nucleation rate for glass 

samples only during the early stages of phase separation 

relative to the homogeneous glass samples in the Li20-Si02 

system82 • This finding is consistent with the later work on 

the same system by Zanotto and Craievich 83 Tomozawa 

proposed that the diffusion zones around silica rich particles 

are depleted. This depleted zone was suggested as a 

preferential nucleation site for lithium disilicate: the 

reduction of the interfacial energy due to the wetting of the 

nucleus on both the silica rich phase and the lithia rich 

phase causes an increased total thermodynamic driving force. 

The composition at the depleted region around the silica 

rich phase is closer to the lithium disilicate composition 

than the lithium rich matrix phase given by miscibility gap 

where the composition of lithium rich side is less than 33.3 

mole % Li20. But the bulk thermodynamic driving force for the 



79 

nucleation of the depleted region should be less than that for 

the stoichiometric lithium disilicate glass. Thus, it is not 

certain that the total free energy of nucleation is reduced in 

the diffusion zone. The molecular mobility in the diffusion 

zone may increase due to enr ichment of LilO. However the 

molecular mobility in the diffusion zone can be higher than 

that of stoichiometric lithium disilicate only when the 

diffusion of silicon ion is slower than the interface reaction 

leaving more lithium rich composition in the diffusion zone 

compared to the stoichiometric lithium disilicate composition. 

Thus, Tomozawa's model may not be generally true. It may 

be applicable only to the case of a glass where the variation 

of molecular mobility with composition is significant. This 

case can be classified as a compositional effect because 

preferential nucleation at the interface may not be due to the 

lowered interfacial energy but rather due to increased 

molecular mobility. This is generated by the depletion of 

Si02 leaving a lithium rich composition around the silica rich 

phase separated glass particles. 

Zanotto et al. investigated the effects of liquid-liquid 

phase separation on crystal nucleation in the BaO-SiOl 

system84 • In their work, nucleation of the BaO*2Si02 

crystalline phase in the BaO rich matrix of a phase separated 

glass sample is initially slow and reaches a constant rate 

equal to the nucleation rate of a liquid of the barium 
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disilicate composition. They found that the time to reach the 

constant crystal nucleation rate is about the same time to 

reach the equilibrium composition of phase separated 

structure. 

The initially slow crystal nucleation rate can be 

attributed to the lag time effect for the compositional change 

to the equilibrium compositions of the matrix phase as they 

suggested in their work. This lag time effect can generally be 

accepted for crystal nucleation with a shift in composition 

from the glass phase. 

Doherty, Lee, and Davis investigated the effect of phase 

separation on crystallization in the Li20-A1203-Si02 glass 

containing Ti0285. In their work, it was found that the 

addi tion of Ti02 promotes phase separation. One of the phases 

in the phase separated structure is rich in Ti02. This phase 

encourages the primary formation of crystalline Ti02 rich 

phase on reheating. This phase has been identified as A1Ti207 • 

The resulting microstructure is fine and contains an uniform 

distribution of the initial crystalline phase. 

The first occurrence of the Ti-rich phase is quite 

expected since one of the phase-separated glass phases may 

lead to a favorable composition for a particular crystalline 

phase which is not present in a homogeneous glass sample. 

Either an enhanced driving force or enhanced molecular 

mobilities or a combination of both may be attributed to the 
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initial occurrence of the Ti02 rich phase. Similar results 

were obtained in glass samples of the RO-A1203-Si02 system and 

in glass samples heavily doped with both CaO and P20S in the 

Mgo-A1203-Si02 system86 , 87. The enhanced driving -force is 

explained in more detail in Fig. 8. As seen there, the 

driving force for crystal nucleation free of phase separation 

is equivalent to the distance "a-b" while that of a phase

separated glass is equivalent to the distance "a-d". 

Hammel obtained the interfacial energy of 4.6 erg/cm2 

between two glasses in the Na20-CaO-Si02 system88 • This is 

two orders of magnitude smaller than a typical interfacial 

energy between the liquid and the crysta189 • Uhlmann and 

Kolbeck suggested that the compositional effect is more 

significant than the interfacial effect because the liquid

liquid interface does not lower the interfacial energy 

significantly. Their suggestion is quite reasonable and the 

interfacial effect was not found to be significant in the 

literature. 
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At least three superconducting phases are known to exist 

in the Bi203-srO-Cao-cuo system3,90. They are Bi2Sr2CuIOX' 

Bi2Sr2ca1Cu2oX' and Bi2Sr2Ca2cu30x (hereafter referred as 

"R"-phase following the worle by Raveau and coworkers90 , 2212, 

and 2223 phases respectively) with critical temperatures 

approximately equal to 10K, 80K, and 110K respectively. 

saggio et a1. more specifically showed that "R"-phase is 

a solid solution phase with Bi;Sr;Cu in the proportions 

(ll-X); (9+X);5 with 0 oS X oS 0.4) at the high Sr 1imit91 • The 

solubility in "R"-phase has also been determined in other 

studies92 . 

Studies of the solubility by EPMA (Electron Probe Micro 

Analysis) and X-ray diffraction provided similar results. Both 

sources showed Sr deficient composition for superconductivity 

at about 10 K. In addition, Hong et ale also determined the 

solid solubility of 2212 phase93 • Both "R"-phase and the 2212 

phase showed small but detectable amount of Sr-to-Ca 

solubility. Similar solid solubility is expected for the 2223 

phase. 

The solid solubility of the 2212 phase is important in 

the processings of HTCS via a glass-ceramic route which 

requires high temperature melting. This may lead to 

deviations from stoichiometry due to evaporation losses and 
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the limited solubility of CaO in the melt of this system. 

since the 2212 glass sample is first crystallized to 

"R"-phase: crystallization with a shift in composition, the 

solid solubility in the 2201 phase is important for nucleation 

processes in terms of the thermodynamic driving force. 

Basic crystal structure is the same for all three phases 

but differs in the number of Cu-O plane. As shown in Fig. 9, 

the basic unit cell is tetragonal type with one, two, and 

three Cu-o plane for "R"-phase, the 2212, and the 2223 phases 

respectively, in which Ca ions are located between Cu-o planes 

for the 2212 and the 2223 phases. Interestingly, it has been 

found that the critical temperature for superconductivity 

increases as the number of Cu-o plane increases. Although no 

phases have been found with four cu-o planes, it is thought 

that this phase may further increase the critical temperature. 

structural similarity may lead to an intergrowth which will 

complicate the phase equilibria in this system. 

Table 1. Solid solubility of "R"-phase and the 2212 phase 

Reference Phases Solubility 

91 Bi ll_Xsr9+XcuSoy 0,S.X,S.0.4 

92 Bizsrz_XculOy 0.1,S.X,S.0.5 

93 BiZSr2+XCa l_XCU2Oy 0.32,S.X,S.0.4 
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Figure 9. crystal structures of superconducting phases in the 
Bi-Sr-Ca-Cu-O system: (a) 2201 phase, (b) 2212 
phase, and (c) 2223 phase. 
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4.2 Phase Stability of Superconducting Phases 

Since superconducting phases with the critical 

temperatures above the boiling temperature of liquid nitrogen 

(77K) are of major interest, the phase stabilities for the 

2212 and the 2223 phases will be reviewed in greater detail in 

this section. 

At 800°C, the only stable superconducting phase was shown 

by Hong et al. to be the 2212 phase 93. At this temperature, 

a single phase 2212 is formed. At higher temperatures (about 

860°C), the 2223 phase is formed. It has been reported that 

it is difficult to form a single 2223 phase 7,~," Shi et 

al. found that less than 5 volume % of the 2223 phase was 

present following a heat-treatment of a melt-quenched 2223 

glass sample at 870°C for 24 hours94 • Asthana et al. could 

obtain far less than 50 vol. % of 2223 phase by reheating of 

a melt-quenched Bi2sr2ca4Cusox sample at 865°C for 266 hours7 • 

In both studies, the firing resulted in the formation of 

a large amount of the 2212 phase with a small amount of the 

2223 phase despite the fact that the heat-treatment 

temperature is high enough to cause at least partial melting. 

The difficulty of the formation of a single 2223 phase may 

arise from the intergrowth of layered structures. 

Sunshine et al., sho\.,ed that the addition of PhO leads to 

the formation of the 2223 phase at lower temperature%. They 

also suggested Pb sUbstitution for Bi. Nobummasa et ale also 
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suggested that Pb sUbstitutes for Bi from High Resolution 

Analytical Electron Microscope study~. Takano et al. found 

that partial sUbstitution of Bi by Pb (20 mole % of Bi) 

sharply increased the volume fraction of the high Tc phase 

(2223) following prolonged heat-treatment at 845°C for 224 

hours98. The volume fraction of the 2223 phase was estimated 

as 85% of the total super conducting phases (2212 and 2223) 

from X-Ray Diffraction data from their work. Mizuno et al. 

also obtained the 2223 phase with the amount of more than 

60 volume % of total superconducting phase mixture from the 

heat-treatment of a sample of 2223 doped with 38 mole % PbO at 

855°C for 120 hours~. 

Table 2. Effect of lead addition on the formation 
of the 2223 phase 

Compositions (Ref. ) Heat-Treatment 2223. Volume 
Temp. (oC) /Time (hour) 

Bi2sr2Ca2Cu30x' (94) 870/24 <5 

Bi2sr2Ca4CusOx' (7) 865/266 <40 

Bi 1.4Pbo.6Sr2Ca2Cu3.60x' (98) 845/244 >85 

B i 2Pbo.38Sr 2Ca2Cu30x' (99) 855/120 >60 

% 

They suggested that PbO acts as a flux enhancing the kinetics 

for the formation of 2223 because the addition of PbO lowered 
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the fusion temperature by about 15°C than that of 2223 without 

Lead addition. In contrast to this proposed model, Baker et 

ale observed that a Bi-excess sample with composition of a 

Bi2.2SSrl.Scal.Scu2ox mel ted more easily than Bi2srl.sCal.scuiOx but did 

not show any advantage in terms of the kinetics of formation 

of 2223 Phaseioo • Similar results were obtained from the 

work by Hong et ale 93. 

It is, thus, unlikely that the kinetics of the formation 

of the 2223 phase are enhanced due to the effect of PbO as a 

flux. It seems more likely that a PbO-addition to the 2223 

phase may lead to a relative thermodynamic stability when 

compared to pure 2223. PbO additions may also increase the 

pertinent mobilities but the exact mechanism is not clear yet. 

If the 2223 phase is formed through the reaction of 

crystalline the 2212 phase and calcium and copper oxide 

mixture on heating the 2223 glass sample, the overall 

transformation kinetics will then depend on the mobilities of 

Ca and CU atom. Invoking defect chemistry, the sUbstitution 

of the Pb atom on the Bi site of 2212 crystal can be written 

as: 

in which Kroger-Vink notation is used. Thus, lead 

sUbstitution leads to an increase in both the cation and the 

anion vacancy concentration in 2212 crystal. This \·rill 

increase the mobilities of the Ca and Cu atoms. 
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4.3 Glass Formation 

Glass formation in non-superconducting Bi-based oxides 

was investigated by DumbaughlOI , 102. In his work, it ,.ras 

shown that lead bismuthate can form a glass with addition of, 

so called, glass stabilizer such as Fe203 and GeO. The exact 

role of the glass stabilizer is not known in detail but it may 

be presumed that the glass stabilizer helps to form bridging 

oxygen bonds which can then leads to a well connected three 

dimensional structure. 

with 

Several groups have been successful in preparing a glass 

a superconducting composition (in particular, 

Due to the 

difficulty in representation of glass forming regions in the 

quaternary systems, most of the detailed work presented a 

glass forming region in a ternary system with Bi203, sro.sCao.sO, 

and CU010S , 107. In addition, Miyaji et al. investigated the 

glass forming region in the Bi203-CaO-CuO and the Bi203-sro-cuo 

systems using alumina crucible lOB • However, some results may 

be incorrect due to the possibility of alumina dissolution in 

the melts. 

~D4 Conventional Glass-Ceramic Route 

The conventional glass-ceramic route involves the glass 

formation and the subsequent crystallization through 

controlled nucleation in order to achieve useful properties 
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which are not possible from a solid state sintering method. 

This route was initially employed in this system to enhance 

the density because solid state sintering often resulted in 

poor density due to a plate-like grain morphology5,I~. other 

potential interests are that a useful sample can be formed 

with ease and that a microstructure can be tailored favorably, 

one such as an unidirectionally oriented morphology. 

In the work by Zheng and Mackenziel~, the density of a 

glass-ceramic with overall composition of Bi2sr1.SCa1.Scu2oS' 

presumably fully crystallized, showed 98.5% of theoretical 

densi ty of crystalline Bi2Sr1.SCa1.SCu20s' Zheng et ale also 

demonstrated a free standing superconducting fiber by melt

spinning and subsequent crystallization of a sample with the 

same composition as above110 • 

4.4.1 Phase Development 

Nassau et al. performed a detailed DTA study of the 

crystallization of Bi-based glass samplesl~. They found that 

the on-set of glass transition temperatures of 2212 related 

glass compositions occurred at about 410°C. In addition, two 

early exothermic events at 420°C and 450°C ",ere . found. In 

their worle, isothermal annealing experiments '-lere performed at 

various temperatures. The lo\vest temperature of annealing ",as 

above the second exotherm. This resulted in some trace of 

crystallinity found from XRD but this is not identifiable. At 
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higher temperatures, the 2201 phase was formed and then the 

2212 phase was formed. Other 2212 related glass compositions 

are also shown to be first crystallized to the 2201 phase. 

Similar results were found in the work by Komatsu et al. such 

that a quenched melt of Bi1.2SrCaCu20x composition is 

crystallized to 2201 at 550°C and 2201 is almost completely 

transformed to 2212 at 820oC111 . 

In the quaternary Bi203-SrO-cao-CuO system, only the 

superconducting phases reported are the 2212 and the 2223 

phases. In addition to that, Ishida and Sakuma showed that 

the 2212 phase is stable down to 500oC112 • Thus, it is not 

reasonable that 2212 glass sample is first crystallized to 

2201 and then 2212 if a 2212 glass is homogeneous. 

Table 3. Phase development during the reheating 
of a glass sample 

Glass Composition 
Bi:Sr:Ca:Cu 

3:2:2:4 

2:2:2:3 

2:2:1:2 

Heat-Treatment 
Temp. (OC) /hours 

450/2 

765/2 

876/168 

800/48 

Major Phase 

R-Phase 

2212 

2212 

2212 

Ref. 

9 

9 

7 

111 
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4.5 Unidirectional Crystallization of a Glaas 

One of the major interests of unidirectional 

crystallization of a glass is the formation of highly oriented 

microstructures. In this section, unidirectional 

crystallization of Bi-based glasses will be reviewed in regard 

to the microstructure development. Following this, the 

discussion will be extended to other glass systems. 

