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ABSTRACT 

Calcium aluminate based glasses are interesting because of 

their unusual optical properties and the fact that they do not contain 

any traditional glass forming ions. A large focus of the glass 

literature has been concerned with the study and properties of 

typical glass forming ions. For this reason, comparatively little is 

known about the possibility of glass formation and the structure and 

properties in unusual systems. 

The present work will describe the limits of glass formation 

within the calcium aluminate system. The use of non-silicate based 

stabilizing additives will also be detailed. It has been demonstrated 

that certain additions to the calcium aluminate system will improve 

the glass formation tendency without impairing the desired optical 

properties. The effects of various ions and their impact on the 

processing and properties of the glasses will be described in the 

framework of traditional theories of glass formation. 

Additional optical properties of the calcium aluminate system 

have also been investigated. Using the Judd-Ofelt model, various 

spectroscopic properties of calcium aluminate based ~lasses have 

been calculated. The stimulated emission cross section, branching 

ratios, intensity parameters and transition probabilities show 

interesting variations with compositional manipulations. Attempts 

to improve the emission cross section will also be described. 



The structure of calcium aluminate based systems has been 

studied using NMR and Raman Spectroscopy. The coordination of 

alumina has been examined with respect to compositional changes. 

18 

In addition, structural studies have been conducted on calcium 

aluminate glasses synthesized by the sol-gel method. This method 

has allowed the formation of higher alumina content glasses. The 

evolution of structure with heat treatment temperature was followed 

and a comparison between melt-derived and sol-gel prepared glasses 

has been made. 
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1. INTRODUCTION 

Calcium aluminate glasses exhibit infrared cutoff wavelengths 

in excess of 6 J.lm, which is significantly greater than those observed 

for typical oxide glasses. As a result, they have recently become the 

focus of studies aimed at the production of glasses for applications 

requiri~g good infrared transmission. However, while calcium 

aluminate glasses exhibit desirable infrared transmission, they are 

not utilized in commercial applications because of their relatively 

poor glass forming behavior. As a result, most of the worJ..c in this 

area has not been restricted to the binary glasses but has dealt with 

the search for additives which would improve the glass forming 

behavior while retaining the desired optical properties. 

Studies of glass formation in various systems are interesting 

not only in their own right and for the information they provide 

about an important kinetic phenomenon; they also provide useful 

insight into the glass-forming characteristics of the materials and the 

critical conditions required for their occurrence as amorphous solids. 

In the past, many attempts have been made to assess the glass 

forming ability of various systems. Examples of these would include, 

thermogravimetric measures, critical cooling rate determinations, 

structural considerations and phase diagram analyses. As will be 

discussed here, often these attempts have not been wholly successful 

as predictors of glass formation in various systems. 
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Besides glass forming ability, it is often useful to characterize 

the glass system in other ways. Some of these would include the 

determination of the thermal, mechanical and optical properties. Of 

particular relevance to the present system is the measurement of the 

optical characteristics of the calcium aluminate system. Since these 

glasses have rather good mid-infrared transmission, it was 

anticipated that the highest frequency stretching vibrations occur at 

rather low energies, thus multiphonon non-radiative relaxation is 

comparatively difficult and small non-radiative decay rates are 

possible. 

The structure of aluminate glass also warrants further 

examination. It is well known that the coordination of aluminum in 

aluminosilicate glasses can vary depending on the ratio of modifier 

ions to aluminum. Thus, aluminum can assume the role of network 

modifier or network former. The role of aluminum in aluminate 

glasses is less established. It is thought that in general aluminum is 

able to act as a network former, when paired with suitable ions. An 

additional consideration is the effect of the preparation procedure on 

the final structure of the glass. Although many studies have 

compared the structure and properties of sol-gel and conventionally 

derived glasses, very few have studied non-silicate based systems. 

Thus, it is the goal of this work to characterize this unusual 

glass system. The totality of results of physical properties 

determinations and structural studies should allow conclusions to be 

made about the glass forming ability in the calcium aluminate 



system. This will permit a deeper understanding about the role of 

aluminum in aluminate melts and about the larger issue of glass 

formation in unusual systems. 
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2. LITERATURE REVIEW 

2.1 Glass Forming Ability 

Many liquids can be cooled below their equilibrium 

melting point, or liquidus, to form glasses. It was originally believed 

that only several systems, such as those based upon silicates and 

borates, could be induced to glass formation. However, in recent 

years a wide variety of systems have demonstrated that the 

possibility of glass formation is not so limited. Indeed, glasses have 

even been formed from a variety of metallic systems. In this section, 

the various theories and indicators of glass forming ability will be 

examined in detail and their specific application to the calcium 

aluminate system will be discussed in a later section. 

2.l.l.a Thermodynamics of Glass Formation 

The relationship between crystal, liquid and glass can 

best be understood by examining a volume-temperature diagram as 

shown in Figure 2.1 When a liquid is cooled, the volume decreases 

steadily with decreasing temperature, as shown by the line AB. If 

the thermodynamic equilibrium is followed, at the freezing point 

there will be a rather sudden decrease in volume. It is at this point 

where crystallization occurs. As the temperature continues to fall, 

the volume decreases further, but with a lower temperature 
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coefficient, since the expansion coefficient of the crystal is typically 

less than that of the liquid. 

A 

o Crystsl 

Tan perature 

Figure 2.1: Relationship between glass, crystal and liquid 

If no crystallization occurs at the freezing point, the liquid 

becomes what is known as a supercooled liquid. The volume 

continues to decrease continuously along the dashed equilibrium 

curve. The liquid is now in a state of metastable equilibrium. The 

metastable equilibrium curve does not continue indefinitely. At a 

certain temperature, the curve deviates and begins to run nearly 

parallel to the equilibrium curve of the crystal. From this point on, 

conditions of equilibrium are no longer evident. The cause of this 

deviation is the increasing viscosity of the liquid with decreasing 

temperature. Thus, the attainment of equilibrium of the liquid 

structure at every temperature occurs increasingly slowly until 

finally the viscosity becomes so high that eqUilibrium is no longer 



possible. It is at this point that the supercooled liquid becomes a 

glass. 

2.1.1.b Zachariasen's Random Network Hypothesis 
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The thermodynamic approach to glass formation starts to 

imply several conclusions about the structure of glass. These 

considerations were described by Zachariasen1 who developed 

several hypotheses about the structure of glass and the conditions 

necessary for glass formation. Since the mechanical properties and 

density of a glass are similar to those of a crystal, Zachariasen 

postulated that the structures must also be similar. Specifically, he 

proposed that the bonding in a crystal and glass are identical, and 

that the physical differences between a crystal and a glass are the 

result of different orientations of atoms within the materials. 

Whereas in a crystal the atoms are placed in a regular, repeating 

arrangement, in a glass, they form a random network. Based upon 

his assumptions, Zachariasen proposed a set of four empirical rules 

about the conditions for the formation of oxide glasses: 

(a) No oxygen atom may be linked to more than two cations 

(b) The number of oxygen atoms surrounding the cation must 

be small (most likely three or four) 

(c) The oxygen polyhedra share corners with each other, not 

edges or faces 



If the network is to be a three-dimensional than the fourth 

hypothesis must be invoked: 

(d) At least three corners of each polyhedron must be shared 

25 

These hypotheses have been proven by evidence of glass 

formation in several simple systems. For example, these conditions 

are fulfilled by oxides of the type R203, R02, and R205. Oxides of 

these formulae have been found as glasses in the systems B203, Si02, 

and P205. The results of X-Ray Diffraction studies of glass have also 

lent credence to this hypothesis. Zachariasen's theory has had 

important ramifications for later theories of glass formation and 

remains today an important concept in our understanding of the 

amorphous state. 

2.1.1.c Concepts of Glass Formers, Modifiers, and Intermediates 

A direct result of Zachariasen's Random Network 

Hypothesis is the classification of various oxides as network formers, 

modifiers, and intermediates. According to Zachariasen, the basis for 

glass formation is the occurrence of network polyhedra. Thus, oxides 

which constitute these polyhedra are known as network formers. 

These include B203 and Si02 and other traditional glass forming 

cations. In general, these oxides are able to form glasses on their 
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own by direct cooling from the liquid state. Network modifiers, on 

the other hand, are oxides which act to disrupt or break down the 

network and in the process create singly bonded or non-bridging 

oxygens. Oxides which act in this manner include the alkali and 

alkaline earth oxides. Intermediates are oxides which can act as 

either a network former or a modifier, depending on the particular 

network involved. In general, these oxides can not form glasses on 

their own; rather, they must be combined with other oxides in order 

for glass formation to occur. Examples of such oxides would include 

A1203, Te02, Ga203. These oxides are also known as conditional 

glass formers. 

2.1.1.d Goldschmidt's Radius Ratio Criterion for Glass Formation 

Another theory which relates to the possibility of glass 

formation in certain systems poses a correlation between the 

relative sizes of ions in the structure to the likelihood that glass 

formation will occur2. From simple geometric arguments, one may 

calculate the limiting radius ratio for various geometries. These are 

shown below in Table 2.1. 

According to Goldschmidt, glass forming oxides are those for 

which the radius ratio ranges from 0.2 to 0.4. Therefore, a 

tetrahedral arrangement is a necessary condition for glass formation. 

The primary limitation of this criterion is its assumption of purely 

ionic bonding. 
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Type of Polyhedron Coordination Number Minimum Radius 

Ratio 

Equilateral Triangle 3 0.155 

Tetrahedron 4 0.225 

Trigonal Bipyramid 5 0.414 

Square Pyramid 5 0.414 

Octahedron 6 0.414 

Cube 8 0.732 

Table 2.1: Limiting Radius Ratios for Various Geometries 

.-
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2.1.1.e Smekal's Mixed Bonding Hypothesis 

According to Smekal's theory of glass formation3, certain 

types of bonds are more conducive to glass formation and a 

consideration of bond angles and bond lengths is necessary in order 

to predict glass forming ability. He assumed that the basis for glass 

formation was the random network and then investigated the bond 

types which could produce such disorder. He concluded that bonds 

which are purely directional, such as covalent bonds, and purely 

unidirectional bonds, such as Van der Waals bonds can not form the 

basis for the random network. In such cases, the atoms occupy 

eqUilibrium positions and are unstable with respect to disturbances. 

Thus, the only type of bonding which will not allow continual 

transformation into an equilibrium position without a bond being 

broken is mixed bonds. 

are: 

The three types of bonds which Smekal envisioned as possible 

(a) Covalent-Ionic (i.e. as demonstrated in oxide glasses). 

(b) Covalent-Metallic (Le. as seen in amorphous metals, 

covalent bonding within the chains and Van der Waals between 

the chains). 

(c) Covalent-Van der Waals (Le. which appear in organic 

compounds with covalent bonds within the molecule and Van 

der Waals forces between molecules). 



Smekal also adhered to the necessity of certain coordination 

numbers, so that Goldschmidt's criteria are maintained within this 

framework. 

2.1.1.f Sun and Dietzel's Bond Strength Criterion 
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Both Sun4 and Dietzel developed related hypotheses on the 

connection between bond strength and glass formation. The basis for 

their theories was the assumption that the atomic rearrangements 

necessary for crystallization requires the breaking of bonds. 

Therefore, oxides with high bond strengths will not be able to 

rearrange as quickly, which will in turn favor glass formation. Sun 

calculated the bond strengths of certain network formers, modifiers 

and intermediates as shown in Table 2.2. As shown below, the 

network formers tend to have high values of bond strengths and the -

network modifiers have very low values. In general, Sun's 

hypothesis works well at distinguishing network formers from 

modifiers but seems to give somewhat mixed results when applied to 

the classification of intermediates. 

Dietzel used a slightly different criterion for his indicator for 

glass formation. Rather than calculating the bond strengths, Dietzel 

examined the field strengths of the ions in a network. The field 

strength is related to the ionic charge and the interatomic distance 

by the following equation: 
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Element Coordination Number Bond Strength 

(kcal/mol) 

Boron 3 119 

Silicon 4 106 

Germanium 4 108 

Phosp_horous 4 111 

Zinc 2 72 

Lead 2 73 

Aluminum 6 53-67 

Sodium 6 20 

Potassium 9 13 

Calcium 8 32 

Table 2.2: Bond strengths as Calculated by Sun for Various Network 
Formers, Modifiers, and Intermediates. 
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2 

F = Z\l.,.2
e , (2.1) 

a 

where Z1 and Z2 represent the ionic charges, e is the electronic 

charge, and a is the interatomic distance. Dietzel observed that 

covalent bonding was associated with high field strengths while 

ionic bonding was associated with low field strengths. Thus, Dietzel 

arrived at a similar conclusion as Smekal, that the best cations for 

glass formation were those with mixed bonding. In terms of field 

strengths, the best glass formers are those with intermediate values. 

2.1.1.g The Kinetic Approach to Glass Formation 

According to the kinetic basis for glass formation, in 

order for crystallization to be precluded, the cooling rate must be 

sufficiently high. In this manner, the liquid does not have sufficient 

time for structural rearrangement to occur. The kinetic approach is 

best embodied in the form of T -T -T diagrams. These time

temperature-transformation plots provide a quantitative picture of 

the kinetics and conditions necessary for glass formation. This 

approach was first proposed by Uhlmanns• He outlined the cooling 

rates necessary for glass formation by assuming constant rates of 

nucleation and crystallization. An approximation of the crystallized 

volume in relation to the total volume was calculated by: 
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(2.2) 

In this equation, Iv represents the rate of nucleation, u is the rate of 

advance of the crystal-liquid interface and, t is the time. Knowledge 

of the nucleation frequency and the growth rate at a particular 

temperature provides information on the degree of crystallinity as a 

function of time. The results are best represented graphically as a 

two dimensional plot of time vs. temperature for a given degree of 

crystallinity. If one assumes that the limit of detectable crystallinity 

is V c/V = I 0-6 one obtains a plot like that shown in Fig 2.2 for 

anorthite (CaO-AI203-Si02). 
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Figure 2.2: T -T -T Diagram for anorthite 
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The nose in a T -T -T diagram corresponds to the least time for a 

given volume fraction to crystallize. The shape of the curve results 

from the competition between the driving force for crystallization, 

which increases with decreasing temperature, and the atomic 

mobility, which decreases with decreasing temperature. 

cooling rate may then be approximated as: 

(2.3) 

The critical 

where Tn is the temperature at the tip of the nose and tn is the time 

at the nose. Since the model is based on the assumption of a constant 

nucleation and crystallization rate, the estimates of the critical 

cooling rate are too large. Therefore, T -T -T diagrams provide an 

overly conservative view of the conditions necessary for glass 

formation. By assembling such diagrams one can obtain a 

quantitative estimate of the time necessary for crystallization to 

occur, and hence an indication of the relative ease of glass formation. 

2.1.1.h Empirical Predictors of Glass Formation 

In addition to the theoretical views of glass formation 

outlined above, there are many empirical parameters which are 

commonly used to assess the relative ease of glass formation in 

various systems. The majority of these are based on thermochemical 

data obtained by Differential Thermal Analysis (DT A). One such 



empirical relation was suggested by Sakka and Mackenzie6 • Their 

relation is that: 

Tg =2/3 (2.4) 
Tm 
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where T g is the glass transition temperature and T m is the melting 

temperature. This relation stems from the requirement that the 

viscosity be large at a temperature between the melting point and 

the glass transition temperature. If the viscosity at the glass 

transition temperature is constant, then the higher the ratio T g/T m, 

the higher will be the viscosity at the nose of the T -T -T curve. This 

relation has been found to hold valid for a variety of both organic 

and inorganic glass-forming systems. It is interesting that the 

relation does not hold for a simple glass forming substance, Ge02. 

Another empirical relation which is used to assess the relative 

glass forming ability concerns the difference between the glass 

transition temperature and the peak crystallization temperature. It 

is postulated that the smaller this value, the more likely glass 

formation is found to occur. Once again, this relation has but limited 

validity when applied to a wide range of glass forming systems. 

Another empirical predictor of the ease of glass formation was 

proposed by Hruby7. He quenched a variety of glasses from the melt 

and subsequently reheated and measured the crystallization 

exotherm with differential thermal analysis (DT A). He then 



suggested a parameter KgI for use as a measure of the glass 

formation ability: 

K - T" -Tg (2.5) 
gl-T -T ' 

m " 
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where T x is the crystallization temperature, T g is the glass transition 

temperature, and T m is the melting point. KgI values were 

determined for a series of AS2Te3 compositions and good agreement 

was found between these values and qualitative evidence of glass 

forming ability. 

Rawson 8 studied the influence of eutectic formation on glass

forming ability. Following an earlier suggestion by Sun4 that since 

crystallization involves substantial atomic rearrangement and 

consequent rupture of bonds, those materials having high bond 

strengths should be less prone to crystallization. Rawson extended 

this by reasoning that the amount of thermal energy available at the 

liquidus temperature might also be a signiticant factor. The lower 

the thermal energy available for breaking bonds, the more difficult 

should be crystallization, and hence the easier it should be for a 

supercooled melt to transform into a glass. More specifically, the 

parameter relating to the ease of glass formation is the ratio of the 

single bond strength to the melting temperature, BITm . Easy glass

formers, such as B203 or Si02, have higher values of BITm than 

incipient network-formers, such as Ti02 or Te02, and considerably 

higher values than those of the network modifiers. 
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Somewhat related to this is the predictor proposed by Cohen 

and Turnbu119• They demonstrated that the glass forming tendency is 

greater the lower is the reduced melting temperature as described 

by: 

t = kTm (2.6) 
m h ' 

v 

where T m is the thermodynamic crystallization point and hu is the 

heat of vaporization. This equation encompasses Zachariasen's 

criteria which is equivalent to a depression in the reduced melting 

temperature. 

2.1.2 Structural Approach to Glass Formation 

All of the above theories of glass formation underline one 

important point. In order for glass formation to occur, crystallization 

must be avoided. Since crystallization from the melt involves the 

breaking and reforming of bonds until a regular array is established, 

the ease of attaining such an arrangement is an important 

consideration. Structural theories of glass formation have focused on 

the relationship between the arrangement of atoms in the crystalline 

state to those in the melt or in the resultant glass. 

Although the random network hypothesis for the structure of 

glass is widely accepted, several models of glass structure have 

focused on the possibility of having disordered arrays of 
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microcrystals. These microcrystals are believed to be miniature 

pieces of the larger crystalline structure connected together in a 

random manner. X-Ray Diffraction studies have disproven the 

existence of these microcrystals yet the relationship between crystal 

and melt is very important. 

Goodman 10 proposed that glass formation was related to the 

quantity of crystalline polymorphs available to the system. Glass 

formation is favored for those materials which in the crystalline state 

are found in a variety of polymorphic modifications. An obvious 

example is silica, which is found as quartz, cristobalite and tridymite, 

as well as the high pressure forms coesite and stishovite. Goodman 

proposed that glass formation takes place by the generation of 

clusters of structurally non-related polymorphs which associate on 

cooling, but cannot act as nucleation centers for the growth of 

macroscopic regions of one polymorph or another. For cases where 

the two polymorphs are quite similar in terms of structure, differing 

only in terms of stacking, the suppression of nucleation would be 

more limited. 

This model has been used extensively in commercial glass 

production. Most commercial formulations are extraordinarily 

complex containing as many as 8-10 different components in as 

small amounts as I mol %. It has been found that such small 

additives may have a very large effect on the devitrification 

behavior of the resultant glass. This is related to the confusion 



principle which describes the difficulty in the formation of crystals 

with definite order in the presence of multiple species. 

2.2 Aluminate and Aluminosilicate Glasses 

2.2.1 Glass Formation 

Alumina has been used as an additive to glass for 

centuries. However, it has only been in recent years that alumina 

has been used as the sole glass former in some compositions. It is 

because of this that little is known about the structure and 

properties of aluminate based glasses. The advent of scientific 

methods which permit faster heating and cooling and the ability to 

analyze smaller sample sizes has increased the general 
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understanding of such systems. This section will focus on the types 

of glasses which have been made in aluminosilicate and aluminate 

based systems. Later sections will discuss the properties and unique 

advantages of aluminate based glasses. 

2.2.1.a The Role of Alumina in Glass 

As can be inferred from the previous discussion of glass 

formation, alumina in general acts as an intennediate. The radius of 

the A13+ ion is 0.057 nm; the ratio of the radii rAI:ro is 0.43. 
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Therefore, the A13+ ion lies on the border between coordinations of 4 

and 6. The extremely high melting point of alumina makes it 

impossible for glass formation to occur without the presence of other 

elements. Another consideration which precludes the possibility of 

glass formation in pure Al20 3 is the fact that the crystalline analog is 

corundum, which has a coordination number of 6. This coordination 

does not permit the formation of an extended network. 

Aluminum oxide has been a traditional additive to many 

commercial glasses. In many cases, such as for alkali aluminosilicate 

glasses, the presence of alumina actually permits the formation of an 

extended three-dimensional network. However, in order to assess 

the exact role of alumina in multicomponent glasses, it is necessary 

to consider the specific network in question. Depending on the ratio 

of alumina to modifying ions, alumina can either serve to build up or 

break down the network. 