4.5.1 Bi-Sr-ca-Cu-o system 

Higashida et al. obtained a highly oriented 

microstructure by heating an alumina added Bi-based glass 

sample with the composition of Bi2sr2Ca2cu4AlIOx in a 

temperature gradient 113. This sample was translated at the 

rate of 0.023 rom/minute through the temperature gradient 

furnace. The temperature gradient was 30oc/mm and the peak 

temperature was 84SoC. No actual current density data were 

reported. 

This work is interesting in light of the demonstration of 

the use of unidirectional crystallization in processing a Bi

based composition. However, possible precipitation of alumina 

along the grain boundary may bloclc super current. In 

addition, this sample is expected to be substantially 

different from the undoped sample because of heavy addition of 

alumina. 
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Gan and Li applied an AC field of 500V/mm to a 4334 glass 

sample during reheating this sample without any temperature 

gradient10S • In their work, the electric field did not 

demonstrate any advantage for producing undirectionally 

oriented microstructures. 

4.5.2 Unidirectional crystallization in other systems 

Unidirectional crystallization has been demonstrated in 

a few inorganic glass forming systems14,lS,16. Melling and Duncan 

investigated the directional crystallization of an iron doped 

sodium lead silicate glass 14 • In their work, one side of a 

glass sample was in direct thermal contact to a heat source 

and other side was cooled by the natural convective flow of 

air. The temperature gradient was found to be about 40oC/mm 

in the temperature range of 300°C to 600°C. Both 

microstructural and XRD analysis of the crystallized body 

showed a highly oriented microstructure. When this glass was 

heated without imposing a temperature gradient, an isotropic 

microstructure was produced in the resulting crystallized 

body. 

This work is important because a 

gradient is likely to be an effective 

steep temperature 

in avoiding bulk 

nucleation but promoting crystal growth at one side of sample 

maintained at a high temperature. The significant internal 

nucleation can be seen from the isotropic microstructure of 
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the crystallized body heated without imposing a temperature 

gradient. 

A temperature gradient was also shown to be effective in 

avoiding bulk nucleation in other glass forming systems. 

Carpay and Cense16 tested unidirectional crystallization on 

several different glass forming systems by using the 

temperature gradient heating method described by Melling and 

Duncan. Among the glass systems tested, lithium borate is 

interesting because this glass traditionally shows the 

evidence of bulk nucleation79 • It is shown that glass samples 

with composition ranging from 72.6 mole % to 91.2 mole % B203 

could be unidirectionally crystallized by imposing temperature 

gradients. 

Unidirectional crystallization was investigated 

extensively in the calcium phosphate glass system. Abe et al. 

investigated unidirectional crystallization in a Ca(P03>2 

glass 114 • In their work, a temperature gradient was applied 

to an edge-seeded glass sample translating in the direction of 

the positive temperature gradient. The temperature gradient 

was shown to help to produce highly oriented microstructures. 

Glass samples crystallized \'1ithout a temperature gradient 

resul ted in an isotropic microstructures. The fracture 

strength of an unidirectionally crystallized body is bigger by 

an order of magnitude than that with an isotropic 

microstructurel l5 • Their earlier \'Jorlc suggested an abnormal 
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crystal growth of the bulk Ca (P03> 2 glass sample well below the 

glass transition116 • Bulk nucleation is negligible and only 

surface crystallization was observed near glass transition 

temperature. They suggested that the abnormal crystal growth 

below the glass transition was due to the structure of the 

glass sample and the tension introduced at the crystal-liquid 

interface only in the bulk sample. 

The work by Abe is significant in that a microstructure 

can be tailored by applying temperature gradients in a glass-

precursor samples. 

science principle 

In addition to that, a general materials 

is well demonstrated: processing-

microstructure-property relationship. 

Hosono et ale investigated unidirectional crystallization 

in a doped Ca (P03h glass sample117 • Dopants such as SrO were 

shown to dissolve in the crystalline Ca (P03h phase. Other 

dopants such as MgO and BaO were not found to be d~ssolved. 

The microstructure of the glass-ceramics tias shown to be 

highly oriented only for the SrO doped glass samples. 

This result can be supported by the thermodynamic 

characteristics of nucleation and crystallization. The 

formation of a solid solution with the dopant, SrO, may not 

change the thermodynamic driving force of crystallization 

significantly. Other dopants would stay in the glass matrix 

on crystallization and could change the glass structure to a 

large degree and subsequently affect the nucleation kinetics. 
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For such a case, nucleation and crystallization involves a 

shift of composition from the glass which can change the 

nucleation and crystallization kinetics. Thus, when a glass 

composition is need to be changed by adding additives, the 

solid solubility of the additives should be considered. 

Lu and Klein obtained oriented long fibrous crystallites 

in a potassium silicate glass matrix by heating an edge-seeded 

glass sample with an imposed temperature gradientlS • Their 

method is the same as one described above. The crystals were 

identified as potassium disilicate lamella. These were 

several rom in height and 0.05 rom thick. During temperature 

gradient heating, the crystal-liquid interface was maintained 

close to the maximum crystal growth temperature (about 950°C). 

This result is not surprising because it is suggested 

that only surface crystallization occurs in potassium 

disilicate glassSS • In other words, there is no need to avoid 

bulk nucleation. A nucleus can be easily formed at the edge 

of the sample where crystalline potassium disilicate was 

sprayed for seeding. This nucleus can continuously grow in 

the opposite direction of translation. Nucleation from other 

sides of the sample will be slower because of the longer time 

required for nucleation in the absence of seeds and the lower 

temperatures produced by the temperature gradient. 

In general, several conclusions may be drawn from these 

studies. The imposed temperature gradient was effective in 
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producing orient.ed microstructure on heating glass samples 

exhibiting bulk nucleation such as sodium lead silicate glass 

and lithium borate glass. When a liquid exhibits only surface 

nucleation, the temperature gradient is not as important as in 

a liquid exhibiting bulk nucleation to promote unidirectional 

crystallization. However, a temperature gradient can be still 

useful to avoid surface nucleation at the undesired surfaces. 

4.6 critical Current Densities 

Superconductivities above the boiling temperature of 

liquid nitrogen (77°K) can lead to more practical application. 

But one of the major barriers to some commercial utilization 

of the HTCS is the low critical current density of bulk high 

temperature ceramic superconductors. 

Tozer et ale measured the resistivity as a function of 

temperature for YBa2Cu30x liS. The resistivity parallel to the 

Cu-O plane (a-b direction) falls rapidly as the temperature 

drops while it does not drop significantly along the c-axis. 

This work suggests an anisotropic current flow in layer 

superconducting structures. This also suggests that the low 

J c of bulk HTCS can be improved by choosing a suitable 

processing route that can produce highly oriented 

microstructures parallel to the major current flow direction. 

It is, then, obvious that most of the weak link of 
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supercurrent arise from the presence of grain boundaries in 

the polycrystalline bulk HTCS. 

Jin et ale summarized several possibilities for the 

source of ''leak links at and near grain boundariesll : 

(i) a large dislocation density leading to a weak 

connection of current, 

(ii) the possible segregation of impurity phases acting 

as insulators, 

(iii) the presence of porosity due to insufficient 

densification or microcracks originating from 

thermal expansion anisotropy, and 

(iv) other variations of chemistry at the grain 

boundaries. 

other sources of weak links may be related to the 

different defect structures near grain boundary because point 

defect clustering inside grains result in enhanced flux 

pinning 119. 

Thus, the critical current density of bulk high Tc 

materials is significantly dependent upon the microstructure. 

It is desirable that the basal plane be oriented in the 

current flow direction. Many processing routes have been 

explored to obtain a highly oriented microstructure so that 

the current density of polycrystalline HTCS is increased close 

to that of the single crystal current density (>105 A/cm2). 

In this section, various processing routes to produce highly 



98 

oriented microstructures are reviewed. These routes include 

melt-solidification, unidirectional crystallization, and solid 

state sintering. 

Jin et ale obtained a needle like grain morphology 

oriented in the a or b direction in the superconducting layer 

through the unidirectional solidification of the melt11 ,13. The 

melt-textured YBa2Cu30x exhibits a J c of 17000 A/cm2 at 77°K in 

zero field. This is close to the J c of a single crystal (106 

A/cm2 ). In addition, the field dependence of J c is 

significantly reduced compared to a sintered sample. Their 

work is important because they demonstrated that grain 

boundary problems can be overcome by employing a suitable 

processing route where an 

microstructure is produced. 

unidirectionally oriented 

Many processing approaches have been followed to produce 

an unidirectionally oriented microstructure of superconductors 

in the Bi-Sr-Ca-Cu-O system. Kurosaka et a I . 120 used a 

similar method to the melt-solidification process as described 

by Jin et al. II ,13. In their work, a pre-sintered 2212 ceramic 

rod was translated through a micro-Czochroski furnace made 

wi th induction heating coil. An unidirectionally oriented 

microstructure \.;as successfully obtained. Hot1eVer, the phases 

present were found to be the 2201 related phase and an 

insulating phase rich in Sr, Ca and Cu. A negligible amount 

of the 2212 phase is present in the as-grown fiber. The 
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volume fraction of the 2212 phase is increased only after 

annealing at 780°C for a long time in air. Its current 

density was found to be more than 3000 A/cm2 at 77K with zero 

field. 

ChO\,l et ale used a similar method to produce a textured 

microstructure l21 • The microstructure is unidirectionally 

oriented but multiphases of 2212 and 2201 \-lith some insulating 

phases were present in directionally solidified samples of the 

2212 composition. Subsequent annealing was necessary to 

increase the amount of the 2212 phase. 

Levinson et ale obtained a textured 2212 thick film by 

using an analogous method to the melt-solidification method 

122 Their thick film was oriented in the direction normal to 

the c-axis and showed a J c of more than 2000 A/cm2 at 77K with 

zero field following a post annealing of as-textured thick 

film to increase the amount of the 2212 phase. 

These studies are in good agreement with each other. In 

all cases, a textured microstructure was obtained and the 

multiphase was present in the samples. This suggests that the 

2212 composition does not melt congruently. The incongruent 

melting creates a difficulty in obtaining a pure 2212 phase 

from the melt-solidification method. This may be one of the 

drawbacks for the melt-solidification process because the 

second phase may inhibit current flow resulting in lm-ler 

critical current density even with a textured microstructure. 
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It should be pointed out that the 2212 glass sample is 

crystallized to the 2212 phase without any detectable second 

phase. Thus, the glass-ceramic route may be advantageous \tlhen 

an unidirectionally oriented microstructure is achieved. 

Unidirectional crystallization has not yet been 

demonstrated in a pure 2212 or 2223 glass sample. The 

microstructures were isotropic similar to the crystallized 

body produced by a conventional glass-ceramic route. Je's of 

these samples were far less than lOs A/cm2 6,111 This is 

obviously due to the absence of unidirectionally oriented 

microstructure. 

Asano et ale used intermediate pressing between repeated 

sintering processes123 • The resulting microstructure was 

characterized as an elongated platy grain oriented in the 

perpendicular direction of an applies stress. J e of this 

sample was 3560 A/cm2 at 77°K with zero field. 

This work suggests that an imposed stress on a glass 

sample during heating may be beneficial to produce a highly 

oriented microstructure because the viscosity of glass is 

smaller than that of crystalline ceramics "lith the same 

compositions. A similar approach sho\'-Jed the successful 

alignment of crystallites along the extrusion direction for 

a hot-extrusion method to produce an unidirectional composite 

in a conventional silicate glass ceramics124 , 125. 
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s. EXPERIMENTAL PROCEDURES 

5.1 Glass Preparation 

starting powders l used were high purity (> 99.9%) Bi203 , 

of the primary investigation with some interest in PbO doped 

samples. The glass compositions studied are listed in 

Table 4. 

Table 4. Glass compositions studied and glass forming 
ability examined by XRD on a quenched sample from 
the melt 

Compositions (Bi:Sr:Ca:Cu) 

5:0:3:2 

2:3:0:1 

2:2:0:1 

2:1:1:2 

2:1:1.5:2 

2:2:0.5:2 

2:2:1:2 

3:1:1:3 

4:3:3:2 

5:3.5:0.5:1 

3.5:5:1:0.5 

1. Alfa Products 

Glass Forming Ability 

Glass 

Crystalline 

Crystalline 

Glass 

Glass 

Glass 

Glass 

Partially Crystalline 

Partially Crystalline 

Partially Crystalline 

Partially Crystalline 
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Appropriate amounts of the starting oxide powders were 

weighed to make a the total 15 gm batch. They were mixed in 

a agate grinding media. The mixed powders were calcined at 

850°C for 5 hours and melted in a Pt-crucib1e covered by a 

pt-1ead at 1050oC-1300oC for 10 min-2 hours. The oxide powder 

melts were stirred occasionally by a Pt-stick. Glasses were 

formed by pouring the melt on a brass plate and quickly 

pressing it with another brass plate. The resulting glass 

samples were about 0.5-1 rom thick and appeared to be black. 

Weight loss was measured by carefully weighing the starting 

powders and comparing with the weight of the final melt-cooled 

samples. There was not any significant weight loss other than 

the carbon dioxide. Further characterization and 

unidirectional crystallization experiments were performed on 

these glass samples. 

5.2 Homogeneity of a Glass sample 

It is often found that 2212 related compositions contain 

a Ca-rich second phase. The homogeneity of the glass samples 

were investigated using Electron Probe Micro Analysis (EPMA)2. 

Samples for EPMA experiments were polished and then carbon 

coated to prevent charging under the electron beam. 

2. Cameca SX 50 
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An optical microscope3 was used to estimate the volume 

fraction of this Ca-rich phase as a function of the fusion 

temperature in the range of 11000 C to 1300oC. The image from 

the optical microscope \'las analyzed using a Buehler Image 

analyzer4 • 

5.3 Temperature Gradient Furnace 

A schematic of the temperature gradient furnace is 

presented in Fig. 10. As seen there, the furnace was designed 

to move over a stationary sample at a controlled rate. The 

salient features of the furnace are the two heating zones, the 

heat reflector, the transport mechanism and the sample holder. 

The two independent KanthalR wound heating zones have a 

maximum working temperature of about 11000 C and allow accurate 

control of the hot zone wi thin ±2°C. This hot zone is 

situated next to the heat reflector. The purpose of the heat 

reflector (a thin gold foil) is to produce a sharp temperature 

gradient (about 30oC/mm). 

The furnace is mounted on four ball pushing pillow blocks 

that allow smooth motion over a distance of two feet. The 

furnace motion is controlled by a SAX microstepping controller 

and a S21205 actuator as supplied by Motion Solution, Inc. The 

18 inch actuator that was custom built to meet our requirement 

3. Nikon Epiphot 

4. Buehler Image Analysis System 81-1000-160 
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Figure 10. Schematic diagram of unidirectional 
crystallization apparatus. 
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allowed a steady deflection of the furnace over a distance of 

9 inches. The actuator moves in a stepping motion at a rate 

of 0.001 inch/min. The motor makes 13 microsteps/sec. The 

actuator can moves as slow as 1.524 mm/hr and as fast as 10 

m/hr without any mechanical problems. 