For aluminate glasses, where there are no traditional glass 

forming ions present, alumina must act as a network former. In such 

cases, it is postulated that the aluminum ion achieves a four fold 

coordination and modifying ions are present for charge 

compensation. The structure of such glasses have been studied in 

relatively little detail, due in large part to the difficulties associated 

with glass formation in such systems. 
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2.2.1.b Glass Forming Ability in Aluminosilicate Glass 

The introduction of Al20 3 into pure Si02 creates certain 

regions of glass formation. In Si02, the oxygen atoms are slightly 

polarized. This forces the A13+ ions into a six-fold coordination, 

which causes the network to be broken up. However, in certain 

compositional regions, the presence of AI04 tetrahedra has been 

indicated. In such instances, the remaining A13+ serve as charge 

compensators and permit glass formation. With rapid cooling, glass 

formation in this binary system can occur with alumina contents of 

65 mol %. In a radial distribution function analysis of high alumina 

content binary aluminosilicate glasses, Morikawa et al. ll determined 

that the glass had a short range order similar to the crystal structure 

of mullite. The average coordination number was 4.7 implying the 

coexistence of four-fold and six-fold coordinated aluminum 

Alumina in a silicate glass containing network modifiers acts as 

a network former. The non-bridging oxygens which result from the 

presence of an alkali or alkaline earth ion are more easily polarized, 

and thus allow the A13+ ion to form terahedra. When A13+ does 

enter the network in the form of tetrahedra, there are some 

similarities with the Si04 tetrahedra. However, due to the 

differences in valences between Si4+ and AI3+, there are different 

requirements for charge compensation. As shown in figure , one 

Al203 unit may be added to an alkali silicate network and may serve 
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to patch up the holes which have been created by the alkali ions. It 

is in such ways that alumina can actually promote glass formation in 

certain systems. 

Alumina can also serve to further break up the network in 

other instances. If the ratio of modifier to alumina is less than one, 

then there are no longer enough alkali ions available for charge 

compensation. Therefore, the excess A13+ ions enter the network 

with a coordination number of 6. In such cases, the excess alumina 

acts as a modifier. This behavior is clearly evidenced by a gradual 

change in glass properties with changes in the ratio of alkali ions to 

alumina. 

2.2.1.c Glass Forming Ability in Aluminate Glasses 

Aluminate glass may be defined as a glass in which the 

primary glass former is the component aluminum oxide. Aluminum 

oxide is usually classified as an intermediate, a component which 

does not form a glass in its pure form under ordinary conditions, but 

forms a glass when it is combined with suitable modifiers. Glass 

formation in systems where alumina is the primary network former 

has been reported in the literature but is rather limited. In almost 

all cases, the glassy state has only been achieved under extreme 

quenching conditions. A good review of aluminate glasses has been 

written by Pye12 • Table 2.3 lists reports of glass formation in various 

binary aluminate systems. Table 2.4 reports on glass formation in 
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ternary aluminate systems. Calcium aluminate glasses are not 

described in this section as they will be discussed in greater detail in 

a later section. The majority of these systems were obtained as 

glasses in very limited compositional ranges. Due to the extreme 

conditions necessary for glass formation in these systems, limited 

characterization of these glasses has been performed. Several of 

these systems, where larger pieces could be produced which then 

permitted further examination, will be discussed in greater detail. 

Glasses in the PbO-A1203 were obtained in very small sizes 

over a narrow compositional rangel3 using a splat quenching method 

with cooling rates of approximately 106 0 C/sec. The authors ascribe 

the glass formation in the PbO rich -compositions to the low 

temperature liquidus and to the presence of the relatively strong 

covalent Pb-O bond. 

Glasses were also made in the Gd203-A1203 system by 

quenching at a cooling rate of approximately 8 x 107 C/sec with the 

use of a laser beam for rapid heating14• Although the glasses were 

not studied structurally, it was determined that they exhibit very 

complex crystallization behavior. As the A1203 content increased, 

the number of exothermic peaks in the DT A trace increased, attaining 

a maximum of three. Another interesting result was that for a 

composition of 3Gd203-5/3 A1203, the crystallization product was 

gadolinium aluminum garnet, which is not obtained by the usual 

solid phase reaction. 
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TABLE 2.3 

Binary Aluminate Systems 

System Cooling Method Reference 

BaO-A1203 Verneui! Torch Frank, LiebertzlS 

CaO-A1203 Pellets Sheppard, Rankin l6 

CS20-A1203 Normal Quench Sakka et aV 7 

Gd203-A1203 Pellets Shishidol4 

PbO-A1203 Splat Cooling Morikawal3 

Zr02-A1203 Plasma Torch Krauth, Meyerl8 

SrO-A1203 Powders Frank, LiebertzlS 

La203-A1203 Pellets Yajima et aV9 

LU203-A1203 

Y203-A1203 

La203-A1203 Splat Cooling Coutures et al20 

Nd203-A1203 

Gd203-A1203 

H0203-A1203 

Er203-A1203 

Y0203-A1203 

LU203-A1203 

Y203-A1203 

Nd203-A1203 Anvil/Hammer Coutures et al.2l 
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Table 2.4 

Ternary Aluminate Systems 

System Cooling Method Reference 

BeO-CaO-AI203 Normal Quench Florence et al22 

BaO-CaO-AI203 

CaO-AI203-Fe203 Water Quench Nishida et al23 

CS20-Nb20S-A1203 Normal Quench Sakka et al. 17 

CaO-Ga203-Al203 Water Quench Shelby, Silaty24 

CaO-CaF2-AI203 Water Quench Shelby et a1.2S 

BaO-Ti02-A1203 Normal Quench Kokubo et al26 

K20-Ta20s-Al203 

Na20-Nb20S-AI203 Normal Quench Kokubo et al.27 

K20-Nb20S-A1203 

CaO-Nb20S-AI203 

Na20-Ta20s-AI203 

K20-Ta20s-A1203 

CS20-Ta20s-A1203 

AI203-PbO-CdO Splat Cool Fu et a}.28 

BaO-ZnO-AI203 Infrared Heating Uchida et a1.29 
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The structure of glasses in the Nb20S-Cs20-AI203 system was 

studied by Sakka et alP using NMR and Raman spectroscopy. The 

chemical shifts of the glasses with approximately SO mol% Al203 

indicated that the A13+ ion was in a tetrahedral coordination. Raman 

spectroscopy revealed the presence of AI04 tetrahedra and a 

stretching vibration associated with Nb06 octahedra. Thus the NbS + 

ion act as a network modifier and alumina assumes the role of a 

network former. 

In addition to the binary and ternary systems, several 

multicomponent aluminate glasses have also been synthesized. One 

example is a study by Tashiro et aI, in which multicomponent, non

silicate aluminate glasses were made30• Besides alumina, the glass 

components included Ti02, Nb20S or Ta20s as well as an alkali or 

alkaline earth oxide. Fairly stable glasses could be made in 10 gram 

quantities within narrow limits for several different compositions in 

this system. X-Ray Emission Spectroscopy was used to investigate 

the coordination of alumina ions. It was found that for most glasses, 

the alumina was tetrahedrally coordinated. The IR spectra of these 

glasses were quite similar across the compositions with IR cutoffs in 

the region of 6 ~m. 

One study focused on the structural environment of the Al3 + 

ion in an aluminate based glass. Fu et a1.28 used NMR spectroscopy to 

study glasses of composition 30 A1203-20 PbO-SO CdO. Only one 

distinct band was evident at approximately 70 ppm, signifying 

tetrahedral coordination of the A13+ ion. In addition, these glasses 
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displayed evidence of photochromism after illumination with UV 

radiation. The smallest amount of Al20 3 which was required for 

glass formation was 26 mol%. Since this is a relatively small amount, 

the authors hypothesized that either CdO or PbO must also act as a 

network former. 

In general, the properties of aluminate glasses appear to be 

quite similar across compositions. They all demonstrate desirable 

infrared transmissions with an average infrared cutoff of 

approximately 6 11m. In addition, they also display good mechanical 

properties and the necessity of rather extreme cooling rates in order 

for glass formation to occur. 

2.2.l.d Sol-Gel Aluminosilicate Glasses 

Previous discussions have focused on the formation of 

disordered structures by cooling below the glass transition 

temperature. It is also possible to create such disorder by processing 

at temperatures below this temperature. The susceptibility of 

alkoxides to hydrolysis forms the basis of the sol-gel process for 

metal-organic compounds. The sol-gel route to glass formation 

permits several additional advantages. In this method, the 

hydrolysis of metal alkoxides causes gelation. The gel can then be 

calcined at a certain temperature in order to create a glass. Sol-gel 

processing has attracted considerable attention in the last t\~enty 

years as it allows a non-melt processing of high-purity glasses and 
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ceramics. This in turn allows for lower temperature processing and 

the possibility of more intimate mixing on a molecular level. It has 

been demonstrated for a variety of systems that novel compositions, 

unattainable by conventional processing techniques may be 

synthesized in this manner. The sol gel process for aluminum 

alkoxides is shown in Figure 2.3. 

Inti1i~g:g:t~s. 

AI (OR) + HzO 

fs2i:tIrulrimim 

2AI(OR)2 OH + HzO 

AI 0 (OH) (OR) 
f f-1 (f+2)-g 9 

---I.~ AI(OR)2 OH + ROH 

OH OH 
I I 

---I.~ RO-AI - O-AI -OR + 2ROH 

Figure 2.3 Sol-Gel Process for Aluminum Alkoxides 

At the condensation point, larger molecules are formed which 

are dissolved in the sol. With growth, however, the system stiffens 

and a gel is obtained. The gel continues to contain a great deal of 

water and must be densified in order to produce a monolith. It is 

very important that during densification crystallization is avoided. 

Although it is relatively simple to produce single component glasses 
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by the sol-gel method, the production of multicomponent glasses by 

this method poses additional challenges. Various alkoxides have 

different rates of hydrolysis, and for this reason, precipitation of one 

component can occur. Several methods to avoid this include slowly 

adding the water for hydrolysis or pre condensation of the slower 

components. 

Gels of the system Na20-CaO-AI203-Si02 were synthesized by 

Kwon and Chung31 • One difficulty with the synthesis of 

multicomponent compositions is that the addition of an aqueous 

electrolyte solution to neutral or alkaline alkoxide mixtures can lead 

to inhomogeneous gellation. Thus, in order to avoid this, careful 

control of the water additions is needed. The gels of the system 

contained large amounts of silica; the minimum silica content was 

67.5 mol % Si02. The authors found that when calcium nitrate was 

used .as a precursor for CaO, crystalline NaN03 precipitated. This did 

not occur when the precursor was calcium acetate. 

This study3! also followed the structural evolution of the gel 

with heat treatment. As the gel was dried, infrared spectra were 

obtained. The most interesting changes occurred for a gel of 

composition 67.5 Si02-16.25 AI203-8.75 Na20-7.5 CaO. A weak 

band at 590 cm- 1 disappeared with increasing temperature. This 

band has been attributed to aluminum in six-fold coordination. As 

the temperature is raised, a band appears at 700 cm- 1 which has 

been attributed to four-fold coordination of the aluminum ion. Thus, 
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the alumina ion appears to change coordination at relatively low heat 

treatment temperatures. 

Glasses with 60 mol % Si02 in the system CaO-AI203-Si02 were 

synthesized by the sol-gel method by Pancrazi et al.32. The structural 

evolution of the gels with heat treatment was followed by DTA, X

Ray Diffraction and IR Spectroscopy. In these samples, there were no 

bands characteristic of the Si-O-AI bond. However, it was noted that 

there was an increase in general absorption in this frequency range 

with increasing alumina content. The authors make no conclusions 

about the specific structures of these gels. 

Glasses based on the A1203-Si02 system were synthesized by 

Laczka et al. 33. A maximum of 10 mol % Al20 3 was added to the 

glasses. For the untreated gel, there appears to be a band associated 

with AI-OH bonds. As the gel was heated this band decreased in 

strength and a band at 795 cm- 1 appeared. This band has been 

attributed to 4 coordinated aluminum ions and AI-O-Si linkages. For 

compositions with lower alumina contents, this band is not in 

evidence which suggests that alumina does not enter a network 

position when present as a minor constituent. 

2.2.1.e Sol-gel Aluminate Glasses 

Due to the relative rarity of studies on the calcium aluminate 

system in general, very little work has been completed on sol-gel 

processing of aluminate glasses. Multicomponent silicate based gels 
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containing alumina have been synthesized although their preparation 

is more difficult due to variations in the relative hydrolysis rates of 

the components. Uberoi and Risbud34 prepared amorphous calcium 

aluminate powders of 12 CaO-7 Al203 (63 mol % CaO) composition. 

Precursor materials used to prepare the gel were aluminum-di-sec

butoxide acetoacetic ester chelate and calcium nitrate. The 

aluminum chelate was used in order to slow down the rate of 

hydrolysis. Three principal regions were evidenced by TGA. The 

first occurred at 125 0 C which was attributed to a loss of water. The 

second was at 250-300 0 C which was due to the loss of organic 

features. The third region occurred at 550-700 0 C and was 

associated with the pyrolysis of residual organics or the removal of 

unreacted nitrates. XRD analysis demonstrated that the powders 

remain amorphous at temperatures less than 900 0 C. 

Goktas and Weinberg3S synthesized a variety of compositions 

within the calcium aluminate system using sol-gel processing. 

Aluminum sec-butylate (Al(OC4H9)3) was used as a precursor and 

was added slowly to a H20-HCl solution. Calcium nitrate was used as 

the calcium source and was dissolved in ethanol before being added 

to the aluminum. Three compositions were synthesized in this 

manner: 30 CaO-70 A1203, 50 CaO-50 A1203, and 70 CaO-30 Al203 

(all in wt. %). Clear transparent bulk gels and thin gel films were 

formed in this manner. The as-prepared bulk gels and films were 

shown to be X-ray amorphous. 
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DT A analysis of these compositions were generally similar to 

those reported by Uberoi and Risbud34 • XRD analysis after long-term 

heat treatments demonstrated that the crystallization behavior was 

very dependent on composition. The high calcia content gel was. the 

first to crystallize at temperatures in excess of 530 0 C. The 50 CaO-

50 Al203 gel remained amorphous when heated to temperatures 

below 700 0 C. The high alumina content gel did not crystallize until 

it was heated to temperature in excess of 900 0 C. The thin films of 

the same compositions did not crystallize below temperatures of 

1100 0 C. It is also interesting to note that the silica slides on which 

the films were prepared crystallized prior to the crystallization of the 

gel. 

2.2.2 Glass Structure 

While the structure of aluminosilicate glasses is 

extremely well documented, the structural characteristics of 

aluminate based glasses are less understood. Although some 

structural details have already been discussed, this section will 

address the structural properties of glasses more thoroughly. For 

aluminate glasses, the only structural studies which have been 

performed have examined the calcium aluminate system. It is 

anticipated, however, that such knowledge could be applied to other 

aluminate based glasses. 
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2.2.2.a The Structure of Aluminosilicate Glasses 

The structure of aluminosilicate glasses with low to 

moderate alumina concentrations has been extensively documented8• 

What is less understood is the coordination of alumina in binary 

systems and in systems with higher alumina contents. Alumina is 

very interesting from a structural standpoint as evidence has been 

presented for 4, 5, and 6 coordinated alumina in various systems. 

Since glasses synthesized in the present study are silica-free, this 

section will only provide a very limited summary of the available 

literature. 

The majority of structural studies of aluminosilicate 

glasses have demonstrated that Al is in tetrahedral coordination, 

replacing Si in corner shared aluminosilicate tetrahedra36039. Even with 

a 3 dimensional network structure, melts on aluminate-silicate joins 

show variation in physical properties as a function of composition. 

For example, the viscosity of melts decreases with increasing 

AlI(AI+Si) along the joins Si02-NaAI0240 and Si02-MgA120441 • 

Changes in the aluminum coordination with increasing alumina 

content in alkali-aluminosilicate glasses have been studied by Day 

and Rincone42044. They proposed that the alumina coordination is 

either four or six depending on the composition of the glass. In alkali 

aluminosilicate glasses, all of the aluminum ions are in 4-fold 

coordination up to the composition where the ratio of Al to alkali ion 
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is equal to one. At higher alumina contents, the excess aluminum 

ions are in 6-fold coordination. The conversion of alumina from six

fold to 4-fold coordination with alkali ion charge compensation is 

shown in Figure 2.4. 

Ca 2+ 

Figure 2.4: Change in Aluminum Coordination from Six to Four 

Glasses in the binary Si02-A1203 system with up to 59 mol % 

alumina were studied by Poe et al. 4S. NMR results showed that the 

A13+ ion is present in 4-fold and 5-fold coordinated sites and that 

the relative proportions of each were dependent on the cooling rate 

and the composition. For comparison, molecular dynamics 

simulations were carried out for several compositions. It was 

determined that for high silica contents, both Si and Al occupy 

predominantly tetrahedral sites, although some indication of 3-

coordinated aluminum was evident. As the alumina content 

increases, the proportion of 5-fold and 6-fold aluminum increases 

and the average aluminum coordination for pure A1203 becomes 

five. 

Several studies have indicated, however, the existence of five 

and six-fold coordinated alumina for certain aluminosilicate 
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compositions46-48 • McMillan and Kirkpatrick46 , using MAS NMR 

determined that the structure of peraluminous compositions near the 

Si02-MgA1204 join was primarily composed of tetrahedral aluminum 

but that small peaks assignable to 5-and 6-fold aluminum were also 

present. However, it must be noted that these samples were melted 

by solar heating and were rapidly quenched from extremely high 

temperatures. This thermal history could be expected to effect the 

structure of the glass. 

2.2.2.b Comparison of Sol-Gel Derived and Conventionally 

Prepared Glasses 

There have been several studies which have compared 

the structures and properties of glasses obtained through sol-gel 

processing with those obtained by conventional melting techniques. 

The majority of these studies have focused on the comparison of 

physical properties rather than a structural basis for comparison. In 

most cases, it has been concluded that after similar heat treatment 

schedules, the structures and properties of the two glasses should be 

similar49-s1 • The rationale behind this argument is the fact that the 

structure of glass is extremely dependent on thermal history. Since 

conventionally derived glasses are obtained by melting followed by 

rapid cooling while gel glasses are obtained at low temperatures, it is 

anticipated that initially some differences will exist. However, once 
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that these differences will be removed. 
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The most common differences which are noted in the literature 

arise from the differing water content of the two types of glasses as 

well as the greater homogeneity obtainable through sol-gel 

processing. The higher water content of sol-gel derived glasses may 

serve to lower temperatures of crystallization and increase overall 

rates of crystallization. The increased homogeneity allows the 

formulations of novel compositions which may not be possible by 

processing through conventional means. As will be discussed below, 

there is some evidence which does not support the conclusion that 

gel-derived and conventionally prepared glasses have similar 

structures. Excellent reviews of this subject matter are available in 

papers by WeinbergS2 and by Mukherjees3 • 

Disclichs4 compared various physical properties of a bulk 

borosilicate glass prepared by hot-pressing alkoxy-derived glass 

powders at 650-700 0 C with those of the conventional glass melted 

at 1600 0 C. Similar values of the density, refractive index, and 

thermal expansion coefficient were obtained for both cases. The only 

significant difference was in the value of the glass transition 

temperature, which was approximately 20 0 lower for the alkoxy

derived glass. The author attributed this to the higher water content 

of the sol-gel glass. 

Weinberg and Neilsonss compared the phase separation 

behavior of two sodium silicate glasses. The gel glass was prepared 



" 

56 

by melting the alkoxy-derived gels and the conventional glass was 

prepared by melting oxide powders at the same temperature. They 

determined that the temperature of immiscibility was 100 0 C higher 

for the gel glass than for the oxide glass. In addition, the gel glass 

had a phase-separated structure of O.Ol/lm while the conventional 

glass had a coarser texture of 0.1 /lm. Once again, these differences 

were attributed to the higher water content of the gel-derived glass. 

In another study of this same system Neilson and WeinbergS6 

compared the crystallization behavior of gel-derived and 

conventionally prepared glasses after similar heat treatments. The 

most striking differences were observed during heat treatments of 

the precursor gel. Although the conventionally prepared glass 

showed non-equilibrium phases upon heat treatment, there was 

never any evidence for such phases during the heat treatment of the 

gel. Instead, the gel crystallized at different rates and produced 

large amounts of the most stable crystalline phases. 

Laczka et al. 33 compared the structure and crystallization 

behavior of conventionally derived and gel derived glasses in the 

system AI203-Si02. Using IR Spectroscopy and ESCA, they 

determined that the interatomic distances in the gel and melted 

glasses were quite similar after comparable heat treatments. The 

only difference between the two glasses was in the degree of 

defectiveness of the Si-O bonds. The authors attribute this to the 

higher temperatures used in the preparation of the melted glasses. 

In addition, there were minor differences in crystallization behavior 
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of the glasses. The gel derived glasses displayed a lower activation 

energy of crystallization than the melted glasses. 

Light scattering experiments conducted by Mukherjee and 

MohrS7 on the Si02-B203-Na20 system demonstrated microstructural 

differences between gel-derived and conventionally prepared 

glasses. The gel glasses displayed excellent uniformity with less than 

a 20 % variation in Rayleigh intensity throughout the sample. In 

contrast, the melted glass was highly non-uniform and contained 

several large regions with large scattering values. These results 

were attributed to the greater purity and more intimate mixing 

which is achievable by sol-gel processing. 

Several studies have focused on the crystallization behavior of 

gel-derived and conventionally prepared glasses. Mukherjee and 

ZarzyckiS8 compared the nucleation and crystallization behavior of an 

alkoxy and a conventionally prepared La203-Si02 glass. They 

determined that higher rates of nucleation and crystallization 

occurred in the alkoxy-derived glass. It was reasoned that the 

higher water content of the gel glass served as a nucleating agent in 

this system. These results were also confirmed by Gonzalez-Oliver et 

a}S9 who conducted studies on the lithium disilicate system. 