5.4 X-ray Diffraction (XRD) 

For the phase identification, powder X-ray diffraction 

was mainly used. Samples were finely ground in an agate 

mortar and pestle and mounted on a glass slide. The sample 

was then inspected using GE diffractometerS and Scintag 

diffractometer6 • For both models, Cu Ka is used as the 

characteristic wavelength. Scan rates used were 2°/min. and 

4° /min. 

5.S Thermal Analysis 

Differential Thermal Analysis (DTA) and Differential 

Scanning Calorimeter (DSC) were used for the crystallization 

study. The DTA7 , 8 and DSC9 units "'lere calibrated using Gold 

and Indium respectively. For the thermal analysis, various 

5. GE Diffractometer 

6. Scintag XDS 2000 

7. Dupond Instrument 1600 DTA 

8. Perkin-Elmer DTA 1700 

9 Dupont Instrument 910 DSC 
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portions of the quenched glass samples were collected and 

ground to represent an average quenching rate. This powder 

was well packed to produce good thermal contact between the 

powders and the thermocouples. Either 100cc/min of flowing 

air or Nitrogen was used as an atmosphere in the DTA cell. 

Heating rates used were 2°C/min and 10°C/min for both DTA and 

DSC. DSC samples were sealed hermetically using an aluminum 

pan that can be safely used up to about 600°C. 

5.6 Scanning Electron Microscopy (SEM) 

The microstructure development was characterized by 

optical Microscopy and Scanning Electron Microscopy (SEM). 

Both polished and fractured surfaces of as quenched and 

crystallized samples were inspected. To prevent charging of 

the samples by the electron beam, the surfaces of samples were 

coated using evaporated carbon or were sputtered with an Au/Pd 

mixture. The samples were then inspected using JEOL SEMlO • 

Energy Dispersive X-ray Analysis (EDS) was obtained on the 

carbon coated samples using a Tracor Northern (TN) X-ray 

system l ). 

10. JEOL JSM-840A 

11. Tacor Nothern 5500 



5.7 Transmission Electron Microscopy (TEM) 

Glass microstructure and the early stage 
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of 

microstructure development on heating a glass sample were 

investigated using Transmission Electron Microscopy (TEM). 

Glass samples were ground in an agate mortar and pestle under 

Isopropanol. The ground powders in isopropanol were then 

transferred to a small glass bottle. The about half-filled 

glass bottle was put in the ultrasonic cleaner to break up the 

agglomerates. Glass splinters were collected on a holey 

carbon grid by simply dipping it in the slurry in the bottle. 

Bulk TEM samples were also prepared. Glass samples were 

mechanically ground to about a thickness of 100 .um with 

polishing oil to prevent any possible reactions with water. 

3 rom disk samples were made by using an ultrasonic cutter. 

The disk samples were dimpled up to about 50 .umI2. Dimpled 

samples were then ion-milled using Gatan ion mill unit l3 • The 

purpose of employing two different sample preparation methods 

was to determine any possible artifacts resulting from the ion 

milling process by comparing the TEM samples prepared by both 

methods. 

For the TEM sample preparation of sol-gel derived films, 

diluted precursor solutions were placed on the gold grid by 

spin coating. Coated samples were then dried at various 

12. South Bay Technology 515 

13 Gatan DuoMillTiM 600 
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temperatures and for various periods. Dried samples were 

found to be thin enough for the TEM experiments. 

For all TEM samples, thin carbon was coated to prevent 

charging under the electron beam. Subsequently, TEM 

experiments were performed using Phillpsl4, IS and Hitachi l6 

transmission electron microscope at the operation voltage of 

80 KeV with tungsten filament and LaB6 as the sources of 

electron beam. During experiments, bright-field image and 

electron diffraction were examined and then dark-field image 

was analyzed. 

5.8 Electrical Resistivity Measurement 

The electrical resistivities of various crystallized 

samples 

method. 

were measured using a standard four point probe 

lOrnA was used as a current source. This current 

source was stable during measurement. The sample temperature 

was controlled with liquid nitrogen and helium. Indium was 

used as a solder to provide good electrical contact. 

14. Philips 400T 

15. Philips 420 

16 Hitachi H-8100 



6. EXPERIMENTAL RESULTS 

6.1 Glas9 Formations 
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Glass samples were prepared by cooling a melt. The glass 

forming ability of the various compositions in the current 

system were examined by XRD analysis. The resul ts are 

presented in Table 4. 

compositions in the Bi203-sro~cuO system does not form 

glasses while the BisCa3cu20x composition was a good glass 

former in the Bi203-Cao-cuo system when using the same cooling 

rate. In the quaternary Bi203-SrO-cao-CuO system, several 

compositions formed glasses as seen in Table IV. When the 

amount of Bi and cu is very large compared to the 2212 

composition, the melt was homogeneous but did not form a 

glass. When the amount of either Ca, Sr or both, were large 

compared to 2212 composition, the melt was heterogeneous and 

did not form a glass. Here, the heterogeneity can result form 

the limited solubility of CaO in the melt. The solubility of 

SrO is likely to be small as well. 

From these observation, it can be seen that SrO is not 

necessary to form a glass by cooling a melt in the present 

system. The major component seems to be Bi203 in a glass 

forming composition even if there is a limit on the amount of 

Bi203 compared to other components. 
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6.2 Homogeneity of a Glass Sample 

It is often found that 2212 related glass compositions 

contain a Ca-rich second phase. EPMA with a probe size of 

about 1 to 2 ~m was carried out on the as quenched 2212 glass 

sample containing CaO rich phases. It is determined that this 

second phase contains about 95 mole % CaO. This finding 

suggests that the CaO rich phase is basically CaO. 

In order to understand the solubility of CaO in the melt, 

volume percentages of this second phase were measured as a 

function of the melting temperatures using an optical 

microscope equipped with an image analyzer. It was found that 

the amount of the CaO rich phase decreased as the melting 

temperature increased (see Fig. 11). This suggests that CaO 

has limited solubility in the 2212 melt at the range of usual 

melting temperatures, 11000 C to 1300oC. The wide error bar in 

the low temperature regime is due to the nonuniform 

distribution of the CaO-rich phase. 

The spatial homogeneity of the glass sample was also 

investigated by EPMA. The concentrations of each element \ ... ere 

measured every 500 ~m. As seen in Fig. 12, the concentration 

of CaO is relatively nonuniform. 

The presence of the CaO rich phase may impact further 

nucleation and crystallization because it is likely to be 

crystalline. The present route requires a homogeneous glass 

to control nucleation and crystallization. Thus, it is 
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Figure 11. Volume % of CaO rich phase as a function of 
melting temperatures. 
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Figure 12. Homogeneity of 2212 glass sample measured by 
Electron Probe Micro Analysis. 
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necessary to avoid the CaO rich phase. Homogeneous glass 

samples were produced when the amount of CaO was reduced by 

about 10 mole % of the total amount of CaO in the BizsrZcalcuZox 

compositions; whereby the reduction of the CaO content is in 

the solid solution range between Ca and Sr in the 2212 phase~. 

It was also found that more CaO dissolved in the melt when the 

SrO content was reduced. Thus, the solubilities of CaO and 

SrO are closely related each other. 

6.3 Unidirectionally oriented Microstructure 

The specimen with the 2212 composition was melted and 

cooled slowly using a temperature gradient of 13°C/mm with a 

maximum temperature of 920°C. A highly oriented 2212 

superconducting phase was obtained as shown in Fig. 13. As 

seen there, the crystals are large and plate-like and are 

aligned parallel to each other and in the growth direction. 

Resistance vs. temperature data showed the onset of complete 

loss of resistance at about 80 K (see Fig. 14). Such a 

microstructure should increase the current density. 

Unidirectional crystallization experiments "Jere conducted 

on various 2212 related glass compositions with a temperature 

gradient of about 30oc/mm, a maximum temperature of 820°C, and 

various translation rates ranging from 0.002 inch/min to 

0.1 inch/min. A higher temperature gradient (-10zC/mm) was 

obtained by sandwiching a glass samples in such a way that one 
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Figure 13. SEM micrograph of melt textured 2212 sample. 
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side of the sample was cooled by direct contact with a water

cooled Cu-tube and the other side was heated by direct contact 

with an alumina plate heated by Kanthal wire. Here, the 

sample could not move. A rapid thermal annealing unit was 

also used to produce a sharp temperature gradient. This 

temperature gradient was difficult to measure but most likely 

is much steeper than 30oC/mm produced by the conventional 

resistance heating. 

For all conditions, it was difficult to produce highly 

oriented microstructures when using the present route. The 

microstructures of crystallized bodies were uniform and 

isotropic as seen in Fig. 15 suggesting significant bulk 

nucleation. 

This result is rather surprising because the temperature 

gradient was imposed in 2212 glass sample to avoid any 

nucleation other than nucleation by edge-seeding. This result 

encouraged the detailed characterization of the glass samples 

to see if there are any microcrystallinities and 

microstructures in the glass sample which could produce an 

unusually high nucleation rate. 

6.4 Phase Development 

The phase development on heating the 2212 glass sample 

was investigated using powder X-ray diffraction (XRD). Fig. 

16 showed XRD pattern of the 2212 glass sample annealed at 
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Figure 15. SEM micrographs of fracture surface of (a) as 
quenched 2212 glass sample and (b) 2212 sample 
following temperature gradient heating. 
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different temperatures. Trace (a) is a 2212 glass sample 

annealed at 625°C for 3 days. This is in good agreement with 

published XRD data for "R"-phase126 • When annealed at higher 

temperature, 820°C, for 20 min, an almost single phase 2212 

was formed without any second phase detectable by XRD as shown 

in trace (b) of Fig. 16. Thus, glass sample with composition 

of 2212 is first crystallized to "R"-phase and then, to the 

2212 phase. This sequential crystallization was also observed 

in a glass with composition of PbiBiisriCaiCu= 

0.32;1.68;1.75;2;3. Thus, the PbO addition did not alter the 

crystallization behavior significantly. When the 2212 phase 

was annealed at a lower temperature of 610°C for about five 

days, the 2212 phase did not transform back to "R"-phase and 

its XRD pattern is the same as that of the 2212 glass annealed 

This indicates that the 2212 phase is the 

thermodynamically stable phase over a wide range of 
. 

temperature. This is supported by the work of Hong et al. 93,112. 

6.5 Thermal Analysis 

Differential Thermal Analysis and Differential Scanning 

Calorimetry were used to investigate the crystallization 

behavior of a 2212 glass sample. For thermal analysis, pO\'lder 

samples were used. The effect of particle size should be 

negligible because most of the nucleation occurred in the bulk 

of the sample due to liquid-liquid phase separation. 
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The initial exothermic events are very important because 

the reaction responsible for the first exotherm will have a 

lasting effect on the microstructural development on heating 

a 2212 glass sample. 

high temperature 

This is serious in the processing of 

ceramic superconductors through 

unidirectional crystallization route where nucleation control 

is necessary. DTA does not provide enough information on 

structt\ral changes so that XRD was used to identify exothermic 

events. In addition to XRD, the microstructures associated 

with the exothermic events were also characterized using TEM 

both at room temperature and at elevated temperatures. The 

TEM results will be presented in the next section. 

A typical DTA of a 2212 glass sample is shown in Fig. 17. 

The XRD of an as-quenched 2212 glass sample as shown in 

Figure 18 demonstrated a broad peak that is characteristic of 

an amorphous material. The as-quenched 2212 glass powder 

sample was well packed in the Pt-cup to improve thermal 

contact and was heated in air at a hea'ting rate 10oC/mim. 

Trace (a) of Fig. 17 is DTA of a as-quenched 2212 glass 

sample. This DTA result was typical for many 2212 related 

glass compositions where a glass transition occurs near 390°C, 

and two distinct exotherms occur at about 450°C and 500°C. 

Similar traces were observed by Nassau et al. for roller 

quenched samples over a wide range of glass compositionsl~. In 

their work, the lowest isothermal heat-treatment temperatures 
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Figure 17. Differential thermal analysis (DTA) of Bi-Sr-Ca
Cu-o samples performed in the air: (a) the 
as-quenched 2212 glass sample, and (b) the same 
sample after annealing at 418°C for 28 hours. 
Heating rate used was 10°C/min. 
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Figure 18. X-ray diffraction patterns of Bi-Sr-Ca-Cu-O 
samples: (a) the as-quenched 2212 glass sample, 
and (b) the same sample after annealing at 418°C 
for 28 hours. Scan rate used was 2°/min. 
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were above the on-set of the second exotherrn for the related 

glasses of the 2212 composition. XRD at this temperature 

showed some trace of crystallinity. The present research 

focuses on the first exotherrn, since all stages of the 

microstructural development are influenced by whatever happens 

at this early stage as stated above. Some of the as-quenched 

2212 glass powder was pre-annealed at 41Soe for 28 hours that 

is above Tg and high enough to be the lower tail of the first 

exothermic event. The purpose of the long time annealing at 

418° e was to understand the source of the first exotherm. 

Preannealed 2212 glass powder samples were heated in the DTA 

unit under the same conditions as the DTA run of as-quenched 

2212 glass sample. Trace (b) in Figs. 17 and 18 show the XRD 

and DTA signatures of the pre-annealed material. The 

diffraction results indicate that the sample is still 

amorphous, while thermograms indicate that the process 

responsible for the first exotherm has reacted to near 

completion. 

Experiments were designed to investigate the first 

exotherm in detail. As-quenched 2212 glass samples \llere 

preannealed at 415 °e for various periods. DTA was conducted 

on the pre-annealed 2212 glass samples with a heating rate of 

100 e/min and a nitrogen flmv of 100 cc/min. The purpose of 

the nitrogen atmosphere was to avoid any possible heat from 

oxidation during the DTA experiments. Figure 19 gives the 
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Figure 19. Differential thermal analysis of 2212 glass sample 
in the nitrogen atmosphere: (a) as-quenched, (b) 
after annealing at 41Soe for 2 hours, and (c) after 
annealing 41Soe for 6 hours. Heating rate used \'1as 
10oe/min. 
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thermal analysis results for three different annealing 

treatments. Trace Ca) shows the typical DTA behavior of the 

as-quenched 2212 glass sample. It has a glass transition onset 

temperature of 417°C and two exothermic events at about 470°C 

and 500°C in the low temperature regime. Here, the peak 

positions and the trend of the peak intensities of trace (a) 

are almost identical to those in the previous DTA of the 

as-quenched 2212 glass sample (see Fig. 17a) but the 

magnitudes of peak intensities are different. This 

discrepancy can arise from either the different DTA units used 

(Perkin Elmer DTA 1700 for the previous run and Du Pont 

Instrument 1600 DTA for the current DTA run), the different 

atmospheres during DTA runs, or some difference in quench rate 

during the glass formation. In both cases (Fig. 17a and 

Fig. 19a), the same results were obtained. 

Figure 19 also includes DTA traces of samples that were 

annealed prior to the DTA analysis for 2 hours and 6 hours at 

415°Ci these are shown as traces (b) and (c) respectively. The 

three DTA traces show some striking changes caused by the heat 

treatment. Although the temperatures at which the two peaks 

occur change very little, the quantities of heat evolved 

during these two processes are drastically changed. The lower 

temperature exotherm is significantly reduced by the 

preannealing. The second exotherm increases notably with 

further annealing and becomes the dominant peak. The decrease 
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in size of the first peak is taken to indicate that the 

corresponding microstructure development process has been 

promoted by the annealing treatment. 

In spite of the nearly complete disappearance of the 

first exotherm just after the annealing treatments, none of 

these samples exhibit any detectable crystallinity with X-ray 

diffraction. Figure 20 presents X-ray diffraction data 

showing that there is no detectable difference among the three 

samples, even though the heat treatment has caused the 

advancement of the first microstructure development process 

and (nearly) eliminated the first DTA exotherm regardless of 

the atmosphere in the DTA (air or nitrogen). 

The two exothermic events are more separated when the DTA 

heating rate is reduced. Figure 21 shows the two peaks at a 

heating rate of 2°C/min with a nitrogen flow rate of 

100CC/min. In order to further investigate the first DTA 

exotherm, a DTA run was interrupted at exactly the temperature 

of the peak of the first exotherm in such a way that the DTA 

cell was removed from the DTA unit. This method can produce 

air cooling which can stop any further reaction at the peak 

temperature of the first exotherm. The temperature difference 

was recorded during the quenching experiments and is sho\~ in 

Fig. 22. As seen there, significant amounts of heat are 

released while the X-ray diffraction pattern of this sample 
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Figure 20. X-ray diffraction patterns of 2212 glass sample: 
(a) as-quenched, (b) after annealing at 415°C for 
2 hours, and (c) after annealing 415°C for 6 hours. 
Scan rate used was 4°/min. 
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was identical to the others presented in Fig. 20. Thus even 

halfway through the first exotherm, no crystallization occurs. 

6.6 Microstructure of Quenched Glass 

TEM observations were performed at an accelerating 

voltage of 80 KeV with a W-filament electron source. Beam 

damage was examined by observing any microstructural change of 

the sample under the electron beam for a long time (about 

30 min.). This was long enough for the TEM experiment. Beam 

damage was found to be negligible under these conditions. 

When a field emission gun was used, the higher accelerating 

voltages and higher currents were found to cause significant 

damage which caused the sample to drift and the microstructure 

to change and coarsen under the electron beam. Because of the 

possibility of beam damage, care was taken to make 

photographic exposures on fresh regions; the present 

micrographs are believed to be accurate representations of the 

glass microstructures. 

The microstructure of the as-quenched glass is shown in 

Fig. 23. This microstructure is a characteristic of liquid

liquid phase separation. The electron diffraction pattern was 

a typical amorphous ring as sho\'/n by the inset in this figure. 

This amorphous diffraction ring is in agreement with the XRD 

results shown above. Artifacts from ion milling are not 

present, since the crushed glass sample showed the same 

characteristic microstructure (see Fig. 24). 
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50nm 

Figure 23. Bright field TEM micrograph of the as-quenched 
2212 ion-milled glass sample. Mottled features 
are believed to be very fine phase separated 
regions. The entire sample is amorphous, as 
indicated by the electron diffraction pattern 
(inset). Acceleration voltage; 80 kV. 
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50nm 

Figure 24. Bright field TEM micrograph of the as-quenched 
2212 powdered glass sample. The same features are 
present even though sample preparation was 
different. This sample was also entirely 
amorphous by electron diffraction. Acceleration 
Voltage; 80 kV. 
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The feature size found in these samples is in the range 

of 5~10 nm. XRD peak broadening from the particle size was 

calculated using Scherrer equation127 

t = 0.9A cos 6
B B 

where t is the thickness of the crystal, A is the 

characteristic wavelength of the X-ray, B is the width of the 

peak in radians at half of the intensity, and 6B is the peak 

position in the 6 scale. Using 15.4 nm for the wavelength of 

Cuka , 14.85 for the peak position in 6 scale, and 10 nm for 

the particle size, B is about 0.80 in 26 scale. This result 

shows that if these were crystalline phases, then the 

diffraction peak would have been much sharper (by about a 

factor of two). Similar broadening of the electron diffraction 

rings show that the features are not crystalline. When using 

only a fraction of the diffracted intensity for dark field 

imaging in the electron microscope, the contrast was still 

uniform, indicating that both the light and the dark regions 

of the microstructure are amorphous. 

6.7 Hot-stage T~! Experiments 

Hot-Stage TEM was conducted for an in-situ observation of 

the microstructural development on heating a 2212 glass 

sample. Sample temperatures in the hot-stage were deemed 

reliable because of the close contact between the sample and 
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the stage. The high vacuum environment prevented convective 

cooling and the low temperatures minimized radiation effects. 

All photographic exposures were made on fresh sample areas to 

minimize any possible contribution from beam damage. 

Hot-stage TEM observations of these processes also 

confirmed that crystallization was not occurring during the 

first exotherm, only during the second. The microstructure 

was observed starting at room temperature. The sample was 

heated based on previous DTA information as shown in Fig. 21. 

The sample temperature was then raised at various increments 

and held constant during the time of observation. 

Table 5 shows the temperatures and times for a 

representative sample. All photomicrographs in this 

manuscript came from this sample run. This is important 

because all heating exposure was cumulative. 

Microstructure development was followed both by visual 

observation in bright-field image and by examination of 

selected-area electron-diffraction patterns. Figure 25 shows 

the mottled structure that exists in the starting material at 

room temperature. The characteristic feature size for this 

micrograph is about 5 to 10 nm. After heating through the 

400°C and 415 °c degree intervals and holding at 425°C, the 

microstructure remains amorphous as shown in Fig. 26. This 

sample retains the mottled appearance of the starting sample, 

but there appears to be some coarsening of the feature size 
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Table 5. Results of hot-stage TEM experiment. The table 
represents one sample that was heated sequentially 
to higher temperatures without cooling. The time 
column represents the time at each temperature 
increment. The results of electron diffraction 
taken at each hold temperature are given as the 
third column. Finally, the fourth column gives the 
figure number for corresponding photomicrographs. 
Acceleration Voltage used was 80 kV. 

Temperature 
(OC) 

Room 
Temperature 

400 

415 

425 

436 

445 

451 

480 

491 

505 

Time 
(Minutes) 

5 

30 

60 

30 

5 

17 

5 

20 

3 

Electron 
Diffraction 

Results 

Amorphous 

Amorphous 

Amorphous 

Amorphous 

Amorphous 

Amorphous 

Amorphous 

Trace of 
"R"-Phase 

"R"-Phase 

"R"-Phase 

Corresponding 
Figure 

25 

26 

27 

28 

29 
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~ ~ 

50nm 

Figure 25. TEM micrograph of as-quenched 2212 glass at room 
temperature. Mottled structure is completely 
amorphous as indicated by electron diffraction 
(inset). Acceleration Voltage; 80 kV. 
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Figure 26. Hot-stage TEM micrograph of 2212 glass at 425°C. 
Phase separated microstructure appears more 
distinct; the structure is still amorphous by 
electron diffraction (inset) and increases in 
inter-particle contrast. Acceleration Voltage; 
80 kV. 
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and increased contrast between phases. The electron 

diffraction pattern (inset) demonstrates that the sample is 

still amorphous. At 451°C, sample is still amorphous as shown 

by the electron diffraction in Table 5. This temperature is 

the peak temperature of the first exotherm in DTA with slower 

heating rate shown in Fig. 21. 

On increasing the temperature, the sample remained 

amorphous until 480°C where a trace of crystallinity started 

to appear. This is in good agreement with the previous 

results from DTA and XRD; the on-set temperature of the second 

exotherm is about 480°C in DTA when slower heating rate 

(2°C/mm.) used. Figure 27 shows the microstructure of this 

sample with the electron diffraction pattern as an inset. 

None of the mottling is yet identifiable as second phase 

crystals. The crystallites become visible in the matrix 

during subsequent heating of samples at 491°C and 505°C 

(Figs. 28 and 29). The dark particles are crystalline and 

make up only a small volume fraction, but are randomly 

distributed in the still-amorphous background matrix. The 

crystal sizes are in the range of 13 to 18 nm. D-spacings 

obtained from the ring patterns are in good agreement with 

that of samples of bulk glass crystallized at about 500°C, 

which yields crystalline R-phase. At the highest temperature, 

the mottled-appearance glass matrix continues the process of 
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make up only a small volUlHe fraction, but are randomly 

distributed in the still-amorphous background matrix. The 

crystal sizes are in the range of 13 to 18 nm. D-spacings 

obtained from the ring patterns are in good agreement with 

that of samples of bulk glass crystallized at about 500°C, 

which yields crystalline R-phase. At the highest temperature, 

the mottled-appearance glass matrix continues the process of 
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Figure 27. Hot-stage TEM mMicrograph of 2212 glass at 480°C. 
The microstructure is still similar to lower 
temperatures, however, some faint indication of 
crystallization is evident in electron diffraction 
(inset). No clearly identifiable nuclei can be 
seen. Acceleration Voltage; 80 kV. 
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Figure 28. Hot-stage TEM micrograph of 2212 glass at 491°C. 
Clearly crystalline grains are visible in a 
mottled, phase-separated, amorphous matrix. Arrow 
indicates the "R"-phase. Acceleration Voltage; 
80 kV. 
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Figure 29. Hot-stage TEM micrograph of 2212 glass at 505°C. 
crystallization continue to occur. Acceleration 
Voltage; 80 kV. 
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microstructure development, with probable initiation of 

further grains of the "R"-phase. 

These data provide for a two-stage microstructure 

development process in the early stages of crystallization of 

glass samples. The first DTA exotherm occurs l'1ithout any 

crystallization (by XRO) and with no observable new 

crystalline grains (by hot-stage TEM) • The TEM observations at 

the low temperatures indicate a phase separated morphology and 

increase in contrast and size of the coarsening which appear 

related to the first exotherm. At higher temperatures, both 

XRD and hot-stage TEM indicate that crystallization of the "R" 

phase initiates. The second DTA exotherm is caused by this 

crystallization. 

6.8 Doped Glass sample 

In order to avoid liquid-liquid phase separation in the 

present system, some dopants were added to the glass samples. 

Particularly, the effect of PbO addition on phase separation 

was investigated in detail. In this section, the effect of 

the addition of dopants are presented. 

6.9.1 Effect of PhO Additions on Phase separation 

One of the \tddely used addi ti ves is PbO which is knmm to 

stabilize the 2223 phase and enhance its formation kinetics. 

The effect of doping of PbO on phase separation was 

investigated. unidirectional crystallization was tested on a 
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Pb-doped sample with a composition of Pb;BijSr;Ca;CU= 

0.32;1.68;1.75j2;3 in atomic ratio (hereafter referred to as 

Pb-doped 2223). By reducing the Sr content slightly, a glass 

sample free of the CaO-rich second phase was obtained. The Sr 

content was chosen to decrease rather than the Ca content in 

order to maximize the amount of the 2212 phase which forms 

earlier than the 2223 phase on heating this glass. The amount 

of Bi was also reduced but the reduction of Bi was replaced by 

Pb. 

Figure 30a shows the XRD pattern of the as-quenched 

Pb-doped sample which shows an typical amorphous XRD pattern. 

The thermal analysis of this sample is shown in Fig. 31a with 

a glass transition temperature of 388°C and an on-set of the 

first exotherm at 428°C. In order to understand the source of 

the first exotherm, pre-annealing experiments were performed 

at two different temperatures, 391°C and 410°C for 1 hour as 

described previously for the 2212 glass sample. The glass 

sample annealed at 410°C was still amorphous as shown by its 

XRD pattern in Fig. 30b. The half peak width is the same as 

the XRD pattern of the as-quenched sample (see Fig. 30a) but 

the first exotherm is almost absent (see Fig. 31c). The glass 

sample annealed at the lower temperature, 391°C, shot'1ed a 

considerable decrease in the intensity of the first exotherm 

as shown by trace (b) in Fig. 31. A TEM investigation was 

performed on the quenched Pb-doped 2223 glass, and indicated 
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Figure 30. X-ray diffraction patterns of Pb-doped samples 
with composition of Pb:Bi:Sr:Ca:Cu= 
0.32:1.68:1.75:2:3: (a) as-quenched, and (b) after 
annealing at 410°C for 1 hour. Scan Rate used was 
4° Imin. 
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Figure 31. Differential thermal analysis of Pb-doped samples 
with composition of Pb:Bi:Sr:Ca:Cu= 
0.32:1.68:1.75:2:3: (a) as-quenched, (b) after 
annealing at 391°C for 1 hour, and (c) after 
annealing at 410°C for 1 hour. Heating rate used 
was 10°c/min. 
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the presence of phase separation as shown in Figs. 32a and b. 

As happen with the undoped 2212 glass, the first exothermic 

event is very likely related to the compositional change on 

reheating or coarsening. 

6.9.2 Effect of Alumina Additions on Phasa separation 

Small additions of alumina in composition related to 

nRn-phase enhances the glass forming ability in this Ca-free 

composition. For the Bi2Sr3CuiOx composition, EDS analysis 

showed that 3 wt. % of alumina is effectively added to the 

glass sample when a glass was melted in an alumina crucible. 

without such additions, this composition does not form a glass 

by cooling a melt. DTA analysis of this composition showed 

one exotherm at low temperatures as seen in Fig. 33. In order 

to understand the cause of this exotherm, a DTA run was 

interrupted by removing the sample from the DTA cell soon 

after the peak of the first exotherm. The sample crystallized 

to nRn-phase as shown in Fig. 34. Here, lines indicate 

"Rn-phase. 

Based on this observation, 5 wt. % of alumina was added 

to a glass sample with composition of Bi;Sr;Ca;Cu=2;1.9;2;2 in 

order to explore the effect of the alumina addition on phase 

separation. This glass showed closely similar DTA signatures 

as the phase separated 2212 composition as seen in Fig. 35. 

Thus, it is very likely that the addition of small amounts of 
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50nm 

50nm 

Figure 32. TEM micrograph of as-quenched Pb-doped glass 
sample with composition of Pb:Bi:Sr:Ca:Cu= 
0.32:1.68:1.75:2:3: (a) Bright field micrograph, 
and (b) Dark field micrograph. Acceleration 
Voltage; 80 kV. 
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Figure 33. Differential thermal analysis of as-quenched 
3 wt. % alumina doped glass sample with 
composition of Bi2Sr3Cu10x' Heating rate used was 
10°c/min. 
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Figure 34. X-ray diffraction pattern of 5 wt. % alumina doped 
glass sample with composition of Bi2Sr3CulOx after 
heating to the peak temperature of the first 
exotherm and then, quenching to room temperature. 
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alumina does not avoid the occurrence of phase separation. 