Differences in the crystallization behavior between gel and 

conventionally derived glasses have also been reported by Lee, 

Messing and Delaat60 • In a study of glasses in the lithium 

aluminosilicate system, the authors found that the particle size had a 

large effect on the subsequent crystallization behavior of melt 
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derived glasses but had only minor effects on the crystallization of 

the gel derived glasses. In addition, gel-derived glasses had lower 

temperatures of crystallization when compared to their melt-derived 

counterparts. The authors conclude that the major contribution to 

nucleation in the melt glass is the presence of heterogeneities and 

that the gel powder displays surface nucleation before it achieves 

full deOnsity. A constant crystallization temperature for the gel 

suggested that there might be a kinetic limitation of the system for 

crystal growth. 

Perhaps the most striking evidence comes from Y 0ldas61 and his 

studies of gel-derived silica glasses. He determined that structural 

differences between gels and glasses were present even at elevated 

temperatures. Gels produced with 15 mol % water melted at a lower 

temperature and produced more fluid melts than a conventionally 

prepared silica glass. In addition, network connectivity as evidenced 

by infrared spectroscopy differed between the two glasses. 

In addition to differences between sol-gel processed glasses 

and glasses prepared by melting, there is also some evidence that 

various types of sol-gel processes can produce differences in the 

resultant structures and properties. Mukherjee62 found that gels 

prepared in the alkaliborosilicate systems by different procedures 

exhibited variations in their infrared spectra. The position and the 

features of the absorption band which is associated with Si-O 

stretching were markedly different for the two gels. These 
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humidity treatments to equalize variations in water content. 
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Although direct confirmation of structural similarities are very 

rare, most researchers have concluded that with appropriate heat 

treatment, the structures of gel derived and conventionally prepared 

glasses should be very similar. This conclusion is primarily derived 

from observations of nearly identical properties in both cases. If the 

structures from the two different preparation procedures were 

wholly different, it is unlikely that there would be such striking 

similarities in behavior. 

In summary then, the properties and structures of the two 

glasses are expected to be similar' after heat treatment in the vicinity 

of Tg. There are several well-documented cases of exceptions to this 

rule and various explanations are possible. WeinbergS2 has suggested 

that due to the fast relaxation times which occur at high 

temperatures, it is impossible for significant structural differences to 

exist. Rather, he believes that such differences may be attributable 

to compositional variations which arise from the various processing 

modes. Since glass properties may be largely affected by 

compositional changes, it is possible that slight variations in overall 

composition could produce the differences described above. 
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2.3 Calcium Aluminate Based Glasses 

Glasses based on the calcium aluminate system were first 

reported by in 190916 • Since then, limited studies have been 

performed on this system. However, the first report of the use of 

stabilizing non-silica based additives to the system was reported in a 

comprehensive study by Kreidl et a163 • Since that study, the 

structure, optical properties, and crystallization of the calcium 

aluminate system have been described by .various authors. In the 

subsequent sections these studies will be reported in greater detail. 

The majority of these studies arose from the interest in the infrared 

transmission of these glasses and their good mechanical properties. 

However. more studies have been lacking due to difficulties 

associated with glass formation in this system. As an example, in 

1947 Safford and Silverman64 reported that no glass formation was 

possible in the Na20-CaO-AI203 system. It will be shown in the 

present investigation that glass formation in this and other calcium 

aluminate based glasses is indeed possible. 

2.3.1 The Calcium Aluminate Phase Diagram 

The calcium aluminate phase diagram appears in Figure 

2.5. Both CaO and Al203 are very high melting compounds which 

accounts for the high liquidus temperatures which are present even 
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Figure 2.5: Calcium Aluminate Phase Diagram 
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upon mixing. One exception to this is the eutectic point at 1390 0 C. 

which occurs at a composition of approximately 65 CaO-35 Al203 

(mol %). It is the decreased melting temperature which allows glass 

formation to occur in this narrow region for the binary system 

without the need for extreme processing conditions. 

Of particular relevance to the present investigation are the two 

crystalline phases which appear in the compositional range centered 

around the eutectic point. The structure of calcium aluminate. 12 

CaO-7 A1203. is very complex. There has been some debate in the 

literature about the exact nature of this compound. For many years 

it was believed that this compound was identical to 5 CaO- 3 A1203. 

Because of a reversible absorption of water over a wide temperature 

range without a corresponding change in the structure. 12 CaO-7 

Al203 is called a zeolitic phase. The crystallographic data6S are space 

group I43d. a =11.989 A. and two formula units in the unit cell. 

Bussem and Eitel66 determined the correct composition in 1936 

and postulated that it was composed of interconnected AI04 

tetrahedra and AI05 square pyramids. This structure was later 

modified by Bartl and Scheller who proposed that there were twelve 

AI04 tetrahedra within the unit cell which are fully polymerized to 

other AI04 tetrahedra. The remaining sixteen AI04 tetrahedra 

contain one non-bridging oxygen which are coordinated to calcium. 

Support for this model has been provided by McMillan in his Raman 

spectroscopic studies of crystalline calcium aluminates. 
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The other crystalline compound of interest within this 

compositional range is trica1cium aluminate, 3CaO-AI203. It was first 

described in 1929 by Steele and Davey67 and was most recently 

refined by Mondal and Jeffrey68. The structure is based on isolated 

rings of AI04 tetrahedra. The rings are formed by the corner-

sharing of two oxygen atoms per tetrahedra. Therefore, there are 

two non-bridging oxygen atoms for each AI04 tetrahedron. These 

crystalline structures will be important in subsequent sections for 

the discussion of the crystallization and glass forming ability of this 

system. 

The structure of two additional high alumina content 

crystalline phases also must be discussed. These phases will occur in 

several of the sol-gel calcium aluminate compositions synthesized in 

this investigation. Calcium aluminate (CA) is composed on a 

monoclinic unit cell which contains twelve formula units of CaA1204. 

All of the aluminum atoms exist in tetrahedral coordination to 

oxygen and form a fully polymerized framework. The calcium atoms 

occupy large cavities in this open structure and exist in six- to nine

fold coordination. 

The structure of calcium dialuminate (CA2) is based on a fully 

polymerized network of AI04 tetrahedra and is somewhat similar to 

that found for feldspar. However, the molecular formula is oxygen

deficient. This is overcome by the fact that one oxygen per 

molecular unit is shared by three AI04 tetrahedra. This causes the 

AI-O bonds to be significantly lengthened. 
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2.3.2 Glass Formation in the Calcium Aluminate System 

The majority of calcium aluminate based glasses studied to 

date contain small amounts of silica. The use of silica as a stabilizing 

additive to glass formation in the calcium aluminate system is well 

documented. Higby et a1.69 found that the addition of silica extends 

the range of CaOlAl203 ratios which can form glasses. The 

detrimental effect of silica additions is evidenced however, in the 

decreased IR cutoff. 

Shelby has determined that calcium aluminosilicate glasses can 

be obtained with compositions containing between 0 and 75 mol% 

Si02 at temperatures below 1600 °C70. A larger region of glass 

formation was possible but was precluded from further 

experimentation due to the high liquidus temperatures. Shelby also 

noted a change in properties, such as refractive index, coefficient of 

thermal expansion and glass transition temperature, with decreasing 

silica content. It was found that the glass transition temperature 

increases with decreasing silica content. Shelby interpreted this to 

signify that the calcium plays a network former, rather than a 

modifier, role in the glass structure for certain compositional ranges. 

High alumina content silica-free calcium aluminate glasses 

were studied by Topol et aUI. A C02 laser was used for rapid 

heating of the samples and free fall cooling enabled containerless 



processing. The following compositions and yields of glass in the 

samples were reported: 

Al203 (wt. %) CaO (wt. %) Glass Yield (%) 

95 5 <1 

90 10 <1 

85 15 <1 

80 20 1-10 
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Due to the small yields, the glasses could not be studied extensively. 

Low silica content calcium aluminate oxynitride glasses were 

studied by Durham and Risbud72 • Glasses of the system CaO-AI203-

MgO-Si02-AIN with silica contents of approximately 3 wt. % were 

melted in a nitrogen atmosphere at 1700 0 C and quenched in a 

liquid nitrogen bath in order to avoid crystallization. The nitrogen 

solubility limit for this set of processing conditions was 

approximately 3.1 atomic percent. 

One of the earliest reports on the use of stabilizing additives to 

the calcium aluminate system occurred in 195522 • Florence et al. 

synthesized several silica free calcium aluminate glasses with the 

addition of other oxides such as MgO, Ge02, BaO, BeO, La203, PbO, and 

Bi203. The glass forming ability of the system was enhanced and the 

infrared transmittance was unaffected. It is interesting to note that 

even the multicomponent glasses did not display an appreciable 

decrease in liquidus temperature when compared to the binary 
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system. The most stable glasses which were prepared were centered 

around the binary eutectic composition. 

Hafner, Kreidl, and Weidel63 also investigated the use of 

stabilizing additives to the calcium aluminate system in order to 

produce large bulk pieces suitable for missile dome applications. 

Their requirements included the formation of crystallite-free melts 

larger than several kilograms and good infrared transmission to 6 

J,lm. Additives such as alkali and alkaline earth oxides as well as 

SrO, La203, Ti02, PbO, Fe203 and Ge02 were used. In terms of the 

large batch requirements, the most successful attempts involved the 

use of 6 or 7 component systems, some of which contained small 

amounts of silica. The final silica-free composition contained CaO, 

A1203, Na20, K20, MgO, BaO and Fe203. Unfortunately, small 

additions of Fe20 3 caused an absorption band at 1.1 J,lm 69. 

Silica-free calcium aluminate based glasses without stabilizing 

additives have also been prepared. Shelby produced glasses in the 

ternary system CaO-CaF2-AI20373 • Glasses could be formed in 10 

gram quantities for compositions containing between 30 and 40 mol 

% Al203 and as much as 18 to 20 mol % CaF2. The replacement of 

CaO with CaF2 did not significantly enhance the glass forming ability 

of the system. If the total content of CaF2 was greater than 20 mol 

%, then there were problems with crystallization. The relative 

hydroxyl content, as determined by infrared transmission 

measurements was found to decrease, but only by a small amount. 

This limit was unchanged despite large additions of the halide ion. 
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Goktas and Weinberg synthesized silica free calcium aluminate 

gels, which were subsequently heated to produce non-crystalline 

bulk pieces and films3s. By using the sol-gel technique, the 

compositional limits of glass formation in the binary system could be 

extended. Three gels of composition 30 CaO-70 A1203, 50 CaO-50 

A1203, and 70 CaO-30 Al203 (weight %) were prepared using 

aluminum sec butylate as a precursor. Bulk pieces were found to 

crystallize easily with crystallization initiating at the free surface. On 

the other hand, the films could be heated in excess of 1000 0 C and 

were found to remain amorphous. 

2.3.3. Optical Properties of Calcium Aluminate Based Glasses 

Perhaps the most valuable optical quality of calcium aluminate 

systems is the good infrared transmission to 6 11m. The absorption of 

infrared radiation depends on atomic vibrations and thus can be 

adequately described by Hooke's law: 

v oc {-5, (2.7) 

where '\) is the frequency of absorption, f is the force constant, and 11 

is the reduced mass. The IR absorption occurs largely as a result of 

atomic vibrations in a molecule that has a dipole moment. Thus, 

homonuclear molecules such as 02 have no vibrational spectra, but 

an Si-O-Si group may have bond-stretching and bond-bending 



68 

oscillations that would have characteristic absorption in the IR. In 

order for the absorption to occur at lower frequencies, and hence at 

longer wavelengths, the force constant should be small and the mass 

of the ions should be large. 

This suggests that ions with heavy weight and low charge are 

the most suitable candidates for good infrared transmission. 

Unfortunately, traditional glass forming ions tend to be small, highly 

charged cations. It is for this reason that most conventional glasses 

absorb strongly in the 3.5 to 5.0 11m region. Higby et a1.69 

systematically investigated the effect of small silica additions on the 

infrared cutoff of calcium aluminate glasses. They found that an 

addition of 10 mol % Si02 decreases the Infrared cutoff to less than 5 

11m. 

Wallenburger, Weston, and Dunn74 ' investigated the optical and 

mechanical properties of calcium aluminate fibers prepared by 

inviscid melt spinning. This method utilizes propane as the reactive-

medium so that the liquid jets are chemically stabilized rather than 

rapidly quenched. Fibers with 50.5-80.2 weight % alumina were 

fabricated in this way. Infrared spectroscopy showed that the fibers 

had comparable infrared transmission as bulk glasses of the same 

composition. Although vacuum melting was used to eliminate water, 

some OH bands were present in the infrared spectrum at 

approximately 2.9 11m. The authors attributed this to the use of 

tungsten crucibles as opposed to the vitreous carbon crucibles 

suggested by Davy7s. 
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One of the major points which has been examined in the 

literature, is the presence of water as evidenced by a peak in the 

infrared spectrum at 2.9 ~m. Florence et al.22 reported that the size 

of this band could be slightly reduced by introducing dry air by 

means of a platinum tube into the melt. Davy75 demonstrated that 

the water could be completely removed by melting in a vacuum 

furnace. Several compositions of low silica content calcium 

aluminate based glasses were prepared by melting in a vitreous 

carbon crucible. Although the author has provided no quantitative 

data, it appears that the absence of water in the melt considerably 

improved the glass forming ability of the system: large pieces 

measuring 21 x 12 x 9116 in were produced in this manner. 

Ginther and Kirk76 found that a vacuum pre-sintering process 

effectively reduced the size of the water absorption. Some residual 

water remained after a vacuum treatment at 1250 0 C for four hours. 

However, attempts to melt glasses at 10-5 Torr resulted in the 

evaporation of certain alkaline earth oxides used in the melt. 

Calcium aluminate glasses have also been reported to be 

photosensitive to ultraviolet light and also to be photochromic71-s4• It 

was determined that when calcium aluminate glasses are illuminated 

with UV radiation, an absorption band appears at 400 nm. This band 

is stable with respect to light and temperatures under 150 0 C. Upon 

heating to temperatures in excess of 150 0, the color disappears. 

Glasses prepared under strongly reducing conditions exhibit broad 



absorption bands at 570 nm. After exposure to the illumination is 

ceased, the absorption bands decay. 

On the basis of ESR results, the mechanism proposed for this 

phenomenon involves the existence of a paramagnetic ion, an 

aluminum oxygen hole center (AI-OHC) and an ozonide (03-). The 

following mechanism8! was proposed by the authors to account for 

this behavior: 

uv 

Hmt 
.. 

Figure 2.6: Mechanism of Photochromism in Calcium Aluminate 
Glasses 
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As shown in Figure 2.6, structural defects such as peroxy linkage 

associated with two tetrahedrally coordinated aluminums and a 

dissolved oxygen molecule occur in the glasses. Upon exposure to 

ultraviolet radiation, the peroxy linkage dissociates and results in the 

formation of two AI-OHC's. One of these then combines with an 

oxygen molecule to form an ozonide. The remaining AI-OHC and the 

ozonide then serve as color centers. 

With reference to the use of calcium aluminate glasses as 

materials for fiber optics, Lines et al. 8S calculated the intrinsic optical 

loss of a low silica content calcium aluminate glass. The total losses 

associated with the sum of contributions from Rayleigh, Brillouin, and 
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Raman scattering were 0.04 dBlkm at 1.55 11m. These losses for Si02 

at the same wavelength are 0.16 dBlkm.. Thus calcium aluminate 

glasses are attractive candidates for ultra-low loss fibers for 

communications. 

Calcium aluminate glasses containing small amounts of Fe203 

have been prepared by Nishida and Takashima86 for use as optical 

memory devices. The crystallization kinetics of a glass of 

composition 60 CaO-35 A1203-5 Fe203 was followed using 57Fe

Mossbauer Spectroscopy. After heat treatments at 740-800 0 C for 

100-300 minutes, 12 CaO-7 A1203 was precipitated along with small 

amounts of a tetrahedral crystalline phase containing Fe3+. Initially, 

Fe3+ substitutes for AI3+, but eventually is separated from the AI04 

tetrahedra as crystallization progresses. 

2.3.4 Structural Studies of the Calcium Aluminate System 

The structural role of silica and the existence of defects in low 

silica « 20 mol %) content calcium aluminate glasses was studied 

using ESR of X-irradiated samples87• Two variations of an aluminum 

oxygen hole center were identified, suggesting the existence of two 

precursors, a peroxy linkage and a non-bridging oxygen bonded to an 

aluminum. The addition of small amounts of silica reduced the 

concentration of oxygen excess defects and increased the 

concentration of silicon related hole centers. The authors conclude 

that the silicon atoms act as scavengers for non-bridging oxygens in 
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the glass. This allows the aluminum to achieve a higher connectivity 

as a network and therefore improves the glass stability. 

Higby et al. 88 correlated compositional changes in properties 

with structural changes in low-silica content « 25 mol %) calcium 

aluminate glasses. DTA results indicate that as the CaOlAl203 ratio 

increases within a narrow compositional range, the value of T g 

decreases. This decrease is caused by the formation of non-bridging 

oxygens with increasing calcia content. An increase in the refractive 

index was also noted as this ratio increased. It is expected that as 

the concentration of non-bridging oxygens increases, the 

polarizability of the oxygen ions increase, causing an increase in the 

refractive index. 

Structural studies on calcia-calcium fluoride-alumina glasses 

have suggested that these materials are similar to glasses in the 

fluorosilicate system with aluminum ions occupying the silicon sites73 • 

Based upon observations that the glass transformation temperature 

decreases and the thermal expansion coefficient increases as the 

fluorine content increases, the authors conclude that fluorine enters 

the structure as a nonbridging species in the form of AI03F 

teterahedra. A magic angle spinning NMR study indicated that the 

aluminum ions occupy sites of tetrahedral coordination2s• 

McMillan 89 utilized Raman spectroscopy to study the structure 

of silica-free calcium aluminate glasses of various compositions. He 

proposed that the structure of a 50 CaO-SO Al203 (wt. %) glass was 

composed of a continuous network of AI04 - tetrahedra. The Ca+ ions 
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were viewed as providing charge compensation and occupying holes 

in the network. For this composition, there are no non-bridging 

oxygens in the network. As the CaO content of the glass increases, 

non-bridging oxygens are progressively formed. At higher CaO 

contents, the coordination of the aluminum ions increases, with the 

ultimate formation of 5 and 6 coordinated units. 

Morikawa et al90 utilized a radial distribution function to study 

the structure of a 12 CaO-7 Al20 3 glass. Utilizing glassy spheres, the 

authors collected X-ray scattering intensity data for 29 values 

between 5 and 140 o. The radial distribution function showed five 

peaks and the coordination number calculated from the peak area 

corresponding to the AI-O bond was 4.2. The coordination number 

for Ca was determined to be 5.6. The correlation function curve 

approached one at r=7 A which indicates that short range order 

disappears at distances greater than 7 A. In order to determine how 

the AI04 - tetrahedra are linked, structural models based upon the 

corresponding crystalline structures were constructed. U sing a least 

squares fitting routine, it was determined that the observed data was 

best explained by the structure of crystalline 5CaO-3A1203. This 

metastable phase consists of four coordinated aluminum and six 

coordinated calcium which are arranged in two dimensional sheets. 

·Matsubara et a1.91 also conducted an RDF study of a 60 CaO- 40 

Al203 (mol %) glass. Pair correlation functions indicated that the Al 

was four coordinated, the calcium four coordinated and the oxygen 

six coordinated. 
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Engelhardt et al. studied the NMR spectra of a series of glasses 

in the CaO-AI203-Si02 system92• Several of the glasses chosen for 

study contained less than 10 mol % Si02. It was determined from 

the 29Si NMR spectra that the Si was in the tetrahedral configuration 

for all compositions. The 27 Al NMR spectra showed greater variance 

with composition. For all compositions, even those with very little 

A1203, a peak occurred which was representative of tetrahedrally 

coordinated alumina. Three compositions showed an additional peak 

which occurred at lower chemical shifts which is indicative of 

alumina in an octahedral configuration. 

The authors concluded that glasses with CaO=AI203< 0.5 Si02 

have a three dimensional network. As the composition changes to 

CaO> A1203< 0.5 Si02, non-bridging oxygens are created and the 

network begins to lose its dimensionality. When the Al203 content 

becomes greater than the CaO content, the excess alumina is thought 

to enter the network as 'tric1usters'. Although octahedral alumina 

was evidenced in certain compositions in this range, it was not seen 

for all of them. It is believed that line broadening obscures detection 

for these cases. 

Of particular interest for the present work, the authors 

conclude that for silica contents of less than 10 mol %, the Si02 

network is fully depolymerized. The 27 Al NMR spectra for these 

glasses show that the alumina has a tetrahedral coordination. 

does not appear to be any evidence of octahedral alumina 

compounds or triclusters in such cases. 

There 
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Poe et a1.93 studied the structure of calcium aluminate liquids at 

high temperature. NMR results indicated that at 2500 there was a 

rapid exchange of aluminum between 4-, 5-, and 6- coordinated sites 

but that the average Al coordination in the CaAl204 liquid was close 

to four. Ion dynamics simulations provided greater information 

about the distribution of aluminum ions in the various sites. At 3000 

K, 57.60 % of the Al ions were in tetrahedral sites, 38.30 % in five 

coordinated environments, and 3.67 % were in six-coordinated sites. 

This gave an average aluminum coordination of 4.44. 

High temperature NMR was also used by Cote et a1.94 to 

compare the structural differences between glasses and liquids in the 

CaO-A1203 system. Small droplets of glass were made by rapid 

quenching after laser heating. Normally quenched glasses had only 

4-fold aluminum while hyper-quenched glasses showed some 

number of 5-coordinated aluminum. Melts in this system displayed 

a near-linear increase in the mean coordination number with 

increasing alumina content. 

Bukhtoyarov and Voronova9S studied the structure of the entire 

compositional range of melts in the CaO-A1203 system using a 

Molecular Dynamics approach. They determined that the bond 

lengths for both AI-O and Ca-O were virtually independent of the 

composition and retained values close to those of the pure oxides. 