This is in agreement with phase separation in a 2245 

stoichiometry glass sample prepared in an alumina 

crucible128 • 

6.9 Microstructure Dovelopment in Pb-dopad Samplos 

Microstructure development was characterized for Pb-doped 

samples with the composition of PbiBi;sr;CaiCu= 

0.32;1.68;1.75;2;3 in atomic ratios. Samples were annealed at 

three different temperatures: 440°C, 500°C (at the peak of the 

second exotherm), and 6000 e (at the peak of the third 

exotherm) for various periods. SEM micrographs of the three 

samples are shown in Figs. 36-38 respectively. 

As seen in Figs. 36 and 37, the microstructure of the 

samples annealed at 4400 e and 500°C is fine and uniform. XRD 

analysis of these samples showed the presence of the mostly 

"R"-phase. The bright grains of the size of about 50-100nm 

are obviously "R"-phase as seen from the contrast between the 

grains and the interparticle phase. From the previous hot

stage TEM experiments of the 2212 glass sample, uRn-phase "las 

dark particles because of greater absorption of the electron 

beam (see Figs. 28 and 29). For the Pb-doped sample, SEM 

showed bright grains for "R"-phase because a greater number of 

secondary electrons from the molecularly heavy phase can be 

used for imaging. 
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Figure 36. SEM micrograph of a fracture surface of Pb-doped 
glass sample with composition of Pb:Bi:Sr:Ca:Cu= 
0.32:1.68:1.75:2:3 after annealing at 440°C for 1.8 
hours. 
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Figure 37. SEM micrograph of a fracture surface of Pb-doped 
glass sample with composition of Pb:Bi:Sr:Ca:Cu= 
0.32: 1. 68: 1. 75: 2: 3 after annealing at 500°C for 
1 hour. 
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Figure 38. SEM micrograph of a fracture surface of Pb-doped 
glass sample with composition of Pb:Bi:Sr:Ca:Cu= 
0.32: 1. 68: 1. 75: 2: 3 after annealing at 600°C for 
1 hour. 
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At the higher temperature (600°C), there is considerable 

growth of crystallites and some of the particles begin 

touching each other (see Fig. 38). XRD analysis of this 

sample showed the mixture of the 2212 phase and "R"-phase. As 

with the 2212 glass sample, the above Pb-doped sample also 

showed sequential crystallization to "R"-phase and then the 

2212 phase. But, a notable difference between these two 

samples was the lower molecular mobility reflected by the 

lower glass transition temperature of the Pb-doped sample. 

Thus, the on-set temperature (427°C) of the first exotherm 

(compositional change) was lower than that of the 2212 glass 

sample (436°C). 
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The occurrence of liquid-liquid phase separation in the 

present glass system makes it difficult to produce a highly 

oriented microstructure during the unidirectional 

crystallization of a glass. Therefore, theoretical modeling 

was undertaken to understand general questions in the area of 

unidirectional crystallization. 

The major interest is to define a processing window where 

highly oriented microstructures can be obtained through the 

unidirectional crystallization of a glass. In order to set a 

criterion for this route, two approaches are considered: the 

positions of nucleation and growth curves and the relative 

magnitude of nucleation and growth rates. In the following 

sections, these two approaches are evaluated to determine 

which of these is more relevant. Unidirectional 

crystallization is then investigated in detail based upon the 

more relevant approach. 

7.1.1 Assumptions and l·lodel system 

In order to perform numerical calculations, classical 

nucleation and growth theory are used as described in the 

literature review. Following assumptions were made to model 

unidirectional crystallization; 

(1) negligible surface nucleation 

(2) steady state bulk nucleation 
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(3) negligible nucleation at temperatures below the 

glass transition temperature 

(4) homogeneous liquid free of liquid-liquid phase 

separation and crystallites in the bulk of sample 

(5) surface nucleation growth for a crystal growth 

mechanism of liquids with high entropy of fusion. 

The reason for assuming a surface nucleation growth mechanism 

is found in the literature review (part II). Among the above 

assumptions, assumptions of surface nucleation and steady 

state nucleation will be evaluated to determine how these 

assumptions affects the model in terms of defining a 

processing window. 

Anorthite (CaO*AI203 *2 Si02 ) 

because of following reasons. 

is used as a model system 

Firstly, this glass is 

crystallized to the crystalline phase without a shift in 

composition so that classical nucleation and growth theory can 

be applied. Secondly, this glass is well characterized in 

terms of nucleation, crystal growth, and thermodynamic data. 

The results of the model can, therefore, be applied to a 

anorthite-like material. 

7.1.2 purpose of Imposing a Tomperaturo Gradient 

consider an edge-seeded glass sample being translated at 

the rate of the maximum growth rate (UmllX=dX/dt) through a 

temperatur-e gradient (G=dT/dX) to a crystallization 
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temperature (Tcr) at which portion of the liquid is completely 

crystallized. Here, Tcr is set equal to the temperature of 

maximum crystal growth rate of a liquid in order to promote 

crystal growth. During this process, a nucleus can be formed 

at the front side by edge-seeding. Hot/rever, the internal 

nucleation can be avoided when the temperature gradient is so 

steep that not enough time is provided for internal nucleation 

in the range of the temperature gradient (in effect, imposing 

a kinetic limitation on nucleation). Hereafter this 

temperature gradient is referred to as critical temperature 

gradient. A nucleus formed at low temperature can be 

subcritical and dissolve in a liquid at high temperature as 

well. But, the crystal growth of nuclei by the edge-seeding 

is promoted by allowing the front portion of the liquid sample 

at the crystallization temperature, Tcr . Thus, edge-seeded 

nuclei can continuously grow to the opposite direction of 

translation and a highly oriented microstructure can be 

obtained in the crystallized body. 

7.1.3 positions of Nucleation and Growth Curves 

In this section, only positions of nucleation and gro\~h 

curves are considered; the magnitudes are considered in the 

next section. Since the nucleation process is significant in 

the range of the temperature between Tg and Tcr , the time scale 

(.1t) > where nucleation can take place in the range of the 
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temperature gradient is approximated by (Tcr-Tg) /G*Umnx t'1here 

the temperature gradient is G=dT/dX, the maximum crystal 

growth rate is Umu=dX/dt, the glass transition temperature is 

Tg , and the crystallization temperature is Tcr • 

Consider a liquid in the temperature regime where both 

nucleation and growth are significant: overlap of the 

nucleation curve (I) and the growth curve (U) to the large 

degree. At) of this liquid is small compared to a liquid with 

the same magnitudes of a nucleation and a growth curves as the 

former liquid but without the significant overlap of 

nucleation and growth curves. When Atl is large, nucleation 

can take place over a longer range of time. This produces a 

greater number of nuclei in the bulk of the latter liquid. 

Thus, the latter liquid need a higher critical temperature 

gradient; but the present route can not be employed when such 

a high temperature gradient is not available. For this 

reason, a liquid with significantly overlapped nucleation and 

growth is favorable for the present route. 

7,1.4 Magnitude of a Nucleation and a Growth 

In the previous section, the effect of the locations of 

nucleation and growth curves on the present route was 

presented. In this section , magnitudes of nucleation and 

crystal growth rates of different liquids are considered. 
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consider the two limiting cases illustrated in Fig. 39. 

Here, two liquids are shown: a-liquid and b-liquid. The 

nucleation rate of a-liquid is smaller than that of b-liquid 

and the growth rate of a-liquid is larger than that of 

b-liquid. For a given critical temperature gradient for 

a-liquid, substantial bulk nucleation will be avoided. In 

addition to this, a-liquid sample can be translated faster 

than b-liquid. This results in shorter Atl for a-liquid than 

for b-liquid. Thus, edge-seeded nucleation of a-liquid is 

expected to experience a significant amount of crystal growth 

by bypassing bulk nucleation when a given temperature gradient 

can avoid internal nucleation. This liquid is then a good 

candidate for unidirectional crystallization. 

The above temperature gradient may not be steep enough to 

avoid internal nucleation of b-liquid because of the larger 

nucleation rate and the longer At. reflected in a small growth 

rate. In this case, an isotropic microstructure can be 

produced even with the above temperature gradient imposed in 

b-liquid sample. 

Therefore, unidirectional crystallization is favorable 

for a liquid with a nucleation rate as small as possible and 

growth rate as large as possible. The present route can then 

be treated as a kinetic process in which both the nucleation 

and the growth are important. 
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7.1.5 Estimation of Free Energy of crystallization 

In this section, the procedure to obtain the free energy 

of crystallization is described in detail. The temperature 

dependence of the heat capacity of liquid anorthite is 

estimated using enthalpy data below the glass transition 

temperature (-11000K) and above the melting temperature of 

crystalline anorthite (1826 K) 129. The enthalpy 

difference(~) between 300 K to temperatures above the glass 

transition temperature (-1100 K) of liquid anorthite can be 

expressed as: 

(7.1) 

where Cp
g is the heat capacity of anorthite glass, and Cp

l is 

the heat capacity of anorthite liquid. The first integration 

reflects the enthalpy difference between 300K and 1100K. This 

is 55.61 kcal/mole from the measured data in the literature1H • 

Assuming a linear temperature dependency of Cpl , cpt can be 

e~!:pressed in the form of Cpt=AT + B where A and B are fitting 

constants. The above equation can then be rearranged as: 

~(HT-H3oo) = 55.61 + f T (AT+B) dT 
1100 

(7.2) 

Equation 7.2 was fitted on published data129 for ~ of liquid 

anorthite above the melting temperature (Tm=1826 K), and then 
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solved for A and B. The temperature dependence of the heat 

capacity of liquid anorthite has been calculated as: 

C~(J/mole K) = 0.1736T + 177.57(T ~ 1100K) (7.3) 

Figure 40 shows the temperature dependence of the heat 

capacities for both liquid and solid anorthite. Here, the 

estimated cpt is shown as dotted line. The heat capaci ty 

difference (ACp =Cp
6 

- cpt) between solid and liquid anorthite 

can be obtained from the heat capacity of liquid anorthite and 

the published heat capacity data for crystalline 

anorthi te t30 • ACp ' Tm (=1826 K), and the heat of fusion 

(AHFM=133.9 KJ/mole) are sUbstituted in the following 

equation: 

(7.4) 

in order to calculate the bulk free energy of crystallization 

(AG) of liquid anorthite. 

The heat capacity of a material can be dependent upon the 

bonding energy and the molecular structure. The structure of 

a liquid is quite difficult to predict. Thus, a theoretical 

calculation of the heat capacity difference between a solid 

and a liquid become quite difficult. However, its universal 

empirical equation may be found. Presently, this has not yet 

been established. The estimation of bulk free energy of 
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crystallization was, therefore, extended for a anorthite-like 

liquid with a variety of heats of fusion. The significant 

part of the bulk free energy of crystallization is heat of 

fusion. In addition, heat of fusion is scaling with heat 

capacity difference between a crystal and a liquid. Thus, the 

bulk free energy can be expressed as: 

(7.5) 

where f(T) is a function of temperature determined by the bulk 

free energy of crystallization calculated by eq.7.4 using the 

data for heat of fusion of anorthite (133.9 KJ/mole), the 

above heat capacity data, and Tm=1826K. The bulk free energy 

of crystallization of anorthite-like liquids is then: 

(7.6) 

where ~T is undercooling. For a variety of anorthite-like 

liquids with different heats of fusion, the above expression 

was used for the bulk free energy of crystallization of 

anorthite-like liquids. 

The total free energy of crystallization contains a 

contribution from the crystal-liquid interfacial energy as 

discussed in the literature review . This is a difficult 

quantity to calculate and measure. Turnbull found that the 
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ratio of molar interfacial energy (aM) to the molar heat of 

fusion (~FM)is related in following way:S6 

aM/~FM ~ 1/4 - 1/3 = t/J 

where ¢ is the Turnbull Ratio. 

(7.7) 

Using the nucleation data of anorthite from the work of 

Cranmer et al. 69 and the calculated bulk thermodynamic driving 

force, the interfacial energy is estimated as -37 KJ/mole from 

the slope of the curve of (logIv)~ vs. l/AG~. Published heat 

of fusion data (133.9 KJ/mole) was then used to calculate the 

Turnbull Ratio which was determined to be _0.28 129 • In the work 

by Cranmer et al., the Turnbull ratio was found to be -0.21 

when the heat of fusion was 166.9 KJ /mole and the large 

undercooling approximation (Hoffman's approximation) was used. 

The difference in heat of fusion values accounts for most of 

this difference. For the present model, a Turnbull ratio of 

0.28 is used. 

The estimation of the interfacial energy can then be 

extended to anorthite like-liquids. When data for the heat of 

fusion are available, the interfacial energy can be estimated 

in the following way: 

(7.8) 

Here, aM is approximately equal to No
113vM

2I3aE ltlhere No is 

Avogadro's number, VM is the molar volume, and aE is the 

surface energy per unit area. When using a estimated surface 
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energy, molar surface energy was used. Since the crystal 

growth of inorganic liquids is well characterized in terms of 

the interface roughness parameter (a= (AHFM/RTm) ~) 62, 

interfacial energy is represented in terms of AHFM/RTm. This 

value is more concise than AHFM • These approximate bulk free 

energies and interfacial energies were used to evaluate the 

nucleation and growth processes of a variety of anorthite-like 

liquids with different AHFM/RTm'S and with a constant ¢=0.28. 

7.1.6 Representative Viscosity Data 

According to the work by Laughlin and Uhlmann131 , the 

viscosity of several inorganic liquids fallon approximately 

one curve on the normalized temperature scale by the 

temperature at 7]=10 15 poise. As seen in Fig. 41, three classes 

of viscous flow behavior are observed: simple Si02 and Ge02 

liquids, binary or ternary silicate liquids, a~d simple 

organics and metallic alloys. Viscosity data of binary and 

ternary silicate liquids except anorthite are parameterized in 

the form· of Vogel-Fulcher-Tammann viscosity model. The 

purpose of the parameterization is to apply the results of the 

model to many other glass forming systems. This parameterized 

expression is shown in the following equation: 

log 7] = -2.5372 + 6.339/(T'-0.6388),T' = T/Tg (7.9) 
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Figure 41. Representative viscosity data: (+) data on Si02 , 
(_) data on GeO, (A,A) data on B203 , (D) data on 
K20*2Si02, (O) data on Na2o*2Sio21 (0) data on NIST 
Soda Lime Silicate Glass, (o) data on NIST 
Standard Lead Silicate Glass. 
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where 7] is the viscosity and Tg is temperature at 7]=10 15 poise. 