The coordination number of Al increased from 3 to 5.2 as the 

alumina content increased from 10 mol% to 90 mol %. The calcium 

coordination number also increases with increasing alumina content. 
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Nishida et a1.96 studied the. structural changes associated with 

Gamma Ray irradiation of a calcium aluminate glass containing small 

amounts of iron. While tellurite and gallate binary glasses were 

shown to undergo significant structural changes with irradiation, the 

calcium aluminate glasses did not exhibit any structural 

rearrangement. The high resistivity of the calcium aluminate glasses 

was related to the high covalency of the AI(Fe)-O bond. 

2.3.5 Physical Properties of Calcium Aluminate Based Glasses 

Despite the fact that a major focus in the literature is the 

observation of the tendency of this system to devitrify, very few 

studies have identified crystallization kinetics, products or 

morphology. One exception to this is a study by Phillips and 

Partridge which utilized a surface crystallization layer in order to 

produce a rain-eros ion-resistant material97 • Glasses of composition 

12 CaO-7 Al203 with minor amounts of MgO, BaO, and ZnO were 

nucleated and subsequently heat treated at temperatures close to the 

maximum crystallization temperature of 850 C. Typical crystal 

growth rates were 10 Junl h and the crystal growth rate decreased 

with decreasing hydroxyl content of the glass. The surface 

morphology consisted of dendrites, each radiating from a central 

point but oriented nearly perpendicular to the surface. 

The mechanical properties of calcium aluminate fibers have 

been investigated by Wallenberger et a1.98 • The melt viscosity of 
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compositions having 50.5 to 100 wt % Al203 ranged from 8.7 to 0.5 

Poise. Fibers drawn from these compositions had tensile strengths 

of 0.15 to 1.06 GPa with diameters of 141-450 Ilm. Florence et al.22 

measured the Young's modulus of one calcium aluminate based bulk 

glass. The composition of the glass was 41.2 CaO-42.0 Al20 3 -16.8 

BaO (wt. %). The Young's modulus, measured at 20 0 C had an 

unusually high value of 1, 052 kbars. This value may be favorably 

compared to fused silica (730 kbars) and most commercial glasses 

(540-805 kbars). 

Hafner, Kreidl, and Weidel63 have studied the mechanical and 

physical properties of multicomponent calcium aluminate based 

glasses. These properties were then compared to those for 

commercial optical quality glasses. These results appear in Table 2.5. 
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Property Optical Crown Optical Flint Glass Multicomponent 

Glass Calcium 

Aluminate 

Fract. Vel. (m/s) 1487 1179 1559 

Young's modulus 10.18 7.70 15.15 

(lb.lsQ. in. x 106 

Impact Strength 8100 6690 7490 

Ob.l sa. inol 

Const. Rate of 6860 5420 6500 

Loading Strength 

(lb.lsa. in.) 

Density (gm.lcc.) 2.52 3.60 3.07 

Knoop Hardness 457 359 594 

Ther. Exp. 9.9 x 10- 6 8.9 x 10-6 10.0 x 10-6 

(cm.lcm.l 0 C) 

Table 2.5 Mechanical Properties of Calcium Aluminate Based Glasses63 
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Low silica calcium aluminate oxynitride glasses72 display an 

even greater increase in Knoop Hardness. Glasses which contain 

approximately 3.1 atomic percent nitrogen have a Knoop Hardness of 

991. The glass transition temperature, density and microhardness 

values were found to increase with increases 10 nitrogen contents. 

The clarity of this glass system was found to be superior to higher 

silica content glasses and do not display the frothing characteristics 

seen in Si-nitride batched oxynitride glasses. 

A considerable portion of previous research in this area has 

concentrated on the development of calcium aluminate fibers. The 

first such report was in 1957, where compositions were studied with 

particular reference to their moduli of elasticity99. 

The densification behavior of a calcium aluminate glass was 

described by Park and Uhlmann1oo• An aluminate glass of 

composition BaO-43 CaO-47 Al20 3 was subjected to high pressures in 

order to investigate possibility of densification in glasses with small 

degrees of directional bonding. It was found that the glass densified 

on the order of a few percent and that at constant temperature, the 

glass densified with increasing pressure. At constant temperature, it 

was found that the glass densified with increasing pressure. The 

authors concluded that glasses characterized by a large degree of 

Coulombic interactions may be densified by high pressure treatment. 
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2.4 Judd-Ofelt Theory 

A laser is basically an optical oscillator. It consists 

essentially of an amplifying medium placed inside a suitable optical 

resonator or cavity. The medium is made to amplify by means of 

some kind of external excitation. The laser oscillation can be 

described as a standing wave in the cavity. The output consists of an 

intense beam of highly monochromatic radiation. Conventional light 

sources provide luminous intensities corresponding to thermal 

radiation at temperatures of no more than 104 K. With lasers. 

intensities corresponding to 1020 to 1030 are readily attainable. 

Practical applications of the laser include long-distance 

telecommunications. medical imaging. and optical radar. 

Rare earth ions have important characteristics which 

distinguish them from other optically active ions: they emit and 

absorb over narrow wavelength ranges. the wavelengths of the 

emission and absorption transitions are relatively sensitive to the 

host material. the intensities of these transitions are weak. the 

lifetimes of the metastable states are long. and the quantum 

efficiencies tend to be high except in aqueous solutions. These 

properties all result from the nature of states involved in the 

processes and lead to excellent performance of rare earth ions in 

many optical applications. 

Perhaps the most common rare earth ion used in lasers is the 

Nd 3+ ion. The ground state of Nd is a 419/2 configuration. The 
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visible absorption spectrum results from transitions from this ground 

state to various excited states. Atoms which have been excited to 

one of the upper levels may relax to the upper laser level (the 4F3/2 

state) by radiative or multiphonon transitions. These transitions 

occur rapidly in relation to the radiative lifetime. This upper laser 

level decays radiatively through the four principal laser transitions. 

For Nd3 +, these transitions and the wavelengths at which they occur 

are shown in Table 2.6. 

State Wavelength (Jlm) 

4F3/2---> 4115/2 1.80 

4F3/2---> 4113/2 1.35 

4F3/2---> 4111/2 1.06 

4F3/2---> 419/2 0.88 

Table 2.6 : Transitions of the Nd3+ Ion 

The fluorescence and lasing kinetics of Nd3+ are shown in 

Figure 2.7. For laser action, ions are optically pumped into the upper 

energy levels from which they rapidly decay to the metastable 

4F3/2 level. This decay is predominantly nonradiative with a rate> 

108 sec-l 101 while most laser glass has a lifetime for the 4F3/2 level 

of 100-1000Jls. The principal lasing transition for most glasses is 

from 4F3/2 to 4111/2 followed by relaxation to the ground statel02• 
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Figure 2.7: Lasing Kinetics of the Nd3+ Ion 
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Although the 4 I 11/2 lifetime is difficult to measure accurately, 

fluorescence studies 103 have indicated that the lifetime is less than 1 

ns. in laser glass at 300K. Thus for lasing pulses of> 1 ns, Nd:glass 

operates as a 4 level laser scheme. 

An increase in the concentration of Nd3+ ions in the glass is 

desirable for improving laser gain by simply increasing the Nd 

absorption. However, the lifetime and quantum efficiency of the 

N d3+ 4F3/2 fluorescence in glass also decreases with increasing 

neodymium contents because of ion-ion interactions. These 

interactions are also known as concentration quenching. The 

mechanism for Nd3+ concentration quenching has been documented 

as a resonance interaction between the 4F3/2 to 415/2 transition of 

an excited Nd3+ ion and the 419/2 to 4115/2 of a nearby unexcited 

Nd 3+ ion. They then both decay nonradiatively back down to the 

419/2 ground state. This resonance interaction serves to deplete the 

4F3/2 level and eventually nullifies any attempts to improve laser 

gam by increasing the Nd absorption. 

The location, intensity, and width of the absorption bands of 

the Nd3+ ion are strongly dependent upon the laser host. It is 

important to note that each absorption band usually consists of a 

multiplicity of levels. This effect is due to the fact that 

inhomogeneous broadening from local field interactions cause 

adjacent energy levels to overlap and appear as one. The breadth of 

the Nd3+ absorption lines is determined by the Stark broadening 

experienced by individual Nd3+ ions in the host. Unlike the regular 



local crystal field experienced by the Nd3+ ions in hosts such as 

Nd:YAG, the sites in glass are randomly disordered, leading to a 

statistical distribution. Thus macroscopic parameters such as 

stimulated emission cross section and lifetimes are statistical 

averages and are determined by the superposition of contributions 

from a myriad of local environments. 
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The Judd-Ofelt treatment is a semi-empirical model which has 

been used extensively to calculate the spectroscopic properties of 

rare earth ions in glass hosts. This model is useful for estimating the 

probability of forced electric dipole transitions of rare-earth ions in 

glass 104• According to Judd-Ofelt (JO) theory, three phenomenological 

parameters-designated 02, 04, anl 06-are determined 

experimentally from the uv/visible absorption spectra of the host 

material. From these parameters, the magnitude of several useful 

optical properties can be estimated. In this manner, the radiative 

transition probability, the oscillator strength, quantum efficiencies, 

branching ratios, and the spontaneous emission probability can be 

predicted. 

Since these properties are very difficult to measure directly, 

this model was developed in order to evaluate the efficacy of various 

materials as potential laser hosts. In the subsequent parts of this 

section this model will be described and a brief summary will be 

provided of applications of this model and the reSUlting comparisons 

among various laser host systems. 
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2.4.1 Theoretical Considerations 

2.4.1.a Forced Electric Dipole Transitions 

The Judd-Ofelt theory was developed independently in 1962 

by JuddloS and Ofeltl06 in order to predict the performance of glass 

amplifiers. The Judd-Ofelt theory was developed due to the 

difficulty in the measurement of absolute radiative quantities of 

laser glasses. In the Judd-Ofelt model, the crystal field induced 

electric dipole moments are expressed in terms of the odd-parity 

crystal field expansion parameters describing the strength and 

symmetry of the ligand field at the rare-earth site. Several 

characteristic intensity parameters specifying the electric dipole 

moment between any two electronic levels can be determined by a 

least squares fitting of the measured spectral absorbances. Judd

Ofelt theory relies on the assumption that the energy range occupied 

by the (4f)n multiplets as well as that spanned by the opposite 

parity states admixed by the odd-k terms are small compared to the 

separation between these two sets of states. In a study of 

commercial laser glass properties, Krupke found that the JO model 

was quite accurate in its calculation of radiative propertieslO4• 



2.4.1.b Relation of Line Strengths to Absorption 

According to this model, the line strength of a transition may 

be expressed as: 

s = Ln/I(S,L)J~U(/)II(S',L')J')12 (2.8) 
1=2.4.6 
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where Q are the intensity parameters which contain the effects of 

the odd-symmetry crystal-field terms, radial integrals and 

perturbation energy denominators. These quantities, which are 

independent of the state variables within the 4jD configuration, may 

be regarded as phenomenological parameters characterizing the 

radiative transition probabilities within the 4jD configuration. U are 

the doubly reduced matrix elements calculated in the intermediate 

coupling approximation and exhibit only minor changes with host 

composition. These values have been calculated for the Nd3+ ion as 

well as other rare earth ions.107. 

According to JO theory, the line strength of the electric-dipole 

transition between two states can then be related to the integrated 

absorbance by the following equation: 

(2.9) 
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where p is the concentration of the Nd3+ ion as determined from the 

density of the glass sample, X is the mean wavelength of absorption, 

n is the refractive index at each wavelength of interest, J is the total 

angular momentum of the initial state, k is the absorption coefficient 

and S is the line strength. Therefore, by combining these two 

equations, it is then possible to derive the Judd Ofelt parameters for 

the system of interest. From the integrated absorption of various 

transition bands, the best fitting parameters, 0, are determined by 

multiregression analysis, using Eqs. (2.8) and (2.9). As will be 

shown, this will in turn will allow several spectroscopic properties to 

be measured. 

2.4.1.c Calculation of Transition Probabilities and Branching 

Ratios 

Once the parameters, 02, 04 and 06 have been determined, the 

transition probability from a state S', L', l' to a state S, L, J may be 

obtained: 

The branching ratio for the transition from an initial level, 

characterized by the quantum numbers S', L', J', to a lower level is 

defined by: 
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[ (
_)_] A[(S', L')J';(S, I)J] 

S'L' J'. SL J = 
f3 ( ), LA[(S',L')J';(S,L )J] 

S,L,1 

(2.11) 

where A is the transition probabilities given by Eq. (2.10) and the 

sum in Eq. (2.11) extends over all lower levels. For the case of 

downward transitions from the 4F3/2 energy level, the branching 

ratios to the terminal 419/2,411112,4113/2, and 411512 states are 

usually calculated. 

2.4.1.d Calculation of Emission Cross Sections 

The stimulated emission cross section is a characteristic 

value which is determined by the composition of the glass host or 

laser medium. It is an important quantity as it is responsible for 

determining the magnitude of the gain present in the material. The 

value can be calculated semi-empirically using a Judd-Ofelt 

treatment. The stimulated emission cross section may be calculated 

from Judd-Ofelt theory by use of the following equation108 : 

(2.12) 

Here Ap is the peak wavelength as measured from fluorescence 

studies and AA eff is the effective bandwidth which is also obtained 



by fluorescence measurements. Also included in this equation are 

the transition probabilities which were described above. 
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It is important to note that an effective line width is used 

rather than a full width at half maximum. Because of 

inhomogeneous broadening, the 12 transitions between the two 

Kramers-degenerate levels of 4 F 312 to the six levels of the 411112 

are not resolved. The resulting fluorescence bands are asymmetric, 

therefore an effective linewidth obtained by integrating over the 

band is used to derive the stimulated emission cross section. 

The width of the fluorescence band is a measure of the extent 

of the Stark splitting of the initial and final J manifolds and 

inhomogeneous broadening resulting from site-to-site variations in 

the local field at the rare earth. This width is determined by the 

glass network forming and network modifying ions. The glass 

anions, because they are the rare earth ligands, have the greatest 

effect on the linewidth. In general, the smaller the anionic field 

strength, the smaller the Stark splitting and the narrower the 

effective width. Thus fluoride and chloride glasses have narrower 

linewidths than oxide glasses. 

According to the above equation, in order to obtain a large 

cross section, the spectral width must be narrow, the index of 

refraction must be large and the line intensity must be large. Since 

the line intensity is expressed in terms of the n parameters, large 

values of the Judd-Ofelt parameters are necessary. It is also 

desirable to have a large value of Ap, the peak wavelength. The 
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spectral shift of the peak wavelength arises from the nephelauxetic 

effect which describes the expansion of the 4f electron shell of the 

rare-earth ion when it is introduced into a solid. This reduces the 

electrostatic and spin-orbit coupling parameters which shift the 

electronic states to lower energies. The more covalent the bonding, 

the greater the shift. 

In general, crystalline hosts provide high cross sections at 

nearly discrete wavelengths while glass hosts have lower cross 

sections over a broad, continuous range of wavelengths. The lower 

stimulated emission cross sections for glasses reduce the amount of 

amplified spontaneous emission generated. While this raises the 

threshold for lasers, it also permits better energy storage for pulsed 

lasers as well as higher efficiency and lower noise for amplifiers. 

2.4.1.e Calculation of Quantum Efficiencies 

The sum of the transition probabilities in the denominator of 

Eq. 2.11 represents the total transition probability. This quantity is 

related to the radiative lifetime by the following equation104: 

<'d = {I,A[(S L')l' ;(SL)J]}-l 
S,L,J 

(2.13) 

This quantity in conjunction with fluorescence lifetime 

measurements then allows the calculation of the quantum efficiency 

by application of the following ratio: 



(2.14 ) 

According to this equation, a large fluorescence lifetime in 

conjunction with a small radiative lifetime yields a high quantum 

efficiency. Since the radiative lifetime is the inverse of the total 

downward transition probability, it is desirable to have large 

transition probabilities in order to obtain desirable quantum 

efficiencies. 

2.4.2. Experimental Studies 
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The first report of a study using the Judd-Ofelt approach 

to model glass laser properties was by Krupke104• He calculated 

emission cross sections, radiative lifetimes and branching ratios for 

four commercial laser glasses (3669A, ED-2, LSG-91H, and S-33). 

Since then, there has been a vast amount of literature on this subject, 

most notably in multiple works by Weber. This has allowed 

comparisons to be made among various glass systems and has 

increased our understanding of the effects of compositional 

manipulations on glass laser host performance. In the following 

sections, a summary will be made of pertinent studies of 

compositional effects and possible explanations of the physical 

significance of the Judd-Ofelt parameters. 
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2.4.2.a Studies of Nd3+ Doped Glasses 

The J udd-Ofelt approach has been applied to a wide 

variety of glass forming systems109,llO. Some of the representative 

systems which have been chosen for study are: Ge02111, Si02112,1l3, 

Te02114, P20S108,llS-1l7, and fluoride glasses118-121 • A number of these 

studies have employed compositional changes to determine the effect 

of such variations on the computed properties. In the following 

section such effects will be discussed in greater detail. Three 

representative system have been chosen for discussion: Si02. P20S, 

and fluoride based glasses. These systems display very different 

bonding and structures and should allow some insights into the 

factors which may control the spectroscopic properties. 

2.4.2.b Influence of Composition on Spectroscopic Properties 

Perhaps the most extensively studied system which has 

been examined in this way is the Si02 based system with small 

additions of modifying ions. Since it has been demonstrated that 

small amounts of alkali ions can create large variations in the 

spectroscopic properties, silicate glasses are good candidates for 

laser host materials as they offer a wide range of glass formation and 

hence large compositional variations. 

Jacobs and Weberl22 investigated the effects of a wide variety 

of compositional changes in binary and ternary alkali and alkaline 
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earth silicate based glasses. In one part of this study they varied the 

identity of the alkali ion in binary alkali silicate glasses. They report 

that the Judd-Ofelt intensity parameters were quite sensitive to such 

changes but that 02 varied in a different manner than 04 and 06. 

02 increased as the alkali ion was changed from Li to Rb while 04 

and 06 decreased along this same progression. The total transition 

probability and the emission cross section decreased along this series 

while the fluorescence lifetime increased. 

Jacobs and Weber122 also examined the effects of varying the 

sodium content between 20 and 35 % in a series of binary sodium 

silicate glasses. They determined that such changes produced only 

minor effects in the spectroscopic properties. As the Na20 content 

was decreased there was a slight decrease in cross section and an 

increase in the fluorescence lifetime. This effect has also been noted 

in binary potassium silicate glasses123• Concentration quenching 

occurred in this system at Nd3+ concentrations greater than .3 mol %. 

In addition, they examined the effect of the variation in the 

identity of an alkali element in the presence of a fixed quantity of 

alkaline earth ion in ternary silicate based glasses. Qualitatively, the 

results were similar to those found for the binary alkali silicates. 

When the alkali ion identity was kept fixed and the alkaline earth 

was change along the series Mg-> Ba, the results were similar to 

those found for the alkali ions described above with the exception of 

the Mg2+ ion. 
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These results agreed well with those found by Izumitani, 

Toratani and Kuroda ll3 who examined similar glasses of the same 

system. They also determined that the effective line width increases 

as the size of the alkali ion decreases which suggests that the 

inhomogeneous broadening increases as the ionic field strength of 

the modifier cations increases. As the alkali ion concentration 

increases it was found that the line width decreases. It was 

suggested that this is due to the increasing disorder in the glass 

structure. 

Sarkies 124 also studied alkali silicate glasses. He determined 

that the cross section increased as the size of the alkali ion decreased 

and as the silica content decreased. The fluorescent lifetime was 

seen to decrease as the alkali ion size decreases and as the silica 

content decreases. In addition, he found that the cross section 

increased slightly as small amounts of alumina were added to the 

mixture in quantities up to 8 mol %. However, the fluorescence 

lifetime decreased upon addition of alumina. 

Germanate glasses seem to exhibit similar behavior with 

respect to compositional variations lll •12S • This is not surprising in light 

of the general structural similarities between silicate and germanate 

glasses. The line widths, splittings and relative intensities are nearly 

identical to comparable silicate based glasses. In addition, the 

fluorescent decay times were seen to increase with increasing size of 

the modifying ion. 
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Compositional variations in phosphate based glasses have also 

been studied extensively. Payne et al. 126 determined that when 

alumina was added to phosphate glasses, the effect was an increase 

in the effective linewidth, and a decrease in the emission cross 

section. The addition of modifying ions, Si02, or B203 also had 

similar effects. Therefore, it was concluded that in order to obtain 

the smallest bandwidths, the largest emission cross sections and the 

lowest concentration quenching the phosphate content must be 

maximized. 

Yasi, Shibin and Yanyan127 also experimented with alumina 

additions to phosphate glasses. They determined that the influence 

of alumina additions on fluorescence lifetimes is less in phosphate 

glasses than in silicate glasses. At moderate Nd3+ concentrations, the 

addition of alumina caused an increase in the fluorescence lifetime. 

When the Nd3+ concentration was quite high, the addition of alumina 

did not appear to exert any influence. In addition, they found that 

when the field strength of the modifying ion increased the 

fluorescence lifetime and the emission cross section decreased. 

Weber and Saroyan128 investigated the effects of alkaline earth 

oxides on the spectroscopic properties of metaphosphate glasses. 

They found that 02 decreased with increasing ion size while 04 and 

06 increased with increases in the size of the alkaline earth oxide. 

The fluorescence lifetime was found to decrease with increasing ion 

sizes. 
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Weber and Almeida1l6 obtained extremely large emission cross 

sections in chlorophospate glasses. The effective linewidth can be 

greatly narrowed by the substitution of a halide ion for an oxygen 

atom. It was found that as the chloride concentration increased 02 

decreased while Q4 and 06 increased. With these changes, the 

effective linewidth decreased dramatically which in turn created a 

large increase in the emission cross section. The large emission cross 

section also arose from the effects of the nephelauxetic shift in these 

glasses. 