This equation is used as an master equation for the 

representation of the viscosity of a liquid. In other words, 

the viscosity of a liquid can be estimated using this equation 

by picking a particular temperature at 7]=1015 • This 

temperature is referred to as the glass transition temperature 

when presenting the viscosity in terms of the glass transition 

temperature. 

7.1.7 Evaluation of Approaches 

In this section, two approaches outlined above are 

evaluated to determine which of these are more relevant for 

the present route. The evaluation was carried out by varying 

~FM/RTm and hence the interfacial energy. Figure 42 shows 

normalized nucleation and growth curves by their maximum rates 

for anorthite-like liquids with ~FM/RTm=4 and 14 

respectively. For a given value of ~FM/RTm (= 4 and 14), the 

interfacial energy and the bulk free energy of crystallization 

were estimated as described previously. The preexponential 

factors for nucleation and growth rates are shown in eqs. 3.9 

and 3.17 respectively. In there, ao (molecular dimension) is 

taken as -10~ m. The number of atoms per unit interfacial 

area (Nv ) is approximately (VM/No ) -2/3 \<lhere VM is the molar 

volume of crystal and No is Avogadro's constant. 

published density data of crystalline anorthite 

From the 
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(2.76 gIn/cm3) 132, the molar volume is -10.4 m3/mole and Nv is 

-3.3X10 18/m2• For the Stokes-Einstein relation, 10kT/3'fl'ao
3 is 

used. Nucleation and growth rates are then calculated using 

the above thermodynamic driving"force, the master equation for 

viscosity, and the preexponential factors. Same calculations 

were carried out for a variety of AHF,M/RTm values. After the 

nucleation and growth curves were obtained, the maximum 

nucleation and growth temperatures were determined for liquids 

with various value of AHF,M/RTm but with given Tm=1826K and 

Figure 43 shows the difference 

between temperatures of the calculated maximum nucleation rate 

and temperatures of the calculated maximum growth rate. This 

value is ranging from 400K to 420K for AHFM/RTm =4 and AHFM/RTm 

= 14 respectively. This result suggests that the positions of 

a nucleation and a growth curves are not significantly 

affected by AHFM/RTm. In addition, the calculated maximum 

nucleation rate for AHFM/RTm=4 is larger than that for AHFM/RTm 

= 14 by 16 orders of magnitude. Thus, the effect of the 

varying AHFM/RTm on the present route is not significant when 

the positions of a nucleation and a growth curves are 

considered as an approach for the present model. 

The effect of varying AHFM/RTm on the nucleation rate 

will now be evaluated in greater detail. As seen in Fig. 44, 

the nucleation rate depends significantly on ~FM/RTm. As 

AHFM/RTm increases, the nucleation rate significantly 
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decreases while the growth rate does not decrease 

substantially. 

When the interfacial energy is assumed to be proportional 

to the heat of fusion and the small undercooling approximation 

is used for the bulk free energy of crystallization, 

nucleation rate (Iv) is reduced to the following equations: 

Iv = K exp [-A ::,] = K exp [-B ::,] (7.10) 

where K is the pre-exponential term and A represents factors 

in the exponential. Here, B is equal to RTm3¢3/AT2T neglecting 

other factors in the exponential. Similarly, surface 

nucleation growth rate (U) is reduced to 

U = Kl exp [-c ARFM] 
RTm 

(7.11) 

where Kl is the pre-exponential term and C is equal to 

RTm2¢2 / ATT neglecting other factors in the exponential. As 

seen in the above expressions, nucleation and growth rates 

have the same functional dependence on the exponential value 

of the heat of fusion and hence the interfacial energy. 

However, the factors in the exponential are different. When 

taking log of I and U, the slope of curve of 10gI vs. AHFM/RTm 

is RTm3¢3 / AT2T while that for growth rate is RTm2¢2 / Il.TT 

neglecting other factors in the exponential. Theoretical 

analysis of these slopes can be partially possible when the 



175 

expressions for the temperatures of maximum nucleation and 

growth rates are available. Attempts to obtain analytical 

expressions for them have not yet been successful. Therefore, 

the physical constants of anorthite (described previously) 

were used for comparison of these two slopes. For anorthite, 

RTm3¢3/~T2T becomes -109/~T2T, while RTm2¢2/I!ATT does -106/~TT. 

When including other factors in the exponential, they become 

-109/~T2T and -105/~TT respectively. If maximum temperatures 

of nucleation and growth rates are on the order of -103, it 

can be seen that the nucleation rate is more dependent upon 

AHFM/RTm' Thus, a liquid with high AHFM/RTm value is more 

favorable for unidirectional crystallization because of a 

substantially reduced nucleation rate. Thus, these results 

encouraged detailed investigation of nucleation processes 

during unidirectional crystallization experiments. 

7.1.8 Evaluation of Nucleation Process 

It is important to obtain an analytical expression for 

the number of nuclei formed in the bulk of a liquid during 

unidirectional crystallization. As seen in Fig. 39, a glass 

rod is translated through a temperature gradient (G) and with 

translation velocity (V). The total number of nuclei of a 

glass rod between the glass transition temperature (Tg) and 

the crystallization temperature (Tcr ) will be the product of 
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the integration of nucleation rate with respect to time and 

the volume of the glass rod. It can be written as: 

(7.12) 

in which tg is the time at glass transition temperature, tcr is 

the time at crystallization temperature, Iv(T) is the 

nucleation rate, Ac is the cross sectional area of a glass 

rod, and V is the translation velocity. This can be 

rearranged to give the integration of the nucleation rate with 

respect to temperature: 

frTcr Iv (T)] { A (TcGr-Tg)} [T, GV dT * Volume = C\ (7.13 ) 

where G is the temperature gradient, Tg is the glass 

transition temperature, and T~ is the crystallization 

temperature. Since a glass sample should not be translated 
. 

faster than the maximum crystal growth rate, the maximum 

crystal growth velocity is substituted for the translation 

velocity. The temperature gradient is fixed by the furnace. 

Thus, the maximum crystal growth rate and the temperature 

gradient can be factored out. The expression can then be 

rearranged as: 

(7.14 ) 
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in which UmllX is the maximum growth velocity. Since the number 

of nuclei should be as small as possible for unidirectional 

crystallization, a criterion is set such that the total number 

of nuclei during the temperature gradient heating should be 

less than one. The above expression is then rearranged as: 

(7.15) 

Using the above equation, a critical temperature gradient 

can be estimated for a given liquid characterized by an 

interfacial energy and a viscosity. For this estimation, 

0.1 cm2 is used as a cross sectional area of the sample and 

the integration of nucleation rate was numerically calculated. 

The effect of the size of a glass on unidirectional 

crystallization is important because the total number of 

nuclei should be less in a thinner glass sample. As shown by 

the above equation, the required temperature gradient 

decreases as the cross sectional area of the glass sample 

decreases. In this work, the maximum temperature gradient 

achievable from conventional resistance heating is about 

30oc/mm. When a liquid with cross sectional area of 0.1 cm2 

need a higher critical temperature gradient than 30oC/mm, the 

critical temperature gradient requirement can be lot'1ered by 

using a thin film or \vire form of a glass. This suggests that 

unidirectional crystallization can be more widely used in thin 



178 

film and wire if the side effects from the reduction of the 

size of the glass is not significant. 

Equation 7.15 is further simplified in such a way that 

the integration of the nucleation rate is approximated by the 

product of the width of nucleation curve (~Tl) at the half 

maximum nucleation rate and the maximum nucleation rate 

(Imu'>. The above equation is rewritten 

(T cr -T g)A~Tllmax < 1 
G2Umax 

as: 

(7.16) 

When data for nucleation and growth rates are available, the 

above approximate expression can be used to estimate a 

critical temperature gradient as well. 

7.2 Test of Model 

A lithium diborate glass sample was chosen to test the 

present model because this glass shows no phase separation, 

has small internal nucleation rate79 (Imu=-l. 5X10,4 m,3 sec'l) 

without a shift in composition, and has a high crystal growth 

ratel32 (-2 cm/min). Based on this information, the present 

temperature gradient (30oC/rnrn) is steep enough to produce a 

highly oriented microstructure \'1hen this glass sample is 

translated at the rate of 2 cm/min at Tcr = 730°C, \1]hich is 

about the temperature of the maximum growth rate. 
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Appropriate amounts of Li2C03
17 and B203

18 were mixed, 

melted at 10500 C for 2 hours using a Pt-crucible, and cooled. 

This glass sample was cut and polished to a 1 ",m finish. 

Polished surfaces were dip-coated with a silica solution which 

was made of 2 parts of water, 1 part of Si(OC2Hs>4' 4 parts of 

ethanol, and some HCl to maintain this solution at pH=2. The 

pulling speed used was 2mm/sec. One side of the sample was 

not coated for the seeding. This coated sample was pyrolyzed 

at -400°C for 1 hour. Small amounts of a powder of a 

previously crystallized lithium diborate glass sample was 

sprayed on one side of sample for edge seeding. The coated 

sample was translated at the rate of 4.5 em/min with Tcr at 

730°C. Following the unidirectional crystallization, the 

microstructure was examined by polarized optical microscope 

and XRD. These results are presented in the discussion. 

7.3 Results and Discussion of Modelling 

In this section, the results of modelling and their 

discussion are presented. Particularly, some candidate 

liquids are presented for unidirectional crystallization. In 

addi tion to this, a processing window for unidirectional 

crystallization is also discussed. 

17 Johnson Matthey Chemicals LTD. 

18 Alfa Products 
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7.3.1 Effect of Interfacial Energy and Molecular Mobilitios 

Effect of Interfacial Energy 

It is found that the temperature gradient is an important 

factor in the analytical expression (eq. 7.15) for the number 

of nuclei formed during gradient heating for a given 

translation rate; this number is inversely proportional to the 

square of the temperature gradient. The critical temperature 

gradient to form fewer than one nucleus during the 

unidirectional crystallization of a liquid with cross 

sectional area of 0.1 cm2 is estimated using eq. 7.15. The 

results are shown in Fig. 45 for various-anorthite like 

liquids characterized by various AHFM/RTm's (=4, 6, 8, 10, 12, 

and 14) but a constant Tg=1072K and Tm=1826K. As seen there, 

in the regime above the curve, the temperature gradient given 

by the curve is steep enough to form fewer than a single 

nucleus. In contrast, in the regime below the curve, this 

temperature gradient is not steep enough to do so. 

A temperature gradient can be chosen depending upon the 

nucleation and growth rate of a liquid. For example, a steep 

temperature gradient is necessary to avoid significant 

nucleation for a liquid with a low AHFM/RTm (i. e, high 

nucleation rate) while a shallow temperature gradient can be 

used for liquids with a high AHFM/RTm (i.e, low nucleation 

rate). Generally, it appears that a liquid with high AHFM/RTm 

is a good candidate for unidirectional crystallization. 
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Figure 45. Temperature gradient required to form fewer than a 
single nucleus: effect of the interfacial energy. 
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Anisotropic crystal growth rate of liquids with high 

~FM/RTm(>4) is favorable when a crystal orientation to a fast 

growing crystal axis is desired. Interestingly enough, most 

of the inorganic silicate liquids have high ~FM/RTm. This 

point suggests that inorganic liquids are, in fact, good 

candidate for unidirectional crystallization when a crystal 

orientation to a fast growing axis is desired. 

When considering a different class of liquids with low 

~FM/RTm «4), normal growth mechanism is operative. For a 

liquid with ~FM/RTm=2, cp=O.5, and Tg=1072K, the critical 

temperature gradient is much smaller than for a liquid with 

~FM/RTm=8. 8, cp=O. 28, and Tg=1072K when surface nucleation 

growth mechanism is operative in the latter class of liquids. 

This is largely due to the smaller nucleation rate and the 

larger growth rate of the former liquid than those of the 

latter liquid. Thus, liquids with low ~FM/RTm«4) are more 

favorable for the present route than liquids with high 

~FM/RTm(>4) . 

Effect of Molecular Mobilities 

Presently, the relationship between the interfacial 

energy and the molecular mobility of a liquid has not been 

established. It is probably not possible to relate these two 

quantities because interfacial energy is proportional to heat 

of fusion which is reflected in the difference in the bond 
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energy of a liquid and a crystal. However, the molecular 

mobility is a dynamic property in which the temperature 

dependence can be assumed to be related to the bond energy of 

a liquid only. Due to the uncertainty in liquid structures, 

it is impossible to predict, even at least intuitively, any 

correlation between the interfacial energy and the molecular 

mobili ties. The contribution of interfacial energy and 

molecular mobility to the unidirectional crystallization may 

then be considered independently. 

Assuming that the temperature dependence of the molecular 

mobilities is similar to viscous flow, the viscosity can be 

used to represent mobilities. critical temperature gradients 

were similarly estimated for a variety of anorthite-like 

liquids with AHFM /RTm=8.8 but different molecular mobilities 

reflected by the Tg term in the master equation for the 

viscosity. The results are presented in Fig. 46. As seen 

there, the present route is affected by the viscosity as well. 

In the regime above the curve, the temperature gradient given 

by the curve is high enough to avoid the formation of a single 

nucleus but in the regime below the curve, this temperature 

gradient is not steep enough to do so. 

Interfacial Energy VB. Molecular Mobilities 

The effects of interfacial energy and molecular 

mobilities on the present route are summarized in Fig. 47. 



184 

5.00 -E 
CJ-

3.00 0 

.. 
+J 
s:: - 30oC/mm QJ 

.r-i 1.00 
'tI 
ttl 
J..r 
t!) 

QJ -1.00 
J..r 
~ 
+J 
ttl 
J..r -3.00 QJ Nucleus > 1 
~ 
J:i 
QJ 
E-l 

-5.00 -0 .... 
tTl 
0 
r-I 

-7.004-----~------~-----r------~----,-----~ 
600 700 800 900 1000 1100 1200 

Glass Transition Temperature (K) 

Figure 46. Temperature gradient required to form fewer than a 
single nucleus: effect of the molecular 
mobilities. 



8 

~ 
'): 
:x:: 
<J 

N 
-< 

0 
-< 

co 

0 

600 7 a 

Nucleus < 1 

Nucleus > 1 

800 900 lObo 

>< 
X 

1100 

Glass Transition Temperature(K) 

185 

1200 

Figure 47. Combination of AHFM/RTm and viscosity to form fewer 
than a single nucleus with the fixed temperature 
of 30oC/rnrn. 



186 

Liquids in the regime above the line are good candidates for 

unidirectional crystallization with a temperature gradient of 

30oC/mm while liquids in the regime below the line are not. 

The viscosity terms of the maximum nucleation and the 

maximum growth rates in the eq. 7.16 can be factored out 

because nucleation and growth rate have the same functional 

dependence on the viscosity. Thus, the viscosity terms in the 

eq. 7.16 can be expressed as the ratio C'Y/mnxU/'Y/mnxI) of the 

viscosity at the maximum growth rate C1'/ mnxU) and the viscosity 

at the maximum nucleation rate C1'/mnxl). Since the present 

model is treated in the anorthite-like liquids, the 

temperature dependence of the viscosity reflected by a 

particular glass transition temperature is not significant 

enough to affect 1'/mnxU/'Y/mnxl significantly. 