Because of the possibility of large emission cross sections and 

small non-radiative decay rates many authors have investigated 

heavy metal fluoride glasses as potential laser host materials. 

Amaranath et al. l19 studied the spectroscopic properties of Nd3 + 

doped glasses with the alkali fluorides as network modifiers. The 

Judd Ofelt parameters were extremely large with a maximum value 

of 50. There did not appear to be any clear progression in the Judd

OfeIt parameters as the alkali fluorides were changed from Li-> K. In 

contrast to a majority of studies, 04 and 06 did not vary in the same 

manner. The stimulated emission cross-sections also seemed to vary 

in an almost random fashion with composition but gave extremely 

large values (as high as 36 x 10-20). These values are more similar 

to crystalline hosts such as Nd:YAG than to glass hosts. 

Lucas et al. 120 studied Nd3+ doped fluorozirconate glasses. 

These glasses were shown to exhibit the nephelauxetic shift 

described earlier. This shift was similar to that found in crystalline 
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NdF3 and NdZrF7 so that the authors concluded that the Nd3+ site in 

the glass is similar to that of the crystals. Although the three glasses 

were very different compositionally, there did not appear to be a 

large difference in the values of the Judd-Ofelt parameters. The 

emission cross sections were also quite similar across the three 

compositions, with an average value of approximately 2.95 x 10-20. 

Weber et al.129 performed a Judd-Ofelt analysis of a BiC13-KCI 

glass. They found that the Judd-Ofelt parameters were quite large 

with Q4 attaining a larger value than reported previously for any 

other glass. The effective fluorescence linewidth was extremely 

narrow. The largest transition probability was to the 419/2 state 

which is rather unusual. The stimulated emission cross section was 

determined to be 6.25 x 10-20. 

The Judd-Ofelt analysis was applied to fluorohafnate glasses by 

Cases and Chamarrol18 • A glass of composition 52HfF4-18B aF2-

3LaF3-2AIF3-25CsBr was found to have larger Judd-Ofelt parameters 

than a fluoroziconate glass. A Nd3+ doped ZBAN glass was studied by 

Petrin et al. l2l • The fluorescence lifetime of this glass was measured 

to be 419 ~s. 

In summary then, the spectroscopic properties of Nd3+ ions can 

vary widely with glass composition. Tables 2.7 and 2.8 demonstrate 

the wide changes in the Judd-Ofelt parameters which are possible 

with compositional manipulations even within a given glass forming 

system. As can be seen from this Table, the halide glasses generally 

have larger values than the oxide based glasses. Table presents the 
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fluorescence properties of the Nd3+ ion in various glass systems. The 

halide glasses tend to have narrower linewidths and larger emission 

cross sections than the oxide glasses. 
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Glass 02 (10-20 cm2) 04 (10-20 cm2) 06 (10-20 cm2) 

Oxides 

Silicate 2.4-7.0 1.7-5.1 1.8-5.9 

Phosphate 2.9-6.7 3.3-6.0 3.8-6.8 

Borate 3.2-4.7 3.3-4.7 4.3-6.1 

Germanate 3.6-5.9 3.3-4.2 2.9-4.1 

Tellurite 3.0-5.7 2.9-5.1 3.4-5.0 

Halides 

Fluoroberyllate 0.1-1.7 2.5-5.6 3.2-6.1 

Fluoroaluminate 0.6-2.4 3.5-5.1 4.1-5.4 

Fluorozirconate 1.8-2.0 3.6-3.8 4.1-4.4 

Chloride 2.2-5.7 6.6-8.1 4.4-5.0 

Table 2.7: Range of Judd-Ofelt Parameters for Various Glass Systems 



Glass Cross Section 

(j (10-20 cm2) 

Oxides 

Silicate 0.9-3.6 

Phosphate 2.0-4.8 

Borate 2.1-3.2 

Germanate 1.7-2.4 

Tellurite 3.0-5.1 

Halides 

Fluoroberrylate 2.2-4.0 

Fluoroaluminate 2.2-2.9 

Fluorozirconate 2.9-3.0 

Chloride 6.0-6.3 

Wavelength 

"- (om) 

1057-1065 

1052-1057 

1054-1063 

1060-1063 

1056-1063 

1047-1050 

1049-1051 

1049 

1062-1064 

100 

Linewidth 

LUeff (nm) 

34-43 

22-35 

34-38 

36-40 

26-31 

19-29 

30-33 

26-27 

19-20 

Table 2.8: Emission Cross Sections and Other Variables for Different 
Glass Systems 

L: 

t 

170-1 

280-: 

270-4 

330-4 

140-~ 

460-S 

420-: 

430-4 

180-~ 
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2.4.2.c Spectroscopic Properties of Aluminate Glasses 

In contrast to the studies described above, there have 

been no studies which have demonstrated the effects of 

compositional manipulations on the spectroscopic properties of 

aluminate glass. There have been several studies in which the 

spectroscopic properties of a single aluminate glass have been 

described. These studies have been generally focused on their 

behavior in relation to upconversion processes. The results of such 

investigation will be described in greater detail below. 

Zou and Izumitani!30 have doped a calcium aluminate glass of 

composition 48 A1203-36 CaO- 8 MgO-8 BaO with the Tm3+ ion. 

They utilized the Judd-Ofelt model to calculate emission cross 

sections and quantum efficiencies. They found that the emission 

cross section for the aluminate glass was 7.31 x 10-21 but that the 

quantum efficiency was not as favorable as that obtained for a 

fluorozircoaluminate glass. It is difficult to compare this behavior 

with other glassforming systems since the use of the Tm3+ ion is not 

as well documented as the Nd3+ ion. 

Tanabe et al.!3! investigated the upconversion and local 

structure of a binary calcium aluminate glass doped with Er3+ ions. 

Once again, the Judd-Ofelt model was used in order to compute the 

spectroscopic properties. The doping level was gradually increased 

from .1 to 1 mole % of Er3+. It was found that the Judd-Ofelt 
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parameters were generally unaffected by the dopant level. The 02 

and the 04 values were rather large when compared with Er3 + 

doped silicate and germanate glasses. 

151 Eu Mossbauer Spectra of the glass indicated that the 

coordination number of the Eu3+ (which is assumed to be applicable 

to Er3+ due to the similarity in their ionic sizes) in the glass was 7. 

The coordination number of Eu3+ in aluminosilicate glasses was 

found to be 12. The authors conclude that the Eu-O bond length is 

decreased. The phonon energy of this glass was estimated to be 

approximately 800 cm- 1. 

Zou and Izumitani132 also investigated the spectroscopic 

characteristics of energy transfer of Nd3+-> Yb3+ and Yb3+-> Er3+ in 

aluminate glasses. In this case the aluminate glass also contained 

small amounts of MgO and BaO. The study reports that this calcium 

aluminate glass doped with 1 cat. % Nd3+ had a radiative lifetime of 

290 JlS and an emission cross section of 2.33 x10- 20 . The bandwidth 

of emission and the spontaneous emission probabilities were much 

larger than those measured for phosphate and silicate glasses. It was 

also determined that energy transfer from Nd3+ -> Yb3+ was very 

efficient and that the fluorescence efficiency of the Yb3+ doped glass 

sensitized with Nd3+ was higher than the standard LHG-8 phosphate 

based glass. 
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2.4.2.d The Physical Significance of Judd-Ofelt Parameters 

Due to the large number of studies which have 

systematically examined the compositional effects on the Judd-Ofelt 

parameters, it has been possible to hypothesize about their possible 

physical significance. Although the Judd-Ofelt model is semi

empirical, it has been demonstrated in certain systems that the 0 

values vary monotonically with composition. Because of this, several 

authors have postulated that there is a physical basis to these 

parameters. These theories will be discussed in this section. 

Jorgensen and Reisfeld133 studied the trends in the Judd-Ofelt 

parameters for Er3+ in 17 different environments. These included 

glasses, halide vapors, crystalline hosts, hydrated ions, viscous 

solutions and complexes of organic ligands. They proposed that 02 is 

strongly enhanced by the presence of covalent bonding while 06 was 

related to the rigidity of the host. The physical significance of 04 

was not determined. 

Peacock 134,135 has suggested that 02 is more affected by the local 

structure surrounding the rare earth ion than 04 or 06. He also 

suggested that 04 and 06 vary together in a systematic manner. By 

doping the sample with various rare earth ions, he noted that the 

Judd-Ofelt parameters decrease with increasing number of 4f 

electrons of the rare earth ion. This behavior was nearly linear for 

06· 
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Nageno et al. 136 have studied a wide variety of Nd3+ doped 

silicate, borate, and phosphate glasses. They determined that 02 

depended on the asymmetry surrounding the Nd3+ ion in borate and 

silicate glasses. Based on variations in the spectral profile of certain 

transitions, the covalency of the Nd-O bond was estimated and 

related to 04 and 06. It was determined that 04 and 06 increased 

with increasing covalency of this bond. This was then related to the 

ionic packing ratio of the glass host. These relations did not appear 

to hold true in the case of phosphate glasses. 

Izumitani et al. 113 compared the variation in J udd-Ofelt 

parameters between phosphate and silicate glasses. They 

determined that the Judd-Ofelt parameters were significantly greater 

in the phosphate glasses. They found that since the symmetry of the 

N d 3 + ion site is similar in both types of glass, differences in these 

parameters must be related to the structural differences of the 

glasses. Since silicate glass is composed of a rigid extended network, 

the degree of symmetry in the ligand field is high. In contrast, 

phosphate glasses are composed of a more flexible 2-dimensional 

arrangement the ligand field may be more easily distorted. 

Therefore, they associated high 0 values correspond to the degree of 

distortion of the ligand field. 

Oomen and vanDongen l37 investigated the compositional effects 

on the Eu3+ ion in various germanate glasses. Their results for 02 

agreed with those of Jorgensen and Reisfeld and was associated with 

the covalency of the network. The results for 04 indicate that it 
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depends mainly on "bulk properties" such as the viscosity. Once 

again, although not directly measured in this study, it is noted that 

06 scales with 04. 
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3. EXPERIMENTAL PROCEDURE 

3.1 Glass Preparation 

The majority of glasses investigated in the present study 

were prepared using conventional glass making techniques. Several 

compositions were produced using the sol-gel technique of wet

chemical synthesis. The preparation of these samples will be 

discussed in section 3.5. This section will be limited to the 

description of conventional methods of glass preparation. 

The starting materials for the binary calcium aluminate glasses 

were high purity calcium carbonate (CaC03). and aluminum oxide 

(AI203). For the multicomponent glasses, additional starting 

materials included in various batches were sodium carbonate 

(Na2C03). potassium carbonate (K2C03). barium carbonate (BaC03). 

strontium carbonate (SrC03). yttrium oxide (Y203). zinc oxide (ZnO). 

lanthanum oxide (La203). magnesium oxide (MgO). and zirconium 

oxide (Zr02). For studies of the spectroscopic properties. neodymium 

carbonate (Nd2C03) was also added to the batch. Some glasses were 

also prepared for which calcium fluoride (CaF2) was substituted for 

calcium oxide. For all cases, high purity chemicals were chosen so as 

to decrease the likelihood of heterogeneous nucleation from the 

presence of impurities. 

The powders were weighed and batched according to the 

desired compositions and were placed in a small glass jar. The jar 
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was then placed on a rolling mill and mixed for four hours to ensure 

adequate mixing of the powders. Depending on the desired sample 

size, the mixed powders were then placed in various sized platinum-

3.5% rhodium crucibles. Pure platinum crucibles could not be used 

due to their softness at high temperatures. Alumina crucibles were 

also considered and subsequently rejected due to their poor thermal 

shock resistance at elevated temperatures. 

The powders were then melted in a furnace at approximately 

1550 0 C. In certain cases, higher temperatures were needed in 

order to melt the powders completely. The maximum melting 

temperature used in this investigation was 1700 0 C. The time 

required for melting varied with the batch size. For small melts (on 

the order of 10 grams or less), 1 hour melt times were sufficient to 

ensure homogeneity. Longer melting times for the small batches 

increased the risk of loss of the volatile components. Larger batches 

required melting times of 2.5 hours. During the melting procedure, 

the melts were stirred with a Pt/3.5 % Rh rod. After the melting 

time, the crucibles were removed from the furnace and placed on a 

cool steel plate and allowed to cool to room temperature. 

Occasionally the melts were not allowed to cool directly in the 

crucible but were instead poured onto a copper block and then 

cooled in air. 

In most instances, the melting was done in air. For several 

batches, the melting was done in an inert atmosphere such as 

nitrogen or argon. For these cases, a platinum tube was lowered 
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from the top of the furnace directly into the melt. This tube was 

then connected to a gas tank and the melt was bubbled with the gas 

throughout the duration of the melting period. 

For the glasses which were prepared by cooling directly in the 

crucible. the glasses were retrieved by gently tapping the exterior of 

the crucible with a small hammer until the samples were removed in 

one piece. For all compositions and modes of preparation. the glasses 

were crushed and remelted in order to obtain homogeneous samples. 

The samples were checked for compositional accuracy with ICP 

analysis as performed at Skyline Labs. Tucson Arizona. For all 

samples studied it was found that the maximum discrepancy 

between intended and resultant composition was less than 3.8 %. 

The loss was most commonly found in certain of the more volatile 

components such as ~odium oxide. 

For several measurements. particularly spectroscopic ones. it 

was necessary that the samples be ground and polished to optical 

quality. In order to do this. the glass samples were mounted on a 

diamond stop platen using a thermosetting glue. The final desired 

thickness was set using the diamond screw stops and a Starrett 

Vertical Displacement Gauge. The platen was then placed on a R. 

Howard Strasbaugh Model 6BK-16" ring precision polishmaster and 

the samples were ground with a 15 ~m alumina grinding slurry. 

Once the samples had achieved the desired thickness they were then 

placed on another polishmaster equipped with a 1 ~m cerium oxide 

powder slurry and a pelIon cloth polishing pad. After several hours 
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the samples had achieved an optical quality finish and they were 

then removed from the platen and reaffixed so that the opposite face 

could then be ground and polished. 

3.2 Determination of Glass Formation Regions and Glass 

Forming Ability 

Wide compositional areas were selected for studies of the 

relative glass forming ability of various systems. In some cases, 

there was no indication of any possibility of glass formation without 

the use of extremely rapid heating and cooling or prohibitively small 

sample sizes. In such instances, only small areas of the particular 

glass system were examined. In other cases, glass formation was 

possible and for these systems, diagrams of glass formation were 

constructed. In addition, the glass formation tendencies were ranked 

among different glasses so that a measure of the relative glass 

forming ability could be assessed. For these systems a combination 

of thermal analysis, empirical predictors of glass formation and 

qualitative measures of the ease of glass formation were utilized. 

These parameters and their use in the present investigation will be 

discussed in detail below. For all cases, glass formation was deemed 

possible when no crystallinity could be detected. All samples were 

routinely examined with optical microscopy and X-Ray Diffraction 

Analysis. 
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3.2.1. Compositional Manipulations 

The aim of the compositional manipulations was to 

develop a series of calcium aluminate based glasses which 

demonstrated enhanced glass formation but did not suffer from a 

decreased IR cutoff. Therefore, certain ions were selected which 

were anticipated to be good IR transmitters and which would also 

not inhibit glass formation. The study began by attempting various 

CaO: Al203 ratios within the binary system. To begin, very small 

melts were made according to the method described in section 3.1 

and were evaluated solely on whether or not glass formation 

occurred. These melts were 7 grams in size and were cooled directly 

in the crucible. When glass formation was possible, the particular 

composition was scaled up in size and evaluated according to 

methods which will be described in the following sections. The scale-

up procedure was stopped when crystallization had occurred. 

Compositions within certain ternary systems were then 

investigated. For the general case of an R20-CaO-A1203 system, a 6% 

R20 addition was used with a fixed CaO:A1203 ratio. In addition, the 

same amount of R20 was used with a fixed (CaO + R20): Al203 ratio. 

Whichever of the two was better was then used for subsequent 

additions. This process was then repeated for larger and smaller 

amounts of the R20 ion. The compositions were then made in 20 

gram batches. Once again, the melts were allowed to cool directly in 
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the crucible and the criterion for glass formation was the absence of 

any detectable crystallinity. 

The investigation was then expanded to include certain 

quaternary systems. For such cases, the best ternary composition 

was selected and a different alkali or alkaline earth ion was then 

added to it. An identical process in terms of variation of ratios was 

then used for these systems and the compositional ranges of glass 

formation were assessed. For compositions containing five or more 

components the procedure was varied slightly. In these instances, 

the quartenary compositions were used as a starting points and 

additional components were gradually substituted for the original 

ones. Compositions with as many as 9 components were made in this 

manner. 

In addition, the possibility of glass formation was investigated 

in other aluminate systems. Initially small melt sizes were used in 

the binary ZnO-AI203, SrO-AI203, and BaO-A1203 systems. 7 gram 

melts were utilized and the melt was allowed to cool directly in the 

crucible. In certain cases, the liquidus temperatures in these 

systems were higher than in the CaO-A1203 system. Therefore, 

melting temperatures as high as 1750 0 C (the limit of the furnace) 

were used. In addition, mUlticomponent aluminate compositions 

were also tested for glass formation. 
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3.2.2. Variation of Cooling Rate 

In order to obtain a qualitative measure of the glass 

forming ability of the compositions which could form glasses as 

described above, variations of the cooling rate were utilized. A 

standard size melt of 20 g was used for each. composition studied. In 

contrast to the cooling method described in section 3.1, the melt was 

not allowed to cool directly to room temperature in the crucible. 

Rather, the crucible was removed from the furnace at the melting 

temperature and subsequently placed in a second furnace set at a 

pre-determined temperature. The lowest temperature setting for 

the second furnace was chosen as 300 0 C. The sample was then 

allowed to equilibrate at this temperature for approximately 30 

minutes. The crucible was then removed from this furnace and 

allowed to cool to room temperature. The compositions selected for 

this analysis were CA (64 CaO-36 AI203), CAN (58 CaO-36 A1203-6 

Na20), CANB (52 CaO-36 A1203-6 Na20-6 BaO), CANS (52 CaO-36 

A1203-6 Na20-6 SrO), CAMNKB (44 CaO-36 A1203-4 MgO-2 Na20-3 

K20-4 BaO), and CAMNKLBZ (44 CaO-36 A1203-3 MgO-2 Na20-3 K20-

3 La203-4 BaO-5 ZnO). 

If glass formation occurred, a new sample was made and the 

procedure was repeated with the second furnace set at a higher 

temperature. This procedure was repeated with the second furnace 

being progressively raised in temperature by 100 0 increments. 

When crystallization occurred the procedure was not repeated. This 
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variation in cooling rate was utilized for the most promising glasses. 

By setting the second furnace at progressively higher temperatures, 

the rate of cooling available to the system was progressively 

decreased. In order to determine whether glass formation had 

occurred the samples were examined with optical microscopy and X

Ray Diffraction. 

3.2.3. Variation of Sample Size 

Another qualitative indicator which was used to assess 

the relative tendencies of glass formation among different 

compositions was a variation in the size of the glass melt. It was 

believed that larger melt size would decrease the effective cooling 

rate. Initially 7 gram batches were melted in a 10 ml crucible. If 

glass formation was found to occur, a new glass was batched with a 

larger melt size. As the melt size was increased the crucible size was 

increased accordingly. The progression of melt sizes went from 7 

grams-20 grams-50 grams-IOO grams-ISO grams-200 grams-250 

grams. The experimentation for a given composition was stopped 

when crystallization occurred. The compositions tested were then 

arranged in a chart based on their maximum melt size. The melt size 

could not be increased above 250 grams due to the lack of a larger 

crucible. 
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3.2.4. Differential Thermal Analysis 

Differential Thermal Analysis (DT A) was used in order to 

obtain a quantitative measure of glass formation using several of the 

predictors described in the literature review, section 2.1.1.h. 

Initially small bulk samples of the glass of approximately equal size 

were placed in a Pt cup in the DT A apparatus. However, since the 

glasses were found to surface crystallize, powders of uniform size 

were used instead. A DuPont Model 1090 DTA was used to heat the 

samples and record temperature differences between the samples 

and a standard. This DTA was capable of achieving temperatures in 

excess of 1500 C. The powdered samples were heated at a rate of 10 

o C/min to 1500 C. They were then held at that temperature for 

approximately 15 minutes and then the temperature was decreased 

at a rate of 10 0 C/min to room temperature. The data was then 

recorded by a computer and the location of crystallization peaks, the 

glass transition temperature and the melting point were noted. 

3.2.5. Determination of Maximum Halide Content 

The systems chosen for the determination of the 

maximum CaF2 content were the binary CA system and the CANB 

system. For both systems, CaF2 was substituted for CaD. In order to 

determine the maximum amount of halide content which could be 

introduced into the two compositions, multiple glass melts were 
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made. In all cases small batches of 7 gram size were used and 

cooling was done directly in the crucible. The experimental 

procedure was that described in section 3.1. The CaF2 content was 

gradually increased by two mole % increments and upon cooling the 

samples were checked for crystallinity or phase separation. The 

samples were examined using an Olympus BHSM Polarizing 

Microscope. X-Ray Diffraction was done on powdered glass samples 

using a Scintag Inc., USA X-Ray Diffractometer. 

After crystallization or phase separation was found to occur, 

variations in heating times and temperatures were attempted in 

order to induce glass formation. In addition, once it appeared that a 

limit in the halide content had been reached, the proportion of the 

other components in the glass batches were manipulated so that a 

phase diagram for glass formation could be assembled. 

3.3 Measurement of Various Physical Properties 

The measurement of various physical properties of 

several compositions was performed. Not all of the many 

compositions which were developed could be studied due to the large 

number. Rather, the most promising glasses in terms of enhanced 

glass forming ability were chosen for investigation in order to more 

completely characterize the system. 
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3.3.1. Density Measurements 

The density of certain glasses was determined by using a 

Troemner Specific Gravity Chain Balance (Model-S-100). The device 

was calibrated using distilled water. The bulk sample to be 

measured was placed in a glass bowl and weight differences were 

recorded upon immersion in water. The measurements were 

repeated three times for each samples and three samples of each 

composition were studied. The average density as well as standard 

deviations were then recorded. In addition, a second method was 

also used for density determination. A rectangular glass sample was 

measured for thickness, width, and length using a caliper. The 

sample was then weighed and the density computed. 

3.3.2. Refractive Index 

The refractive index of selected compositions was 

determined. For this method it was important to obtain a flat sample 

with an optical quality finish. The sample was then placed in a Zeiss 

Abbe Refractometer, Model A on the measuring prism. The 

measuring prism had been previously wet with a drop of 1-

bromonapthalene, a compound which has a higher refractive index 

than the glasses measured. The Refractometer allows the 

measurement of the index of refraction corresponding to the Sodium 



D line. For each composition, three samples were studied in this 

manner. 

3.3.3. Thermal Expansion 
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The thermal expansion coefficient of several compositions 

was determined. Small rectangular polished pieces of glass with 

known dimensions were covered with alumina platens and placed in 

a Linear Variable Differential Transducer (L VDT) apparatus. It was 

then encased in a quartz tube and lowered into a Kanthol wound 

tube furnace capable of achieving temperatures of 1000 0 C and 

controlled by a variable heating rate Omega controller. The output 

was recorded with a 2 pen strip chart recorder which measured both 

the temperature and the displacement. The temperature was 

controlled by a thermocouple placed next to the sample. 

3.3.4. Viscosity 

The viscosity of selected glass compositions was 

measured by the method described by Jewell and Shelby138. This 

method is useful for measuring viscosities in the range of log 11 = 9-

12 and utilizes a three point bending technique. Glass samples were 

cut and ground into rectangular shapes. They were also polished to 

optical quality as described in section 3.1 in order to decrease the 

rate of surface crystallization. Four compositions were studied in this 
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manner. The viscosity of three multicomponent glasses, CAN, CANS 

and CANB were measured. The viscosity of the binary CA glass could 

not be measured due to difficulties associated with obtaining an 

adequate sample size. 

An Anter Lab Unitherm Model 1101 V(L1)R3-SX19 dilatometer 

was used to measure the linear deformation rate. The samples were 

placed on a fused silica sample holder and was then lowered into the 

furnace of the dilatometer which was set at the desired temperature. 

NIST glass viscosity standards, SRM-711 and SRM-717 were used to 

calibrate the beam bending apparatus. The data was then fit to a 

Fulcher curve. 

3.3.5. Water 

Several investigations focused on the determination of 

the type of water present as well as the possibility of water removal 

from the glass. It was impossible to determine the exact water 

content of the glass as the extinction coefficient was unknown. 

However, it was possible to determine relative water contents since 

it was assumed that the extinction coefficients did not vary greatly 

among the different compositions. 

The first part of the investigation was concentrated on the 

determination of whether the water was bulk water or whether it 

had simply been adsorbed on the surface layers of the glass after 

glass formation. The samples chosen for study were CAN and CANB. 
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In order to investigate this, samples of varying thickness were made. 

These samples were then placed in a FTIR Spectrophotometer and 

the absorbance was measured at the wavelength of the most 

prominent water band (at 2.8 J..lm). 

It was also necessary to determine whether variations in 

composition affected the total water content of the glass. In order to 

determine this, various compositions were made and polished and 

were examined using FTIR Spectroscopy. The compositions examined 

were CA, CAN, CANB, and CANS. The samples were examined in the 

approximate region of 2.8 J..lm and their transmittance in this range 

was compared. 

In order to remove the water, several approaches were tried. 

The first method involved preheating the powders used to make the 

glass prior to melting. Before the preheatment stage the powders 

were mixed and dried with acetone. The furnace was equipped with 

a gas inlet with a high positive pressure of nitrogen. The precursor 

powders were preheated at 500 0 C for four hours before melting 

began. The furnace temperature was then increased to the melting 

temperature and after glass formation, the samples were ground and 

polished and examined with an FTIR Spectrophotometer. 

The second approach involved melting in an inert atmosphere. 

Dry nitrogen or argon was blown into the melt during the entire 

melting period via a platinum tube which was inserted into the melt. 

Just before the melting time was to end the platinum tube was 
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removed from the melt. The samples were then ground and polished 

and examined for a water peak with an FTIR Spectrophotometer. 

The third method used a vacuum pre-treatment of the starting 

powders. The powders were dried in a vacuum oven for three days 

at a temperature of 400 0 C prior to melting. After the vacuum 

treatment the powders were quickly transferred to a furnace set at 

the desired melting temperature. After melting the samples were 

once again examined with an FTIR Spectrophotometer. 

3.3.6. Infrared Spectroscopy 

Infrared Spectroscopy was used in order to determine 

the IR cutoffs of the glass samples. IR spectra were taken of many of 

the glass compositions used in the study of glass formation in this 

system in order to determine any possible negative impacts on the 

optical properties from the use of stabilizing additives. For all glass 

samples small discs were made and ground to a very small thickness. 

This thickness varied depending upon the particular compositions. 

The thickness was measured using calipers. The glasses were then 

polished to optical quality using the method described in section 3.1. 

Infrared spectra were measured in the range of 4000 - 400 cm- 1 

using a Perkin Elmer FT -IR Spectrometer 1725X. The spectra were 

then normalized for differences in thickness. 
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3.3.7. Crystallization Studies 

Qualitative crystallization studies were undertaken in 

order to assess the nature of the crystallization products as well as 

the site and type of crystallization which was found to occur. Both 

sol-gel and conventionally prepared glasses were selected for study. 

The sol-gel samples chosen for study were 50 CaO-50 Al203 and 30 

CaO-70 Al20 3 (in weight %). In addition to the binary system. 

several multicomponent conventionally prepared glasses were 

investigated. 

3.3.7.a X-Ray Diffraction 

X-Ray Diffraction was used in order to determine the 

nature of the crystallization products of these samples. Based upon 

DT A results. select temperatures were chosen which were above the 

primary temperature of crystallization. Subsequently. the samples 

were heated in a tube furnace for varying amounts of time at a 

variety of temperatures. The samples were then ground with a 

mortar and pestle and placed on a glass slide. The slide was then 

placed in a Scintag X-Ray Diffractometer and was scanned at a slow 

rate. The resulting spectrum was analyzed and peak positions were 

identified and assigned to various crystalline compounds. 
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3.3.7.b Crystal Growth Studies 

Crystal growth studies were conducted on two calcium 

aluminate based glasses in order to compare their crystallization 

experiments. The two glasses chosen for study were CA and CANB. 

Since it was determined that crystallization was always found to 

originate from the surface, it was extremely important that the two 

compositions had exactly the same surface polish. The glasses were 

formed by cooling directly in the crucible. The binary CA glass was a 

very reluctant glass former so only 7 gram melts could be used. This 

same melt size was made for the CANB composition so that the final 

glass sample sizes would be equal for the two compositions. 

The samples were then ground and polished to a uniform 

thickness and surface finish on a R. Howard Strasbaugh Model 6BK-

16" ring precision polishmaster. Heat treatment temperatures were 

chosen so that the rate of crystallization would be small. This was 

necessary due to the relatively small sample sizes. A variety of 

times was chosen for the heat treatments so that the course of 

crystallization could be followed with time. 

Scanning Electron Microscopy was used in order to accurately 

determine the crystal growth rate. The samples were cut in half 

with a diamond saw and the depth of the crystalline layer was 

measured with the electron microscope. Plots were then made of the 
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depth of this layer vs. time for the chosen temperatures. A crystal 

growth rate was then calculated. 

3.4 Spectroscopic Properties 

As mentioned previously, the spectroscopic studies of 

glasses were performed on samples containing small amounts of 

neodymium. The focus of this part of the investigation was divided 

in two parts. The first part of the study concentrated on the 

measurement of the spectroscopic properties for four different 

calcium aluminate based glasses with identical doping levels of the 

rare earth ion. The four compositions chosen for study were the 

binary calcium aluminate glass of optimum composition, 64 CaO-36 

Al203 (CA), and three other glasses containing small additions of 

alkali and alkaline earth oxides, 58 CaO-36 A1203-6 Na20 (CAN), 52 

CaO-36 A1203-6 Na20-6 BaO (CANB), and 52 CaO-36 A1203-6 Na20-6 

SrO (CANS). All compositions are provided in mole percents. To all 

of these compositions 0.5 mol % Nd203 was added. 

The second half of this study was concerned with the effect of 

small additions of fluoride ions on the emission cross sections. In 

particular, it was anticipated that the addition of this ion could 

decrease the effective linewidth. For this portion of the study, only 

two compositions were investigated. These two compositions were 

formulated with 10 mol % of CaF2 which was substituted for an equal 

amount of CaO. The compositions of these two glasses were 54 CaO-
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36 A1203-10 CaF2 (CAF) and 42 CaO-36 A1203-6 Na20-6 BaO-10 

CaF2 (CANBF). These glasses also contained 0.5 mol % Nd203. For 

the two portions of the study, similar experimental apparatus were 

used. In addition, the glass making techniques were essentially 

those described in section 3.1. 

Small batch sizes were used for all cases. 10 gram batches 

were melted in air for one hour and then crushed and remelted. The 

samples were allowed to cool directly in the crucibles and were 

subsequently removed in one bulk piece. The samples were polished 

to an optical quality according~ to the method described in section 3.1. 

All glasses were examined for crystallinity with optical microscopy 

and X-ray diffraction. The Nd3+ concentration was chosen to be 0.5 

mol % in order to minimize the possibility of energy transfer 

processes due to concentration quenching. The same compositions 

were also prepared without the addition of Nd3+ so that their 

UV Ivisible spectra could provide baseline absorption data. 

3.4.1. UV IVisible Absorption Spectroscopy 

UV/Visible Spectra in the 200-1000 nm. range were obtained 

from the polished samples of both the doped and undoped glasses 

using a Shimadzu UV -VIS-NIR Recording Spectrophotometer (Model 

UV-3100). The spectrophotometer was used in absorbance mode at 

a slow scan rate with a slit width of .5 nm. The absorbance spectra 

for the un doped glasses were then normalized for differences in 
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thickness and subtracted from the absorbance spectra of the 

corresponding doped glass. This provided a flat baseline for . more 

precise measurement of the Nd3 + peak areas which are necessary for 

the calculations of the line strengths, Sm. Subtraction of the 

absorption of the undoped glass from the doped glass allows for 

corrections due to losses such as base glass absorption, impurities 

and reflection. This procedure enables a greater degree of accuracy 

in the measurement of peak areas. 

The integrated peak areas were determined using a 

computerized graphing program (Kaleidagraph) and the 

measurements were repeated three times to ensure reproducibility. 

This program allowed the measurement of the integrated absorbance 

of the bands. From the spectra, ten bands between 350 and 880 nm. 

could be resolved clearly enough for measurement. 

3.4.2. Physical Properties of Doped Glasses 

The magnitude of several physical properties were 

necessary for the Judd-Ofelt equations. The densities of the doped 

glasses were measured using a Troemner Specific Gravity Chain 

Balance (Model-S-l00). The instrument was calibrated using 

distilled water and densities were calculated by weight differences 

upon immersion in water. The measurements were repeated three 

times to ensure reproducibility. Abbe numbers and refractive 

indices for the glasses were measured using a Zeiss Abbe-
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Refractometer Model A. The values of the refractive index for the 

wavelengths of interest were then calculated using the following 

relation 139: 

The wavelengths for the linestrengths were chosen as the mean 

value of the wavelength for each absorption band. 

3.4.3. Measurements of Line Strengths 

The line strengths were_ calculated according to the 

following equation: 

This equation relates the integrated absorbance as determined from 

the UV IVisible Absorption spectra to the line strength. In order to 

calculate the line strength for the ten transitions described above, 

several of the physical properties were entered into this equation. 

The concentration of Nd3+ ions, p, was determined from the density 

of the glass sample and the known doping level. 
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3.4.4. Calculation of Judd-Ofelt Parameters 

Once the line strengths were calculated, a Fortran 

program was used to calculate the Judd-Ofelt parameters. This 

program utilized a least squares fitting routine in order to determine 

these parameters after the ten line strengths had been entered. The 

program also required the refractive index. The magnitude of the 

transition probabilities, the branching ratios and the emission cross 

sections as described in section 2.4.1 were also calculated by this 

program. 

In order to evaluate the accuracy of the JO parameters 

obtained by the least squares fitting routine, the goodness of fit was 

calculated according to the following equation, where the summation 

is taken over all of the bands used to calculate the JO parameters: 

(3.3) 

Here Sm represents the measured line strength as described in 

section 3.4.1.c, and Sc is the line strength which was calculated by 

the Fortran program. The fit then represents the difference 

between the two. 
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3.4.5. Fluorescence Measurements 

The fluorescence spectra of the doped glasses were 

measured using a Ti: sapphire laser (805 nm) with an InGaAs 

detector and an Acton Research monochromator with a lock-in 

amplifier. Once again, all samples were ground and polished to 

optical quality. The effective linewidth, AAeff, was obtained by 

integrating over the fluorescence band and dividing by the intensity 

at the peak wavelength. A diagram of the experimental apparatus is 

shown in Figure 3.1. Photon lifetime measurements were carried 

out using a nitrogen pulsed laser (600 ps pulses) and a Si detector 

with an amplifier. A DSA 602 Tektronix Digital Signal Analyzer was 

used to record the data. All fluorescence measurements were 

performed at Oklahoma State University. A diagram of the 

experimental apparatus is shown in Figure 3.2. 
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Fluorescence Spectru m Experi mental Layout 

Lock-In Amplifier 

Computer wI AID and RS232 

Figure 3.1 Fluorescence Spectrum Experimental Apparatus 
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Photon Lifetime Experimental Layout 

• Sample Monoctromator 
Pulsed Ntrogen Laser 

DSA 602 Si gna I Analyzer 

Figure 3.2: Photon Lifetime Experimental Apparatus 
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3.5 Sol-Gel Glasses 

Sol-gel glasses were prepared according to the method of 

Goktas and Weinberg3S in order to compare their structural 

properties to those glasses prepared by conventional methods. 

Glasses of two compositions, 50 CaO-50 Al203 and 30 CaO-70 Al203 

(weight %) were studied. These compositions represent the binary 

composition at the eutectic point as well as a composition which is 

higher in alumina than those available by conventional methods of 

preparation. 

3.5.1. Preparation of Samples 

The sol-gel glass powders were prepared using calcium 

nitrate as a pre-cursor. For both compositions aluminum sec-

butylate (AI(OC4H9)3) was dissolved in a mixture of H20-HCI (26.5 

mL of H20, 2.75 mL IN HCl). The aluminum sec-butylate was added 

slowly with stirring to prevent precipitation. The solution was then 

stirred for three hours. After this time, 7.5 mL of distilled ethanol 

was also added slowly to the solution. The solution was then stirred 

for an additional hour. The calcium nitrate (Ca(N03)2-4 H20) was 

dissolved in ethanol and stirred for three hours. 6.5 mL of water 

was added dropwise to this solution during the stirring. The calcium 

nitrate solution was then mixed with the aluminum sec-butoxide 



solution and the two were stirred for 30 minutes. A clear 

homogeneous solution was obtained. 
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The solutions were then poured into plastic beakers and heated 

at a temperature of 50 0 C. The beakers were covered with 

aluminum foil which was punched with several small holes. After 

approximately three days the solutions had gelled and a clear 

homogeneous bulk piece was obtained. The samples were then 

stored in a dessicator for further experimentation. 

3.5.2. Characterization of Gels 

The as-prepared gels were examined with X-Ray 

Diffraction to confirm that they were non-crystalline. A Scintag X

Ray Diffractometer with CuKa radiation was used to determine 

crystallinity. The sample was placed in a sample holder and was 

scanned with 28 values from 10 to 40. In addition, DTA scans of the 

samples were studied. The DT A apparatus described in section 

3.2.1.d was used to examine powdered samples. The heating rate was 

chosen as 10 0 C/min and the sample was heated from room 

temperature to 1200 0 C. The location of each peak was noted and 

correlated with various phenomena. 
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3.5.3. Heat Treatment of Gels 

Heat treatments of the gels were done in order to assess 

their structural evolution with temperature. Since the gels initially 

contain large amounts of water and residual organic groups it is 

interesting to note how their structure changes with loss of such 

groups. Based upon information obtained by the DTA analysis 

described above, four temperatures of interest were chosen for each 

sample. The temperatures were 300 0 C, 500 0 C, 575 0 C, and 700 0 C. 

The powdered samples were then placed in a platinum boat and 

given an isothermal heat treatment for approximately four hours. 

They were placed in a tube furnace with an isothermal zone 

approximately six inches long and constant to within 1.5 o. After 

heat treatment the samples were then re-examined with an X-Ray 

Diffractometer in order to determine the nature and identity of any 

crystalline phases. The samples were then stored in a dessicator for 

future structural analysis. 

3.6 Structural Analysis 

The structure of conventionally prepared and sol-gel 

derived glasses was investigated. In order to ascertain the structure 

of the melt derived glasses, four compositions were made. The 

compositions chosen for study were 64 CaO-36 Al203 (CA), S8 CaO-

36 A1203-6 Na20 (CAN), 52 CaO-36 A1203-6 Na20-6 SrO (CANS), and 
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52 CaO-36 A1203-6 Na20-6 BaO (CANB). They were melted in 7 

gram melt sizes at 1550 0 C for two hours and then were cooled 

directly in the crucible. They were subsequently crushed and 

remelted. The samples were then examined with X-Ray Diffraction 

and optical microscopy to ensure that they were free of any 

crystallites. They were crushed into a coarse powder with an agate 

mortar and pestle and were examined with 27 Al MAS NMR 

Spectroscopy. 

Eight sol-gel samples were selected for structural 

investigations. Two compositions were chosen and each was heated 

at four distinct heat treatment temperatures so that the structural 

evolution of the gel with temperature could be monitored. The gels 

were prepared according to the procedure outlined above. The gels 

were then studied with DTA analysis and heat treated accordingly. 

After the heat treatment the gels were again examined with XRD in 

order to determine if any crystallites were present. The gels were 

ground into a coarse powder and were examined with 27 Al MAS 

NMR. 

The spectra were obtained using a Bruker AMX-400 N .M.R. 

spectrometer operated at 104.2 MHz for 27 AI. All spectra were 

acquired using single-pulse excitation and spinning speeds ranging 

from 10-15 kHz. The spectra were typically obtained with pulse 

widths of 1.4 IlS that corresponded to a 300 flip-angle, a recycle delay 

of 1 sec, 256 acquisitions, and a 1 MHz spectral width. The baseline 



was artificially smoothed using the Bruker baseline correction 

routine. All spectra were externally referenced to [AI(H20)6]+3. 
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4. EXPERIMENTAL RESULTS 

4.1 Glass Formation 

The results for the studies of glass formation are divided 

into two parts. The results of the qualitative studies of glass forming 

ability for different compositional regimes are presented initially. 

For certain systems of particular interest, these compositional regions 

have been studied in greater detail and phase diagrams of glass 

formation have been assembled. For the more interesting cases, a 

qualitative assessment of relative glass forming ability has been 

completed. The second part of this section focuses on quantitative 

measures of glass formation as determined by thermal analysis. 

4.1.1. General Qualitative Assessment 

The initial focus of the preliminary investigation was 

simply to fabricate glasses based on the calcium aluminate system in 

small quantities. The results of this investigation are presented in 

the following tables for glasses made by cooling directly in the 

crucible in 7 gram melt sizes. In aU cases, the compositions are 

presented in mole % and the only aspect considered was whether or 

not glass formation occurred. glass formation was previously defined 

as the absence of any detectable crystallites as determined from XRD 

and optical microscopy. If crystallites were present, even in very 
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minor amounts, the sample was not considered to be glassy. Further 

studies were undertaken to determine the ease of glass formation for 

many of the compositions listed in these tables. The results for 

binary aluminate systems are presented first. 

Initially, studies were aimed at determining the limits of glass 

formation in the binary calcium aluminate system. The results of 

these melting trials are compiled in Table 4.1. Once these studies 

were completed it was then decided to examine the possibility of 

glass formation in other aluminate systems. The BaO-AI203, the ZnO

Al203 and the SrO-A1203 systems were selected since BaO, SrO and 

ZnO are isoelectronic with CaO. The compositions for these systems 

were primarily centered around the approximate region of glass 

formation in the calcium aluminate system. When binary phase 

diagrams were available, they were consulted in order to determine 

the regions of eutectic points. Studies of glass formation were then 

also centered around these areas. These results are displayed in 

Table 4.2. 