Thus, a liquid composition with a high interfacial energy 

can be explored in order to choose the candidate liquid for 

the present route. When there is a limitation on choosing 

liquids with high interfacial energy, a liquid with high 

viscosity can be a good candidate for the present route as 

\>lel1. 

7.3.2 Effect of Surface Nucleation 

Relatively few glass-forming systems are known to exhibit 

internal nucleationss • Nucleation from the external surface 

is relatively easy compared to bulk nucleation due to the 
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smaller nucleation barrier required for surface nucleation. 

In principle, a temperature gradient should not be needed for 

the control of internal nucleation when a liquid exhibits only 

surface nucleation. However, a temperature gradient should 

still be required to avoid surface nucleation and subsequent 

growth from sides other than those are seeded. 

The effect of surface nucleation on the present route was 

evaluated in more detail for a liquid with ~FM/RTm=8.8 and 

Tg=1072K. The temperature gradients required to avoid the 

formation one nucleus from surface heterogeneities were 

similarly calculated when the size of the surface 

heterogeneity was taken as 1000 A. Here, different 

concentrations of heterogeneities were considered for various 

contact angles. As seen in Fig. 48, the present temperature 

gradient (300C/mm) is useful to avoid a nucleation from the 

dirt on the surface when the contact angle is high (>90°). At 

small contact angles, extremely steep temperature gradients 

are required to avoid surface nucleation. For example, a 

critical temperature gradient of -1070c/ mm is required for a 

contact angle of 40° when the dirt concentration is 102cm-2 • 

This temperature gradient is most likely impossible to 

achieve. 

At small contact angles «40°), the effective control of 

nucleation at undesired surfaces is important to produce 

highly oriented microstructures through the unidirectional 
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crystallization of a glass exhibiting only surface nucleation. 

For silicate glass, pure silica can be coated on all surfaces 

except the surface for edge-seeding. This method can reduce 

nucleation and growth near the silica coated surface region 

mostly by reducing molecular mobilities. 

7.3.3 Effect of Transient Nucleation 

Time dependent nucleation phenomena can be characterized 

by the incubation time (r) in which steady state nucleation is 

achieved after the inCUbation time. An effective heating rate 

(dT/dt) is approximated as the product of the required 

temperature gradient (dT/dX) and the maximum crystal growth 

rate (dX/dt). An approximate time scale (~tl) of nucleation 

events in the range of the temperature gradient was obtained 

as (Tcr-Tg) /G*Umax in the modelling approach section. Time 

scale of nucleation at a given temperature in the range of 

temperature gradient is much smaller than ~tl. 

In order to estimate r and ~tl' data from anorthite is 

used. Using a maximum growth velocity Umax=O. 5 cm/mim from the 

work by Kirkpatrick et al. ln and nucleation data 

I max=106/m3sec from the work by Hishinuma, the temperature 

gradient required for the unidirectional crystallization of 

liquid anorthite with a cross sectional area of 0.1 cm2 is 

estimated to be approximately 100oc/mm. With this temperature 

gradient and a translation rate corresponding to Umax ' the 
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effective heating rate is about 10°C/second for liquid 

anorthi te. At} in temperature range from 1500 °c (Ter ) to 800°C 

(Tg ) is about 7 seconds. The actual time scale of nucleation 

at the temperature of maximum nucleation rate should be 

smaller than the incubation time (about 8 seconds) when a 

glass is formed from a liquid with the absence of 

heterogenei ty134. Thus, time dependent nucleation is likely 

to influence the prediction of unidirectional crystallization 

in case where the incubation time is large. 

Kashchiev suggested time dependent nucleation rates in 

the form of an infinite series: 

I I = I [ + 2 f (-1) n exp (-n2t/ 1)] r n .. l 

where I' is the time dependent nucleation rate, I the is 

steady state nucleation rate, and 1 is the incubation time. 

Using his treatment, time dependent nucleation rates for a 

period of 7 seconds is smaller than Im~ by about factor of 

three when 8 seconds is used for the incubation time. This 

reduces the critical temperature gradient by about factor of 

two: i. e, Goc (Im~/ 3) 1/2 assuming other factors does not change 

significantly when eq.7 .16 \vas used. Even if the temperature 

gradient predicted by the present model without considering 

time dependent nucleation is an overestimate, it is still a 

safe estimate to avoid bulk nucleation. 
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The incubation time increases as the viscosity increases; 

i. e, T=Ca'f] / ~G2 where C is a constantSs • Thus, it is better to 

choose a liquid exhibiting longer incubation times if it is 

long enough for the present process to bypass nucleation 

process with a given temperature gradient. Thus, a liquid with 

high viscosity is preferable to produce a highly oriented 

microstructure. 

7.3.4 critical cooling Rate vs. critical Heating Rate 

The kinetic treatment of glass formation is now related 

to the present model. Glass formation is dependent upon a 

critical cooling rate which can avoid crystallization other 

than an allowable volume fraction of crystallization 

The present model provides a critical heating 

rate which will avoid any nucleation other than nucleation by 

edge-seeding. 

Cranmer et ale constructed TTT diagram of anorthite for 

Vc/V=10~ using experimental data@. From this diagram, the 

critical cooling rate is estimated as -48°C/sec. Onorato and 

Uhlmann showed that there is no effect of cooling rate on 

crystallization temperature when the volume fraction of 

crystallization is less than 10~ to l~IO during cooling~. 

with this volume fraction, the number of nuclei can be 

negligibly small when nuclei are sizable. Thus, the critical 

cooling rate to avoid volume fraction of Vc/V=10- 1O is in 
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analogy with the critical heating rate for the present route. 

For Vc /V=10- 10 , the critical cooling rate of anorthite is 

approximated as -2500oC/sec using eg. 3.27 in the literature 

review. The critical heating rate is estimated as about 

10°C/sec for the unidirectional crystallization of liquid 

anorthi te with the cross sectional area of 0.1 cm2 • This 

difference can come from the fact that the previous model is 

concerned with avoiding a given volume fraction crystallized 

on cooling and takes account of both nucleation and growth; 

while the present model considers only nucleation and the time 

to avoid the formation of a single nucleus on heating a glass 

in a temperature gradient. 

7.3.5 Test of Unidirectional crystallization 

Following the unidirectional crystallization of a lithium 

diborate glass sample, both polarized optical microscopy and 

XRD indicate a highly oriented microstructure (see Figs. 49 

and 50). These two characterizations were performed on a 

ground surface to remove regions of surface nucleation and 

growth. As seen in Fig. 50, a powder XRD pattern showed all 

peaks but the peaks corresponding the (h 0 0) plane are 

obviously absent in the unidirectionally crystallized sample. 

The entropy of fusion of lithium diborate is about 14.5R 

and the glass transition temperature is about 750 K. This 

combination is good enough to produce a highly oriented 
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Figure 49. Microstructure of unidirectionally crystallized 
lithium diborate glass. Arrow indicates the 
crystal growth direction. Polarized light was to 
used. 
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microstructure as predicted by Fig. 47. Thus, the present 

model works. From the results of the unidirectional 

crystallization of lithium diborate glass and current phase 

separated glass compositions (2212 and pb-doped 2223), 

unidirectional crystallization is generally an attractive 

processing option for a glass free of phase separation when a 

highly oriented microstructure is desired. 
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8. DISCUSSION 

8.1 Source of the First Exotherm 

This discussion section explores the possible source of 

heat evolution for the two notable exothermic peaks in the DTA 

experiments. After presenting this scenario, the implications 

for crystallization and the subsequent microstructure 

development are discussed in later sections. 

There are several possible sources of heat evolution 

during DTA treatment. Heat evolution usually accompanies the 

transformation of a material to a more stable, lower entropy, 

phase. This often involves the formation of a crystal from an 

amorphous matrix, or by transformation from one crystalline 

phase to another more stable crystal. Heat is usually absorbed 

for other types of phase transformations such as melting. The 

existence of two exotherms at low temperatures indicates that 

two separate microstructure development processes occur during 

heating. Both XRD and TEM have demonstrated that the first 

exotherm occurs without measurable crystallization. The 

possible oxidation or reduction of the glass in the DTA 

chamber can be ruled out because identical behavior is found 

for samples run in air, oxygen and nitrogen106 (see also 

Figs. 17a and 19a). 
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The first exotherm results from some chemical or 

structural changes in the amorphous sample. possible sources 

of heat could be: 

(1) the initial phase separation itself, 

(2) a coarsening of the size of the phase separated 

microstructure, or 

(3) an adjustment of the compositions of the two 

separated phases in the microstructure. 

These three possibilities derive from two distinct 

thermodynamic sources. The phase separation and compositional 

refinements following the initial separation both derive from 

the positive enthalpy of mixing, whereas the effect of 

coarsening would derive from the surface energy through the 

reduction in size. 

8.2 Phase separation as Cause of the First Exotherm 

8.2.1 Thermodynamic Approach 

In this section, the source of the first exotherm is 

explained using a thermodynamic argument; an explanation will 

be given assuming liquid-liquid phase separation into ttV'o 

phases. Phase separation into three liquid phases is also , in 

principle, possible and this three phase assemblage has 

further implications for the non-crystallizing first exotherm. 

This will be discussed in the next section using the 

thermodynamic frame work presented in the following. 
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Liquid-liquid phase separation may be either stable or 

metastable, but will have similar thermodynamic results during 

processing. Phase separation is an exothermic process 

releasing the positive heat of mixing. In the other works, 

thermal analysis has shown some evidence for phase separation, 

including a double glass transition temperature in a phase

separated pseudo-binary chalcogenide glass28 and an exothermic 

signal during the cooling of a lead borate glass melt29 • 

More conventional techniques for observing phase 

separation include transmission electron microscopy and small 

angle X-ray scattering. For the lead borate system, the 

miscibility gap determined by the DTA exothermic signal is in 

excellent agreement with the starting temperature of 

opalescence of transparent lead-borate glass melts during 

cooling for almost the entire compositional range of the 

miscibility gap. This was the basis for the identification of 

the first exothermic peak observed in the Bi-Sr-Ca-Cu-O 

system. 

According to simple solution thermodynamics, the free 

energy of mixing, AGmix ' depends on the heat of mixing (AHmix) 

and the entropy of mixing (ASmix ) as: 

The entropy of mixing is usually taken to be purely 

configurational in nature, making it a positive quantity. In 

systems where the enthalpy of mixing is positive as well, the 
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two terms compete; at high temperatures, the entropy dominates 

and a homogeneous liquid forms. At low temperatures, the 

enthalpy dominates preventing mixing; this leaves a two-phase 

liquid-liquid structure as the lowest energy arrangement. The 

highest temperature which differentiates the low and high 

temperature cases is called the consolute temperature 

(Tconsolute); this is the temperature of the peak of the 

miscibility gap. 

Figure 51 presents a schematic representation of a 

miscibility gap and of the free energy curve representative of 

some temperature, TI , below the consolute temperature. 

Consider a composition "c" near the middle of the miscibility 

gap. At high temperatures, this composition is a single phase 

liquid. Upon cooling, this composition enters the miscibility 

gap and becomes unstable with respect to separation into two 

liquid phases of different composition. Note that the average 

composition will remain the same, but the two components will 

become separately enriched in the two different phases; and 

the free energy of the system will decrease, with the 

evolution of heat upon phase separation. This heat can be 

detected during DTA experiments. 

Based on similar arguments, the initial phase separated 

glass t'lith compositions of CI and C2 can be oversaturated t.rith 

solute on cooling. Thus, secondary phase separation is 

possible and can evolve the heat on secondary phase separation 
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Figure 51. Schematic representation of compositional 
refinement as a source of heat during DTA 
experiments: (a) schematic miscibility gap, and 
(b) corresponding free energy vs. composition plot 
at temperature Tl of plot (a). 
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during reheating. But small feature size (5-10 nm) and high 

activation energy for viscous floW 13S 

larger than conventional silicate 

(about a factor of two 

melts) suggest that 

secondary phase separation is not likely to occur. The 

rearrangement of this phase separated structure to an 

equilibrium by diffusion can be easier and faster due to small 

feature size than a secondary phase separation which requires 

the interfacial energy for the formation of a nucleus. From 

the electron micrograph, it was not observed that secondary 

phase separation occurred on heating. 

8.2.2 Phase separation into more than TWo Liquid Phases 

According to the phase rule, a liquid in this quaternary 

system can phase-separate into more than two phases. In this 

case, another liquid phase in a phase-separated glass with a 

two liquid phase assemblage can further phase-separated on 

heating. This is because reheating of a glass sample can help 

the initial two-phase structure to reach an equilibrium 

condition where more than two phases can coexist. Using the 

same thermodynamic argument presented above, this process can 

also evolve heat on heating a phase-separated glass. 

In order to investigate this possibility, compositional 

analysis was performed using a field emission gun (FEG) which 

can produce sufficient electron beam brightness with a small 

probe size (2-5 nm). Unfortunately, the beam damage from the 

high electron flux of FEG makes it difficult to obtain any 
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reliable information on compositions in this phase separated 

glass sample. 

8.2.3 Kinetic Approach 

The above description considers only the thermodynamic 

features of phase separation. The occurrence, extent, and 

form of phase separation will also depend on the kinetics of 

diffusion at the temperatures below Tconsolutc. 

viscosi ty data on the Bi2.7Casrcu2ox glass sample is 

available in the range of temperature from 363 C to 400 C13S • 

The viscosity at 415 C is estimated as 109 Pa*sec. by linear 

extrapolation. This is possible because the temperature of 

estimated viscosity is close to a temperature of measured 

viscosity (400 C). This temperature (415 C) is the annealing 

temperature where the compositional changes occur. The 

diffusion coefficient is estimated using the stock-Einstein 

relation. The time scale for diffusive motion of molecules is 

then estimated using X2 = 2Dt where X is the diffusion 

distance, D is the diffusion coefficient, and t is the time 

scale of diffusive motion. By setting X=5x10·9 m (a 10\'1 value 

of feature size of the present phase-separated structure), the 

time scale is estimated as -103 second. This time scale is in 

good agreement with experiments; a phase-separated 2212 glass 

sample shovled significant compositional change on annealing at 

415°C for 7X103 sec (as seen in Fig. 19b). For quenching rates 
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of lOs °C/sec. to 103 °C/sec., the time scale of the quenching 

is estimated as -10·3sec to -10.1 sec for temperature range of 

annealing temperature (415°C) to room temperature. Thus, the 

time scale of quenching from 415 C is much smaller than the 

time scale of diffusive motion of molecules at this 

temperature. The diffusion length (1) during cooling can be 

similarly estimated using the following equation: 

(7.13) 

where R is the gas constant, ex is cooling rate, Q is the 

activation energy for migration, and D is the diffusion 

coefficient22 • For the range of temperature from 415°C 

(annealing temperature) to 350°C (about 70°C below glass 

transition temperature), the diffusion length is estimated as 

-10.2 to -10.3 nm using a cooling rate of 103 to 10soC/sec. This 

is much smaller than the feature size (5 to 10 nm) of the 

initial phase separated structure. 