Table 4.3 presents the results of glass formation studies for 

multicomponent glasses based on the CaO-A1203 system. Once again', 

the focus of this portion of the investigation was simply to determine 

the possibility of glass formation. The investigation was divided into 

several portions. When the alumina content was held fixed at 36 mol 

%, 20 gram melts were used. This data is presented in Table 4.3. If 

the alumina content was increased or decreased, 7 gram melts were 

used. These results are displayed in Table 4.4 



Table 4.1 Limits of Glass Formation in the CaO-A1203 System 

7 gram melt size 

Composition Glass Formation 

64 CaO-36 Al203 Yes 

62 CaO-38 A1203 Yes 

60 CaO-40 A1203 Yes 

58 CaO-42 Al203 No 

56 CaO-44 A1203 No 

66 CaO-34 Al203 Yes 

68 CaO-32 A1203 No 

70 CaO-30 A1203 No 

50 CaO-50 Al203 No 

75 CaO-25 A1203 No 

25 CaO-75 Al203 No 
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Table 4.2 Glass Formation in Other Aluminate Systems 

7 gram melt size 

Composition Glass Formation 

64 BaO-36 Al203 No 

50 BaO-50 Al203 No 

75 BaO-25 Al203 No 

25 BaO-75 Al203 No 

58 BaO-42 Al203 No 

42 BaO-58 Al203 No 

60 BaO-40 Al203 No 

40 BaO-60 Al203 No 

64 ZnO-36 Al203 No 

50 ZnO-50 Al203 No 

75 ZnO-25 Al203 No 

25 ZnO-75 Al203 No 

58 ZnO-42 A1203 No 

42 ZnO-58 Al203 No 

60 ZnO-40 A1203 No 

40 ZnO-60 Al203 No 
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Table 4.2 Cont'd: Glass Formation In Other Aluminate Systems 

7 gram melt size 

Composition Glass Formation 

64 SrO-36 Al203 No 

50 SrO-50 Al203 No 

75 SrO-25 Al203 No 

25 SrO-75 Al203 No 

58 SrO-42 Al203 No 

42 SrO-58 Al203 No 

60 SrO-40 A1203 No 

40 SrO-60 Al203 No 

140 



141 

Table 4.3: Glass Formation for Multicomponent Calcium Aluminate 

Based Glasses 

20 gram melt size 

Composition Glass Formation 

58 CaO-36 A1203-6 Na20 Yes 

58 CaO-36 A1203-6 BaO Yes 

58 CaO-36 A1203-6 SrO Yes 

58 CaO-36 A1203-6 ZnO Yes 

58 CaO-36 A1203-6 MgO Yes 

58 CaO-36 A1203-6 K20 Yes 

58 CaO-36 A1203-6 La203 Yes 

58 CaO-36 A1203-6 Zr02 Yes 

52 CaO-36 A1203-6 Na20-6 BaO Yes 

52 CaO-36 A1203-6 Na20-6 SrO Yes 

52 CaO-36 A1203-6 Na20-6 MgO Yes 

52 CaO-36 A1203-6 Na20-6 ZnO Yes 

52 CaO-36 A1203-6 Na20-6 K20 Yes 

52 CaO-36 A1203-6 SrO-6 BaO Yes 

52 CaO-36 A1203-6 SrO-6 MgO Yes 

52 CaO-36 A1203-6 SrO-6 ZnO Yes 

52 CaO-36 A1203-6 SrO-6 Zr02 Yes 

52 CaO-36 A1203-6 SrO-6 K20 Yes 



Table 4.3 Cont'd: Glass Formation for Multicomponent Calcium 

Aluminate Based Glasses: 20 gram melt size 
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Composition Glass Formation 

52 CaO-36 A1203-6 BaO-6 ZnO Yes 

.52 CaO-36 A1203-6 BaO-6 MgO Yes 

52 CaO-36 A1203-6 BaO-6 Zr02 Yes 

52 CaO-36 A1203-6 BaO-6 K20 Yes 

52 CaO-36 A1203-6 ZnO-6 MgO Yes 

52 CaO-36 A1203-6 ZnO-6 Zr02 Yes 

52 CaO-36 A1203-6 ZnO-6 K20 Yes 

52 CaO-36 A1203-6 MgO-6 Zr02 Yes 

52 CaO-36 A1203-6 MgO-6 K20 Yes 

52 CaO-36 A1203-6 Zr02-6 K20 Yes 

55 CaO-36 A1203-9 Na20 Yes 

55 CaO-36 A1203-9 BaO Yes 

55 CaO-36 A1203-9 MgO Yes 

55 CaO-36 A1203-9 K20 Yes 

55 CaO-36 A1203-9 ZnO Yes 

55 CaO-36 A1203-9 Zr02 Yes 



Table 4.3 Cont'd: Glass Formation for Multicomponent Calcium 

Aluminate Based Glasses: 20 gram melt size 
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Composition Glass Formation 

52 CaO-36 A1203-12 Na20 Yes 

52 CaO-36 A1203-12 BaO Yes 

52 CaO-36 A1203-12 SrO Yes 

52 CaO-36 A1203-12 MgO Yes 

52 CaO-36 A1203-12 ZnO Yes 

52 CaO-36 A1203-12 Zr02 Yes 

52 CaO-36 A1203-12 K20 Yes 

49 CaO-36 A1203-15 Na20 No 

49 CaO-36 A1203-15 BaO Yes 

49 CaO-36 A1203-15 SrO No 

49 CaO-36 A1203-15 MgO No 

49 CaO-36 A1203-15 ZnO No 

49 CaO-36 A1203-15 Zr02 No 

49 CaO-36 A1203-15 K20 No 



144 

Table 4.3 Cont'd: Glass Formation for Multicomponent Calcium 
\ 

Aluminate Based Glasses: 20 gram melt size 

Composition Glass Formation 

40 CaO-36 A1203-12 Na20-12 BaO Yes 

40 CaO-36 A1203-12 Na20-12 SrO Yes 

40 CaO-36 A1203-12 Na20-12 Zr02 Yes 

40 CaO-36 A1203-12 Na20-12 MgO No 

40 CaO-36 A1203-12 Na20-12 K20 No 

40 CaO-36 A1203-12 Na20-12 ZnO No 

40 CaO-36 A1203-12 BaO-12 SrO Yes 

40 CaO-36 A1203-12 BaO-12 Zr02 Yes 

40 CaO-36 A1203-12 BaO-12 MgO Yes 

40 CaO-36 A1203-12 BaO-12 K20 Yes 

40 CaO-36 A1203-12 BaO-12 ZnO Yes 

." 



Table 4.3 Cont'd: Glass Formation for Multicomponent Calcium 

Aluminate Based Glasses: 20 gram melt size 
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Composition Glass Formation 

., ,50 CaO-36 A1203-6 MgO-4 Na20-4 K20 Yes 

50 CaO-36 A1203-4 MgO-3 Na20-3 K20-3 ZnO Yes 

50 CaO-36 A1203-4 BaO-3 Na20-3 K20-3 ZnO Yes 

40 CaO-36 A1203-6 Na20-6 BaO-6 ZnO-6 MgO Yes 

40 CaO-36 A1203-6 BaO-6 Na20-4 Zr02-4 MgO-4 Yes 

ZnO 

40 CaO-36 A1203-6 BaO-3 Na20-3 Zr02-3 K20-3 Yes 

ZnO-3 MgO-3 SrO 

40 CaO-36 A1203-6 Na20-4 Zr02-4 ZnO-4 SrO-6 Yes 

BaO 

40 CaO-36 A1203-6 SrO-3 BaO-3 Zr02-3 ZnO-6 Yes 

MgO-3 ZnO 

36 CaO-36 A1203-9 BaO-6 SrO-5 Na20-3 Zr02-3 No 

ZnO-5 M~O 

30 CaO-36 A1203-12 BaO-6 Na20-6 SrO-6 MgO-4 No 

Zr02 
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Table 4.4: Glass Formation in Calcium Aluminate Based Systems With 

Variations in Total Alumina Content 

7 gram melts . 

Composition Glass Formation 

52 CaO-34 A1203-6 Na20-2 MgO-6 BaO Yes 

52 CaO-32 A1203-6 Na20-6 BaO-4 MgO Yes 

52 CaO-30 A1203-6 Na20-6 BaO-6 MgO Yes 

52 CaO-25 A1203-6 Na20-6 BaO-6 MgO-5 ZnO No 

52 CaO-38 A1203-6 BaO-4 Na20 Yes 

52 CaO-40 A1203-4 BaO-4 Na20 Yes 

42 CaO-40 A1203-6 BaO-6 Na20-6 MgO Yes 

42 CaO-42 A1203-6 BaO-4 Na20-3 ZnO-3 Zr02 Yes 

40 CaO-44 A1203-6 BaO-4 Na20-3 ZnO-3 Zr02 No 

40 CaO-44 A1203-3 BaO-3 SrO-4 Na20-3 ZnO-3 No 

Zr02 

42 CaO-44 A1203-3 BaO-5 SrO-4 Na20-3 ZnO-3 No 

Zr02 
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Since the addition of alkali and alkaline earth ions had an effect 

on the regions of glass formation in the calcium aluminate system, it 

was decided to use such additions to other aluminate systems. The 

results of such investigations appear in Table 4.5. The melt size was 

7 grams and the glass was allowed to cool directly in the crucible. 

Since these aluminate glasses have higher liquidus temperatures 

than those of the CaO-A1203 system the melting temperature was 

increased to 1675 0 C, the limit of the furnace. 
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Table 4.5 

Glass Formation in Multicomponent Aluminate Systems 

Composition Glass Formation 

52 ZnO-36 A1203-6 Na20-6 BaO No 

52 ZnO-36 A1203-6 Na20-6 CaO No 

50 ZnO-30 A1203-10 Na20-10 CaO No 

45 ZnO-30 A1203-10 Na20-15 CaO No 

40 ZnO-30 A1203-15 Na20-15 CaO No 

40 ZnO-30 A1203-6 BaO-6 Na20-6 ZnO-6 MgO-6 No 

CaO-6 srO 

52 BaO-36 A1203-6 Na20-6 SrO No 

52 BaO-36 A1203-6 Na20-6 CaO No 

50 BaO-30 A1203-10 Na20-10 CaO No 

45 BaO-30 A1203-10 Na20-15 CaO No 

40 BaO-30 A1203-15 Na20-15 CaO No 

40 BaO-30 A1203-6 MgO-6 Na20-6 ZnO-6 MgO-6 No 

CaO-6 srO 

52 SrO-36 A1203-6 Na20-6 BaO No 

52 SrO-36 A1203-6 Na20-6 CaO No 

40 SrO-30 A1203-15 Na20-15 CaO No 

40 SrO-30 A1203-6 MgO-6 Na20-6 ZnO-6 MgO-6 No 

CaO-6 srO 
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4.1.l.a Detailed Compositional Analysis 

Two systems were chosen for a detailed analysis in terms 

of compositional regions of glass formation. The systems selected for 

further investigation were CaO-AI203-Na20 (CAN) and CaO-AI203-

Na20-BaO (CANB). These systems were chosen because they were 

good glass formers and allowed the effects of various changes to be 

assessed. At this stage of the investigation the results are 

qualitative. For the two systems it was decided to scale up the melt 

size still further. Therefore, 50 gram melts were used and the ranges 

of possible glass formation were determined. The results appear in 

Tables 4.6 and 4.7. 

It should also be emphasized that in certain cases smaller melt 

sizes would permit glass formation but the 50 gram melt size caused 

crystallization due to the inherently slower cooling rate possible with 

a larger mass of material. It should also be pointed out that glass 

formation is not possible in the binary system in melts larger than 7 

grams. 



Cao 

30 

30 

32 

35 

40 

40 

40 

40 

40 

44 

44 

45 

50 

50 

50 

50 

Table 4.6: Glass Formation in the CAN System 

50 gram melt size 

Al203 Na20 Glass? 

60 10 No 

40 30 No 

36 38 No 

30 35 No 

50 10 No 
-

28 32 No 

36 24 No 

40 20 No 

44 16 No 

26 30 No 

36 20 No 

36 19 No 

20 30 No 

30 20 No 

34 16 No 

36 14 No 
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Table 4.6 Cont'd: Glass Formation in the CAN System 

50 gram melt size 

Cao A1203 Na20 Glass? 

50 38 12 No 

50 40 10 No 

52 34 14 No 

52 36 12 Yes 

52 38 10 Yes 

54 30 16 No 

54 32 14 No 

54 36 10 Yes 

54 38 8 No 

56 32 12 No 

56 34 10 Yes 

56 36 8 Yes 

56 38 6 Yes 

58 32 10 No 

58 34 8 Yes 

58 36 6 Yes 

58 38 4 No 
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Cao 

30 

30 

32 

35 

40 

40 

40 

40 

40 

40 

44 

45 

50 

50 

50 

50 

Table 4.7: Glass Formation in the CANB System 

50 gram melt size 

Al203 Na20 BaO 

60 5 5 

40 15 15 

36 16 16 

30 15 20 

50 5 5 

28 16 16 

34 14 12 

36 12 12 

36 6 18 

36 18 6 

26 15 15 

36 6 13 

20 10 20 

30 10 10 

32 9 9 

34 7 9 
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Glass? 

No 

No 

No 

No 

No 

No 

No 

Yes 

No 

No 

No 

Yes 

No 

Yes 

Yes 

Yes 



Cao 

50 

50 

50 

50 

50 

52 

52 

52 

54 

54 

54 

54 

54 

56 

58 

58 

60 

64 

Table 4.7 Cont'd: Glass Formation in the CANB System 

50 gram melt size 

Al203 Na20 BaO Glass? 

36 7 7 Yes 

38 6 6 Yes 

46 2 2 No 

32 9 9 Yes 

34 8 8 Yes 

36 6 6 Yes 

36 3 9 Yes 

38 5 5 Yes 

32 7 7 Yes 

34 6 6 Yes 

36 2 8 Yes 

36 5 5 Yes 

38 4 4 Yes 

36 6 2 Yes 

36 6 0 Yes 

36 0 6 Yes 

36 2 2 No 

36 0 0 No 
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4.1.1.b Variation of Cooling Rate 

As was described in Chapter 3, the cooling rate was 

varied in order to qualitatively assess and compare the relative glass 

forming ability of certain systems. Due to the large number of 

compositional manipulations performed up to this point, it was 

impossible to use these variations for all glass systems. Rather, very 

simple systems were selected in order to determine the effect of 

small additions to the binary systems. In addition several 

compositions containing many components were also chosen for 

study as they looked particularly promising in terms of ease of glass 

formation. 

The second furnace temperature was set at 300 0 C and 

increased in 100 0 intervals until crystallization occurred. The melt 

size was held fixed at 20 grams. The compositions selected for study 

are listed in Table 4.8. Also provided in this table are the second 

furnace temperatures at which the various glasses were found to 

crystallize. 



Table 4.8: Results of Cooling Rate Variations 

Composition 300 0 C 400 0 C 500 0 C 

CA Crystal Crystal Crystal 

CAN Glass Glass Glass 

CANB Glass Glass Glass 

CANS Glass + ic Crystal Crystal 

CAMNKB Glass Glass Glass 

CAMNKLBZ Glass Glass Glass 

Le.= isolated crystals 

CA=64 CaO-36 Al203 

CAN=58 CaO-36 A1203-6 Na20 

CANB=52 CaO-36 A1203-6 Na20-6 BaO 

CANS=52 CaO-36 A1203-6 Na20-6 BaO 
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600 0 C 

Crystal 

Glass + ic 

Glass 

Crystal 

Glass 

Glass 

CAMNKB=44 CaO-36 A1203-4 MgO-2 Na20-3 K20-4 BaO 

CAMNKLBZ=44 CaO-36 A1203-3 MgO-2 Na20-3 K20-3 La203-4 BaO-5 

ZnO 

" 
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4.1.1.c Variations in Sample Size 

The sample size was increased in order to determine the 

effects of slower cooling rate on the various compositions. Once 

again, the four basic systems (CA, CAN, CANB, and CANS) were chosen 

for detailed study. In addition, a large number of compositions 

within the CANB system were investigated. A number of 

multicompone~t glasses were also selected. 

The melt size was initially chosen as 7 grams and then was 

scaled up to 20 grams-50 grams-IOO grams-ISO grams-200 grams-

250 grams. For each composition, the sample was cooled directly in 

the crucible and testing was stopped when crystallization occurred. 

The maximum melt size was not limited by the compositions 

themselves but rather by the crucible sizes available. The results 

appear in Table 4.9. 



157 

Table 49· Results of Variations in Sample Size .. 

Com~osition Max. Sample Size 

64 CaO-36 Al203 7 grams 

58 CaO-36 A1203-6 Na20 100 grams 

58 CaO-36 A1203-6 MgO 150 grams 

58 CaO-36 A1203-6 SrO 150 grams 

58 CaO-36 A1203-6 BaO 175 grams 

52 CaO-36 A1203-6 Na20-6 BaO 250 grams 

52 CaO-36 A1203-6 Na20-6 SrO 100 grams 

52 CaO-36 A1203-2 Na20-8 BaO 250 grams 

48 CaO-36 A1203-8 Na20-8 BaO 250 grams 

48 CaO-40 A1203-12 Na20-12 BaO 150 grams 

40 CaO-36 A1203-12 Na20-12 BaO 150 grams 

50 CaO-34 A1203-8 Na20-8 BaO 200 grams 

48 CaO-40 A1203-6 Na20-6 BaO 150 grams 

45 CaO-36 AI203-13 Na20-6 BaO 200 grams 

52 CaO-36 A1203-6 Na20-6 ZnO 200 grams 

52 CaO-36 A1203-6 BaO-6 SrO 200 ~rams 

52 CaO-36 A1203-6 BaO-6 MgO 250 ~rams 

52 CaO-36 A1203-6 BaO-6 ZnO 250 ~rams 

52 CaO-36 A1203-12 BaO 100 ~rams 

52 CaO-36 A1203-12 MgO 75 ~rams 

52 CaO-36 A1203-12 Na20 75 ~rams 
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Table 4.9 Cont'd: Results of Variations in Sample Size 

Composition Max. SamJ2le Size 

52 CaO-36 A1203-12 ZnO 75 grams 

52 CaO-36 A1203-12 SrO 75 grams 

52 CaO-36 A1203-4 Na20-2 BaO-2 K20-4 SrO 250 _grams 

48 CaO-36 A1203-10 Na20-3 BaO-3 MgO 200 grams 

48 CaO-36 A1203-4 Na20-4 BaO-4 MgO-4 250 grams 

La203 

50 CaO-36 A1203-6 MgO-4 Na20-4 K20 250 ~rams 

50 CaO-36 A1203-4 MgO-3 Na20-3 BaO-4 250 grams 

Zno 
50 CaO-36 A1203-5 MgO-3 Na20-3 K20-3 250 grams 

BaO 

50 CaO-36 A1203-4 BaO-3 Na20-3 K20-3 250 grams 

La203 

48 CaO-36 A1203-4 MgO-2 Na20-3 K20-4 250 grams 

BaO 

44 CaO-36 A1203-4 MgO-2 Na20-3 K20-3 250 grams 

La203-4 BaO-5 ZnO 

52 CaO-36 A1203-3 Na20-3 BaO-3 Zr20-3 250 grams 

MgO 

50 CaO-34 A1203-10 Na20-4 BaO-2 MgO 150 ~rams 
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4.1.2. Quantitative Measures of Glass Forming Ability 

Quantitative measures of glass forming ability were 

determined using Differential Thermal Analysis. Six systems were 

selected for study: CA (64 CaO-36 A1203), CAN (58 CaO-36 A1203-6 

Na20): CANB (52 CaO-36 A1203-6 Na20-6 BaO), CANS (52 CaO-36 

A1203-6 Na20-6 SrO), CAMNKB (44 CaO-36 A1203-4 MgO-2 Na20-3 

K20-4 BaO), and CAMNKLBZ (44 CaO-36 A1203-3 MgO-2 Na20-3 K20-

3 La203-4 BaO-5 ZnO). The samples were studied both in heat up 

and cool down mode and the locations of the liquidus, glass transition 

and crystallization temperatures were noted. The values of the glass 

transition temperature and the liquidus temperature appear in Table 

4.10. Table 4.11 displays the crystallization temperatures. Here T xl 

refers to the location of the crystallization peak on heating while T x 2 

refers to the crystallization peak on cooling. 



Table 4.10: Tg, TL, Tg-TL for Selected Compositions 

Composition Tsdo C) 

CA 810 

CAN 800 

CANB 744 

CANS 760 

CAMNKB 755 

CAMNKLBZ 775 

All temperatures are in 0 C 

T g= glass transition temperature 

TL= liquidus temperature 

TL (0 C) TL-T~ e C) 

1406 596 

1470 670 

1405 661 

1450 690 

1420 665 

1388 613 

160 
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Table 4.11: Crystallization Temperatures for Selected Compositions 

Composition Txl Tx2 Txl-TJ?; 

CA 981 1203 171 

CAN 957 1215 157 

CANB 995 1171 251 

CANS 959 1184 199 

CAMNKB 950 1180 195 

CAMNKLBZ 975 1185 200 

All temperatures are in 0 C 

T xl = first crystallization temperature on heating 

T x2= crystallization temperature on cooling 

T g= glass transition temperature 

Tx2-Txl 

223 

259 

176 

225 

230 

210 
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4.1.3. Determination of Maximum Halide Content 

The maximum halide content which could be 

incorporated in the glass was determined for two compositions, CA 

and CANB. It was anticipated that the addition of P- ions would 

improve the emission cross sections. In order to determine this 

level, small glass melts of 7 gram size were made with different 

amounts of CaF2. The CaF2 replaced the CaC03 in the starting 

materials. After the glasses were formed in the crucible, they were 

examined for crystallization and phase separation with electron 

microscopy and X-Ray Diffraction. The results for the CaO-CaF2-

Al203 were then assembled in a ternary diagram for glass formation. 

These results appear in Figure 4.1. For higher fluorine contents but 

identical Ca: Al ratios, small crystals appeared. These crystals were 

then removed from the surrounding melt and crushed and ground in 

a mortar and pestle. The crystalline powders were then analyzed 

using X-Ray diffraction. They were determined to be crystals of 

CaP2. It is also interesting to note that several compositions 

displayed evidence of phase separation when examined with an 

optical microscope. In particular two compositions which were made 

displayed such behavior. The compositions which provided evidence 

of phase separation were 30 CaF2-35 A1203-35 CaO and 40 CaF2-35 

A1203-25 CaO (mol %). 