If the kinetics are slow enough, then during quenching, 

phase separation can be completely suppressed. While if the 

kinetics are faster but still rather sluggish, the phase 

separation process could proceed to some partial e,{tent. Since 

the kinetics of diffusion are substantially frozen-in somewhat 

above the glass transition temperature, little or no further 

modification of the phase separation structure will occur at 

lower temperatures during cooling. 
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The results presented above indicate that the as-quenched 

glass is phase separated (as shown in Fig. 25), and that there 

is an increase in inter-phase contrast (enhancement of the 

compositional differences) during heating (as shown in 

Figs. 26 and 27). This would result if the phase separation 

took place during quenching, but became frozen-in at some 

elevated temperature, as T2 (where the time scale of 

diffusional rearrangements became comparable with the 

relatively short time scale of the quench). Upon subsequent 

heating at slow rates (or holding at some temperature below T2 

but above the glass transition temperature), composition 

changes will take place which are accompanied by evolution of 

heat. This is illustrated in more detail in Fig. 51. As seen 

there, the equilibrium compositions at T2 are not so 

differentiated as at the lower temperature TI. T2 represents 

the intermediate temperature where the microstructure became 

frozen-in on the scale of the quench, with two phases having 

compositions X3 and X4 0 During slow heating in the DTA, enough 

diffusion was possible at TI that these compositions could 

change and approach the more stable values of XI and X2" At 

temperature TI, the molecular mobility is such that 

compositional changes can take place on the physical scale of 

phase separated microstructure on the time scale of the slow 

heating. At slower heating rates, the effective temperature 

of the compositional changes would be lower than TI• This 
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effect of different heating rates on the temperature of the 

first exotherm is seen in the comparison of Figs. 19a and 21. 

The above description can be applied regardless of the 

structures and compositions of phase separation. But the 

kinetics of phase separation can be influenced by the 

structure of the early stage phase separation. Consider a 

phase separation process where a matrix glass phase represents 

the high viscosity phase. In this case, the viscosity of the 

matrix phase controls the overall kinetics of phase 

separation. As seen in Figs. 23-25, the glass is phase

separated during the initial quenching. Thus, the kinetics of 

the later stages of phase separation (compositional change and 

coarsening of structure) cannot be described by the viscosity 

of the corresponding homogeneous solution alone. In the later 

stages of phase separation, the kinetics will be influenced by 

the composition and the viscosity of the matrix. Thus, the 

process may be slower due to the high viscosity of the matrix 

phase if the viscosity of continuous matrix phase is higher 

than the corresponding homogeneous solution. 

The amount of energy that \vould be liberated by such 

compositional changes would be smaller than that evolved 

during the full phase separation process; but it could still 

be a sUbstantial fraction of the total value, depending on the 

temperature where the system became frozen. To illustrate 

this, the free energy plot (Fig. SOb) shows the intermediate 
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compositions (X3 + X4 ) having a total free energy of Gc.' For 

these, the decreases in bulk free energy would be Gc• - Gd , 

while the overall decreases in bulk free energy on phase 

separation to the equilibrium phases at Tl would be Gc - Gd • 

The magnitude of the corresponding heat release can be 

quite significant. For the present samples, DSC measurements 

indicate that approximately 20 kJ/mole of heat is evolved in 

the first peak. This is larger by about a factor of three 

than heats of mixing found in silicate melts. For example 

lithium silicate and sodium silicate have values of 8 kJ/mole 

and 5 kJ/mole, respectively24. This suggests that the present 

melt has a strong thermodynamic tendency for phase separation. 

the 2212 melt shows a closely similar thermogram even when 

formed by roller quenching at rates of 107 K/second lOO • 

The other source of heat evolution is the surface energy 

of the fine-grained structure which decreases as the structure 

coarsens. Calorimetry of ultra-fine grained samples has been 

used by other workers to measure the surface energy 

directly136. Al though precise measurements were not done in 

this case, it is possible to estimate this effect. Using a 

value of 5nm as the feature size and 10 ergs/cm2 (a high 

value) as the liquid-liquid interfacial energy, then the total 

surface energy available for DTA observation would be about 

3X10·2kJ /mole. This is 3 orders of magnitude smaller than the 

energy evolution that was observed. Also, the TEM 
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observations indicate that very little size evolution occurs, 

further reducing this possibility. 

After the compositional changes reflected in the first 

DTA exotherm, the crystallization process starts to manifest 

itself. This occurs in the range of 480-S00oC (as shown in 

Figs. 27-29 above). The crystal nucleation is very likely 

strongly influenced by the prior phase separation process. 

8.3 Crystallization of Phase separated Glass 

In some glass-forming systems, crystal nucleation has 

been shown to be enhanced by liquid-liquid phase separation85 • 

The presence of compositionally different glasses may help 

reduce the nucleation barrier because one of the phases may 

have a composition closer to an initial crystallizing phase. 

Since the first crystalline phase to form is the "R" phase, 

which is close to the 2201 phase in composition, one of the 

two phases in the phase-separated glass may be chemically 

close to this composition. This can be described in more 

detail in Fig. 8. As seen there, the free energy (a-d) of 

crystallization of a phase separated glass is larger than that 

of a corresponding homogeneous liquid (a-b). Finally, since 

the phase separation occurs homogeneously throughout the 

matrix, there are copious nucleation sites for the formation 

of the "R" phase. Thus, a multitude of crystals form, each 

having a different orientation, and all grains are of a 
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composition that is different from the overall desired 

composition. 

This suggests that the observed phase separation is 

responsible for the inability to crysta.llize directly from the 

"2212" glass sample to form the more-favorable "2212" 

crystalline phase. Instead, the "R"-phase forms first in one 

of the phase separated glass compositions; this initial 

nucleation has a direct influence on subsequent phase 

development in the samples. 

It is unlikely that "R"-phase has a greater thermodynamic 

stability than the 2212 phase in this system. As presented 

previously, the 2212 crystalline phase is stable at low 

temperatures {610°C} for long times (five days). At this 

temperature, however, a significant amount of "R"-phase is 

formed on heating the 2212 glass sample. 

It is worth pointing out that the initial 2212 glass 

sample is finally crystallized to the 2212 phase without a 

shift of composition excluding a possible compositional shift 

in the solid solution range. This suggest that the present 

route is a promising processing option in terms of the 

compositional control when desired microstructures are 

achieved. 
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8.4 Microstructure Development on Crystallization 

since Pb-doped 2223 glass samples showed phase separation 

and subsequent compositional changes on heating, the 

microstructure development of a phase-separated Pb-doped 

glass sample can represent the microstructural development of 

phase-separated glasses over a wide range of compositions in 

this system. 

The microstructural development is essentially two stage: 

first, the formation of small and spherical crystalline 

"R"-phases with an uniform distribution and second, the 

formation of the large and platy 2212 phase. The random 

orientations and the uniform distributions of "R"-phase is 

likely due to the initial phase separation during quenching. 

As discussed above, phase separation provides copious 

nucleation sites for the "R"-phase. The composition of each 

glass phase in the phase-separated structure should not vary 

significantly, and thus the nucleation and subsequent growth 

during the initial stages of crystallization should be 

uniform, producing an uniform distribution of "R"-phase. 

The size of "R"-phase is small (50-100 nm) and the 

coarsening of the microstructure by a grain grot1th type of 

process was not significant at low temperatures (440°C and 

500°C). This is probably due to the less effective particle

particle contact originating from the possible residual inter

particle phase. The viscosity of this glassy or partially 
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glassy phase should be less than the crystalline "R"-phase. 

However, at low temperatures, it may still be high enough to 

prevent an effective inter-particle contact. In addition to 

this, this inter-particle phase is heavily depleted by the 

crystalline uR"-phase. Thus, the possibility of crystal 

growth of "R"-phase by diffusion from the inter-particle phase 

and the subsequent particle-particle contact become difficult. 

This is illustrated in more detail in Fig. 52. As seen there, 

"R"-phase is crystallized first in one of the glass phases in 

the phase separated structure. Then, some growth of "R"-phase 

by diffusion from the inter-particle phase (see Fig. 52a) 

occurs. The spherical form of uR"-phase is transformed to the 

2212 phase at the interface by a reaction of "R"-phase and the 

inter-particle phase. The 2212 phase grows inward because 

the diffusion of Ca and Cu from the inter-particle phase to 

"Rn-phase may be relatively easier than the diffusion 

involved in the reconstructive transformation of the inter

particle phase to the 2212 phase (see Fig. 52b). Upon forming 

the 2212 phase by a reaction of "Rn-phase and the inter

particle phase, the inter-particle phase is consumed and an 

effective particle-particle contact is produced (see 

Fig. 52c). Subsequently, large platy 2212 phase is formed by 

a grain-growth type of process. The uniform distribution and 

random orientation of this phase is mostly likely due to the 

ini'tial phase separation leading to copious nucleation of 

"Rn-phase. 
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Figure 52. Schematic representation of microstructural 
development on heating a phase separated glass 
sample in the present system. 
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8.S Glass Composition Free of Phase Separation 

Liquid-liquid phase separation make it difficult to 

produce highly oriented microstructures in the present system. 

It is then necessary to find a glass composition free of phase 

separation. Homogeneous glass samples can provide a better 

opportunity to produce highly oriented microstructures through 

the relatively easily controlled nucleation and 

crystallization processes. 

Some of the additives were added to the 2212 or 2223 

related compositions. They include PbO and A1203 • The 

addition of PbO does not help to avoid phase separation. The 

addition of Al203 in the 2212 glass may help to avoid phase 

separation because Al203 increases the glass formation of the 

liquid with a composition close to uRn-phase in the ternary 

Bi203-Sro-cuo system. But it appears that the addition of 

Al203 in the 2212 glass does not avoid phase separation because 

the DTA analysis of this sample was closely similar to that of 

phase separated 2212 glass sample without the addition of 

alumina. Phase-separation has also been observed in the 2245 

glass sample prepared in an alumina crucible in which 

significant amounts of alumina can be dissolved during 

melting128. 

This observation suggests that the mixing characteristics 

of a solution should be significantly changed by choosing a 

different glass composition or by the addition of dopants. 
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But there is a limitation on the choice of additives because 

some of the additives may precipitate in grain boundaries 

during processing at elevated temperatures and then can block 

the supercurrent. In addition, the volume fraction of the 

superconducting phase can be reduced when a glass sample with 

a shift of composition of the superconducting phase is 

crystallized. Thus, there is a narrow processing window for 

unidirectional crystallization with the presence of phase 

separation. But, when a liquid composition free of phase 

separation is found, unidirectional crystallization is still 

an attractive processing route because long and fibrous 

super conducting phases can be produced in the glass or the 

partially crystalline matrix. 

since "R"-phase is formed first on heating a phase 

separated glass sample, it seems to be that end members for 

this solution above the miscibility gap may be a composition 

in the ternary Bi203-SrO-CuO system and a composition in the 

ternary Bi203-CaO-CuO system. It is important to find these 

end members to map out the extent of metastable miscibility 

gap. 

The attempts to map out the extent of the metastable 

miscibility gap have been unsuccessful, partly because of the 

difficulty in forming glasses in some compositional ranges. 

Compositions, Bi2Sr2Cu i ox and Bi2Sr3CuIOx' in the Bi-Sr-Cu-O 

system did not form glasses by conventional cooling rates, 
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while a composition (BisCa3CulOx) in the Bi-Ca-Cu-O system was 

an excellent glass former. The viscosity of the liquid with 

the composition of Bisca3cuiOx is larger than the that of 

Bi2Sr2cuiox and Bi2Sr3CuiOx by visual observation of the flow 

behavior of the melts. These results are in contrast to the 

glass-formation region found by Miyaj i et al. los • 
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9. CONCLUSIONS 

(1) Phase separation is likely to occur over wide range of 

glass compositions in the Bi-Sr-Ca-Cu-O system during 

quenching. 

(2) The addition of small amount of PbO or Al203 do not help 

to avoid phase separation. 

(3) The first exothermic events of the phase separated 2212 

glass and the Pb-doped 2223 glasses are related to phase 

separation: heat evolution is due to the compositional 

change. 

(4) The second exotherms of phase separated 2212 and Pb-doped 

2223 glass sample are responsible for the initial 

crystallization to IlRIl-phase. 

(5) Phase separated glass samples are first crystallized to 

IlRIl-phase because one of the glass phases in the phase 

separated structure is likely to have a composition close 

to IlRIl-phase. 

(6) Phase separation provides copious nucleation sites for 

IlRn-phase. 

(7) Phase separation substantially influences the 

microstructural development on heating a glass sample: a 

uniform size and distribution of uRn-phase leads to an 

isotropic microstructure of the 2212 phase. 

(8) The temperature gradient is critical to avoid both bulk 

nucleation and nucleation from the surfaces. 
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(9) Model defines the processing window where a highly 

oriented microstructure can be produced; a liquid with a 

high interfacial energy and a high molecular mobility is 

a good candidate for unidirectional crystallization. 

(10) A highly oriented microstructure was produced through the 

unidirectional crystallization of a lithium diborate 

glass sample as predicted by the present model. 

(11) Unidirectional crystallization is an attractive 

processing option when a glass is free of liquid-liquid 

phase separation. 
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10. FUTURE RESEARCH 

As an alternative to unidirectional crystallization 

route, the following fabrication method is proposed for future 

research. The 2201 phase can be grown in the form of a mica

like crystal from the melt. Thin layer of the mixture of CaO 

and CuO can be easily coated on the surface of the mica-like 

2201 crystal grown from the melt. Subsequently, diffusion of 

CaO and cuo into the 2201 crystal may create a thin layer of 

the 2212 crystal oriented similar to a the 2201 crystal grown 

from the melt by simply heating this sample at 820°C for about 

30 min. This idea is supported by the following observations. 

First, melting experiments indicate that a 2201-related 

phase ("R"-phase) is formed during quenching the melt of a 

220l-related composition. The residual melt on the Pt

crucible showed very fast crystal growth rates of several 

millimeters per second. The crystal structure is basically 

the same except the Ca atom located between the Cu-O planes in 

the 2212 crystal. Therefore, the diffusion of the Ca atom is 

expected to be easy and fast. In addition, it is kno\..rn that 

the 2201 phase can be fully transformed to the 2212 phase by 

reheating the 2212 glass sample following the initial 

formation of the 2201 phase. As a simple approach, mica-like 

2201 crystals could be pressed in powders of caC03 and heat

treated at 820°C in order to form a thin layer of the 2212 

crystalline phase oriented with melt-textured 2201 phase. 
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