The compositions which had less than 20 % CaF2 could not be 

induced to form glasses when the alumina content was increased or 
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decreased from the region indicated in the diagram. X-Ray 

Diffraction was used to analyze the crystallization products in these 

regions. The primary products were found to be Ca12Al7033 and 

Ca3AI02. When the CaF2 content was greater than approximately 10 

mol %, crystals of CaF2 were also present. These various regions are 

also represented on the diagram. 

The results for the replacement of CaO with CaF2 in the CANB 

system can not be represented in a ternary diagram. Therefore, a 

simple list of compositions and phase formation information are 

presented in Table 4.12. Also present in this system are several 

compositional regions where the formation of Ca12A17033, Ca3AI02 

and CaF2 occurs. In addition, for certain cases, there is also the 

presence of a BaAl20 4 crystalline phase. In no region was there any 

evidence of phase separation for the CANB system. 



CaO 

~ = glass 

~ =1t7 + C3A 

~=CA +CA+CaF 
12 7 3 2 

_ = phase separation 

AI 0 
2 3 

Figure 4.1: CaO-CaF2-AI203 Glass Formation Phase Diagram 
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Table 4.12: Glass Formation in the CaO-AI203-Na20-BaO-CaF2 System 

Cao CaF2 Al203 Na20 BaO Result 

47 5 36 6 6 Glass 

42 10 36 6 6 Glass 

37 15 36 6 6 Glass 

32 20 36 6 6 Glass 

27 25 36 6 6 Glass 

22 30 36 6 6 C12A7, C3A, CaF2 

35 5 36 12 12 Glass 

30 10 36 12 12 Glass 

25 15 36 12 12 Glass 

20 20 36 12 12 Glass 

15 25 36 12 12 C12A7, C3A, CaF2, 

BaAl204 

30 10 36 6 1 8 C12A7, C3A, CaF2, 

BaAl204 

35 10 32 6 13 Glass 

30 15 32 6 13 Glass 

, .. 
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Table 4.12 Cont'd: Glass Formation in the CaO-AI203-Na20-BaO-CaF2 

System 

Cao CaF2 Al203 Na20 BaD Result 

25 20 32 6 13 Glass 

20 25 32 6 13 Glass 

15 30 32 6 13 C12A7, C3A, CaF2, 

BaAl2D4 

40 10 34 7 9 Glass 

25 25 34 7 9 Glass 
-

20 30 34 7 9 Glass 

42 10 38 2 8 Glass 

32 20 38 2 8 Glass 

22 30 38 2 8 C12A7, C3A, CaF2, 

BaAl204 

50 10 36 2 2 Glass 

40 20 36 2 2 Glass 

35 25 36 2 2 Glass 

30 30 36 2 2 C12A7, C3A, CaF2, 

BaAl204 
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4.2 Physical Properties 

4.2.1. Density 

The density of several compositions was measured using 

a specific gravity apparatus. The four main compositions CA, CAN, 

CANB and CANS were studied as well as the composition CANMKB. 

The values of the density are shown below in Table 4.13. The 

density values for the Nd3+ doped glasses appear in a later section. 

Composition Density (g/cm.3) 

CA 2.98 

CAN 2.84 

CANB 3.11 

CANS 3.05 

CANMKB 3.01 

Table 4.13: Density Values for Selected Compositions 

4.2.2. Thermal Expansion 

Thermal expansion measurements were done using a 

dilatometer. Once again, the five compositions chosen for study were 
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CA, CAN, CANB, CANS and CANMKB. The coefficients of thermal 

expansion were determined for the temperature range of 100-500 ° 

C. The results appear in Table 4.14. 

ComJ'osition Thermal Expansion (cm/crn/°C) 

CA 7.9 x 10- 6 

CAN 8.3 x10- 6 

CANB 8.6 x 10- 6 

CANS 8.4 x 10- 6 

CANMKB 10.0 x 10- 6 

Table 4.14: Thermal Expansion Coefficients for Selected Compositions 

4.2.3. Refractive Index 

The index of refraction and Abbe values for the same five 

compositions were studied using an Abbe refractometer. These 

values for the Nd3+ doped glasses will appear in a later section. The 

values for each of the glasses are displayed in Table 4.15. 
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Composition Refractive Index Abbe Number 

CA 1.67 42 

CAN 1.65 43 

CANB 1.71 44 

CANS 1.70 44 

CANMKB 1.69 44 

Table 4.15: Refractive Index for Selected Compositions 

4.2.4. Viscosity Data 

Viscosity measurements were performed on three 

calcium aluminate based glasses. The compositions selected for 

study were CAN (58 CaO-36 A1203-6 Na20), CANB (52 CaO-36 

A1203-6 Na20-6 BaO) and CANS (52 CaO-36 A1203-6 Na20-6 SrO). 

The binary composition CA could not be studied since it could only be 

made in very small sample sizes. The sample size needed for the 

viscosity measurements was larger than this. Table 4.16 displays the 

results of a Fulcher equation fit to the viscosity data. 



Table 4.16 : Fulcher Data for CAN, CANS, CANB 

Composition A B To 

CAN 3.13 1572 642 

CANB 7.27 559 645 

CANS 2.66 1851 580 

The plots of the viscosity data for the three compositions are 

displayed in Figures 4.2-4.4. 

170 
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Viscosity Data for CAN 
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Figure 4.2: Viscosity Data for CAN 



172 

Viscosity Data for CANS 
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Figure 4.3: Viscosity Data for CANS 
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Viscosity Data for CANB 
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Figure 4.4: Viscosity Data for CANB 
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4.2.5. Water 

The focus of this portion of the study was three-fold. 

First, it was important to determine whether the additions of alkali 

and alkaline earth ions affected the water content of the glasses and 

the resultant absorption at 2.8 ~m. Secondly it was important to 

determine the nature of the water involved. The third part of the 

study was focused on the possibility of removing this water through 

various treatments. 

In order to assess the effects of additions on the water content 

of the glass the infrared spectra of four compositions were examined. 

The glasses chosen for study were CA, CAN, CANB, and CANS. The IR 

spectra is shown in Figure 4.5. The baseline transmittance was only 

approximately 80 % due to imperfections in the surface of the 

glasses. 

The water content of two glasses were studied in order to 

determine if the water was adsorbed on the surface or if it extended 

deeply into the bulk of the glass. In addition, by studying two 

glasses it is then possible to compare their water contents. Thin 

sections of various thicknesses of a CAN glass (58 CaO-36 A1203-6 

Na20) and a CANB glass (52 CaO-36 A1203-6 Na20-6 BaO) were 

examined using FTIR spectroscopy. The data are presented in Figure 

4.6 where the absorbance at 2.8 ~m is plotted versus the thickness. 

In addition, several attempts were made to remove the water 

band present in the Infrared spectrum. The pre-melting heat 
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Figure 4.5: Water Absorption for Selected Compositions 
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Figure 4.6: Absorbance VS. Thickness for CAN and CANB 



177 

treatment of the starting powders was performed on three glasses. 

They were CA (64 CaO-36 A1203), CANB (52 CaO-36 A1203-6 Na20-6 

BaO) and CAMNKB (44 CaO-36 A1203-4 MgO-2 Na20-3 K20-4 BaO). 

The IR Spectrum of these glasses prepared in the normal manner had 

already been obtained. The water band at 2.8 Ilm was not reduced 

by this treatment. 

The second attempt to remove water was also unsuccessful. 

The same three glasses were used for this portion of the 

investigation. The melting occurred in an inert atmosphere and the 

glasses were once again compared with glasses of the same 

composition prepared in the normal fashion. The infrared spectrum 

was unchanged by the change in the atmosphere. 

The vacuum treatment of the starting materials was also done 

on the same three compositions. It was found that the infrared 

spectra were unchanged when compared with glasses of the same 

composition which were untreated. However, when the vacuum pre

treatment was combined with an inert melting atmosphere there was 

a slight reduction in the size of the water band. This is shown in 

Figure 4.7. 
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Figure 4.7: Change in Water Absorption After Vacuum Treatment 
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4.2.6. Infrared Cutoff 

The Infrared cutoff was studied for four compositions. 

This was done for two reasons. The first was to be certain that the 

binary CA glass had the same cutoff as those reported for similar 

compositions in the literature. The second reason was to determine 

whether the additions of alkali and alkaline earth ions negatively 

impacted the infrared transmission. The following four compositions 

were studied: CA, CAN, CANB, and CANS. The locations of the 

Infrared cutoff are shown below in Figure 4.8. 
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Figure 4.8: Infrared Cutoff for Selected Compositions 
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4.2.7. Crystallization Behavior 

4.2.7.a Qualitative Crystallization Behavior 

The crystallization behavior of several calcium aluminate 

based glasses were investigated in greater detail. Initial 

observations of the crystallization process indicated that the 

crystallization initiated from the free surface for compositions which 

crystallized directly from the melt. It was also observed that upon 

heat treatment a crystalline layer was found on the surface of the 

glass and which grew rapidly inward with time. 

Initially. the crystallization products were identified with X

Ray Diffraction. The four compositions chosen for study were CA. 

CAN. CANB. and CANS. The glasses were subjected to heat treatments 

at various temperatures for long periods of time until the bulk 

sample was completely crystalline. The bulk glass was then ground 

and placed in the XRD. The results of this study appear in the 

following table. Although no quantitative analysis of the 

crystallization product could be performed. it was possible to roughly 

estimate the relative proportions of the crystalline phases based 

upon their diffraction intensities. The temperatures were chosen in 

order to ascertain that a large portion of the crystallization spectrum 

would be sampled. The results of this study are shown below in 

Table 4.17. 



182 

T (C) CA CAN CANS CANS 

920 C12Al7» CI2Al7» C12Al7» Cl2Al7» 

C3A C3A C3A,BA C3A 

965 Cl2AI7» C12Al7» C12Al7» Cl2Al7» 

C3A C3A C3A, BA C3A 

1050 C12AI7» Cl2Al7» C12Al7» Cl2Al7» 

C3A C3A C3A. BA C3A 

Table 4.17: Crystallization Products of CA, CAN, CANB, CANS 

4.2.7.b Quantitative Crystallization Studies 

Two compositions were selected for a study of crystal 

growth. The CA and the CANB glasses were chosen since their glass 

forming abilities differ widely. After heat treatment for various 

amounts of time the depth of the crystalline layer was measured and 

plotted vs. time. These results are shown below in Figures 4.9 and 

4.10. 
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Figure 4.9: Crystal Growth Data for CA 
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4.3 Spectroscopic Properties 

The spectroscopic properties of four compositions were 

determined with the aid of the Judd-Ofelt model. The compositions 

chosen for study were CA, CAN, CANB, and CANS doped with 0.5 mol 

% Nd3+. This Nd3+ concentration was chosen in order to minimize 

the possibility of concentration quenching. In addition, a standard 

laser glass (Owens Illinois, ED-2) was also prepared for the purpose 

of comparison. In order to use this model the magnitude of several 

physical properties were required. These included the Abbe 

number, the refractive index, the density, and the uv/visible 

absorption spectrum as well as the fluorescence spectrum and the 

photon lifetime. The results of these measurements as well as those 

obtained from the Judd-Ofeh analysis will be presented in the 

following sections. 

4.3.1. UV IVisible Spectroscopy 

The uv/visible absorption spectra of the doped glasses 

were measured in the range of 200-1000 nm. Within this region ten 

bands could be identified accurately enough for measurement. In 

order to more exactly measure the peak areas, the absorption spectra 

of the undoped glass was subtracted from that of the doped glass as 

shown in Figure 4.12 for CANB. In this manner, background losses 
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could be eradicated and a flat baseline was obtained. An example of 

a complete spectra without the subtraction is shown in Figure 4.11 

for CA. 

Typically ten bands were identified and used for measurement. 

The mean wavelengths of these bands are shown in Table4.18. 

Band Number Wavelength 

1 8.8 x 10- 5 

2 8.1 x 10- 5 

3 7.5 x 10- 5 

4 6.8 x 10- 5 

5 6.3 x 10- 5 

6 5.9 x 10- 5 

7 5.3 x 10- 5 

8 4.7 x 10- 5 

9 4.3 xl0- 5 

10 3.5 x 10- 5 

Table 4.18: Wavelengths of Bands Used for Judd-Ofelt Analysis 
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4.3.2. Refractive Index and Abbe Number 

The refractive index and the Abbe number of the four 

Nd 3+ doped glasses were measured with the use of an Abbe 

refractometer. From these values, the value of the refractive index 

at the wavelength of interest were then calculated according to the 

formula presented in section 3.4.2. The values of the index of 

refraction and the Abbe numbers are shown Table 4.19. 

Composition Refractive Index Abbe Number 

CA 1.68 44 

CAN 1.67 45 

CANB 1.75 46 

CANS 1.72 44 

Table 4.19: Refractive Index and Abbe Numbers of Doped Glasses 

4.3.3. Density Measurements 

The densities of the four doped glasses were determined 

using a specific gravity apparatus. Their values appear in Table 4.20 
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Composition Density (g/cm.3) 

CA 3.00 

CAN 2.87 

CANB 3.19 

CANS 3.08 

Table 4.20: Densities of Doped Glasses 

4.3.4. Line Strengths 

The line strengths for the ten transitions were calculated 

according to the equation presented in section 3.4.3. These line 

strengths are presented for the four compositions in Table 4.21. Also 

shown in the table are the line strengths which were calculated by 

the Fortran program after the least squares fitting routine. The 

goodness of fit was then calculated according to the following 

equation: 
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Table 4.21: Measured and Calculated Line Strengths of Four Calcium 
Aluminate Based Glasses 

C'A CAN CANB CANS 
A (nm) Sm Sc Sm Sc Sm Sc Sm Sc 

880 1.23 1.46 1.05 1.28 1.17 1.34 1.00 1.32 

813 3.13 3.15 2.98 2.85 2.54 2.71 2.65 2.75 

748 2.53 2.50 2.20 2.32 2.16 2.03 2.24 2.14 

685 .21 .19 .14 .18 .19 .16 .17 .17 

630 .05 .05 .04 .04 .04 .04 .02 .04 

586 8.20 8.20 6.87 6.89 7.57 7.57 6.76 6.76 

529 2.04 1.99 2.01 1.74 1.83 1.81 1.70 1.74 

471 .19 .38 .35 .34 .36 .34 .28 .34 

434 .15 .23 .16 .20 .14 .21 .14 .21 

350 3.20 3.09 2.68 2.71 3.02 2.89 3.01 2.81 

FIT .0158 .0230 .0139 .0250 
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4.3.5. Judd-Ofelt Parameters 

The J udd-Ofelt parameters were then calculated using the 

least squares fitting routine. The values of these parameters are 

shown in Table 4.22. Also shown in this table are the results for an 

ED-2 laser glass which are provided for comparison. These values 

were then used in order to calculate the values of several other 

useful spectroscopic properties. 

Table 4.22: Judd-Ofelt Parameters for Four Calcium Aluminate Based 

Glasses 

Composition 02 04 06 

CA 4.87 5.50 3.42 

CAN 3.95 4.81 3.20 

CANB 4.46 5.18 2.73 

CANS 3.71 5.03 2.90 

ED-2 3.30 4.68 5.18 

4.3.6. Branching Ratios and Transition Probabilities 

Once the Judd-Ofelt parameters had been obtained, the 

transition probabilities for the four glasses could then be determined. 
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They were calculated from the following equation for the four major 

transitions of the Nd3+ ion: 

These values are shown in Table 4.23. Also shown in this table are 

the values of the radiative lifetime, 'tradc, which is calculated by 

taking the reciprocal of the total transition probability for all 

transitions. 

A. (nm) CA CAN CANB CANS ED-2 

880 1665 1438 1512 1477 1030 

1060 1422 1270 1188 1214 1380 

1350 230 210 180 191 272 

1880 1 1 10 9 9 12 

't rad c 300 342 346 346 372 

Table 4.23: Transition Probabilities and Radiative Lifetimes for Four 
Calcium Aluminate Based Glasses 

Once the transition probabilities have been obtained, the branching 

ratios for the four transitions may then be derived. They are related 

to the transition probabilities by the following equation: 



194 

[ (
_)_] A[(S', L')J';(S, [)J] 

f3 (S'L')J'; SL J = -=L~A"--[ (S-', L-')J--=-' ;.,.......( S ,":""'L )~J] 
S,L,J 

(4.3) 

In other words, for a given transition, the branching ratio is simply 

the transition probability divided by the total transition probabilities 

to all lower levels. These values are shown for the five glasses in the 

following table. 

A. (nm.) CA CAN CANB CANS ED-2 
-

880 .5003 .4912 .5234 .5110 .38 

1060 .4272 .4337 .4112 .4199 .51 

1350 .0690 .0717 .0624 .0660 .10 

1880 .0034 .0035 .0031 .0032 .004 

Table 4.24: Branching Ratios for Four Calcium Aluminate Based 

Glasses 

4.3.7. Fluorescence Measurements 

The fluorescence spectra and the photon lifetime for the 

four compositions were measured so that the emission cross section 

could be calculated. A sample fluorescence spectrum is shown in 
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Figure 4.13. The photon lifetime and the effective linewidth are 

displayed below in Table 4.25. The peak wavelength of fluorescence 

is denoted as I..p, the effective linewidth is Al..eff, and the 

fluorescence lifetime is 'tf. 

CA CAN CANB CANS ED-2 

I..p (nm) 1069 1069 1068 1075 1064 

AAeff 47 47 49 42 30 

'tf (Ils) 250 270 277 260 310 

Table 4.25: Photon Lifetime and Effective Linewidth for Four Calcium 
Aluminate Based Glasses 
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Figure 4.13: Fluorescence Spectrum of a CA Based Glass 
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Once these quantities were known it was then possible to calculate 

the emission cross section. This quantity is expressed as: 

a(J;1') (4.4) 

Therefore, knowledge of the transition probability coupled with 

fluorescence measurements, permits a stimulated emission cross 

section to be determined. The stimulated emission cross sections are 

shown below in Table 4.26. Also displayed here are the values of the 

quantum efficiency for the five glasses. This quantity may be 

determined from the radiative lifetime which was calculated 

previously and the fluorescence lifetime according to the following 

equation: 

(4.5) 

CA CAN CANB CANS 

a 
1.63 1.48 1.32 1.32 

(x 10-20 cm2) 

Quantum 
.83 .79 .80 .75 Efficiency 

Table 4.26: Stimulated Emission Cross Sections and Quantum 
Efficiencies for Four Calcium Aluminate Based Glasses 

ED-2 

2.71 

.83 
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4.3.8. Spectroscopic Properties of CaF2 Containing Glasses 

Two glasses containing CaF2 were studied with the aid of 

the J udd-Ofelt model in order to determine the change in the 

emission cross section with this substitution. The compositions 

chosen for study were: 54 CaO-l0 CaF2-36 AI203-0.S Nd203 (mol %) 

and 42 CaO-l0 CaF2-36 A1203-6 Na20-6 BaO-O.S Nd203 (mol %). 

Hereafter these compositions will be designated as CAF and CANBF. 

The linestrengths as determined from the UV /Vis Absorption Spectra 

are shown below in Table 4.27. Also shown in this table are the 

calculated line strengths and the fit of the model. 

Based on these line strengths, the Judd-Ofelt parameters were 

calculated using a least squares fitting program. The values of these 

parameters are shown in Table 4.28. Once these parameters have 

been calculated the values of the transition probabilities (A), the 

branching ratios (~) and the radiative decay time(-cCrad) may be 

obtained. These values are shown in Table 4.29. 



CAF CANBF 
A (nm) Sm Sc Sm Sc 

880 1.23 1.45 1.15 1.35 

813 3.08 3.16 2.50 2.67 

748 2.58 2.53 2.10 1.97 

685 .22 .19 .15 .16 

630 .08 .05 .04 .04 

586 8.23 8.24 7.60 7.60 

529 2.16 1.99 1.88 1.80 

471 .21 .38 .39 .34 

434 .15 .22 .14 .21 

350 3.15 3.06 3.05 2.92 

FIT .0185 .0167 

Table 4.27: Measured and Calculated Line Strengths for CaF2 
Containing Glasses 
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Composition n2 n4 n6 

CAF 4.94 5.45 3.47 

CANBF 4.46 5.25 2.63 

Table 4.28: Judd-Ofelt Parameters for CaF2 Containing Glasses 

CAF CANBF 

A. (nm.) A ~ A ~ 

880 1602 .4971 1524 .5300 

1060 1384 .4295 1179 .4066 

1350 216 .0670 174 .0604 

1880 1 1 .0034 9 .0029 

'tcrad 310 348 

Table 4.29: Transition Probabilities, Branching Ratios and Radiative 
Decay Times for CaF2 Containing Glasses 



The fluorescence properties for these glasses were also 

measured using the experimental set-up described previously. 
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These values can then be used to calculate the emission cross section 

for these glasses. These values are shown below in Table 4.30. 

CAF CANBF 

A.p (nm.) 1068 1069 

'tf (Ilsec) 250 275 

~A.eff 43.5 45 

_guantum efficiency .81 .79 

(j (x 10-20) 1.75 1.42 

Table 4.30: Fluorescence Properties for CaF2 Containing Glasses 
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4.4 Structural Analysis 

The structures of conventionally derived glasses and sol

gel glasses were compared with N .M.R. Spectroscopy. The aim of this 

portion of the investigation was simply to ascertain the coordination 

of aluminum and to determine if this coordination could be affected 

by the preparation technique. Therefore, the results of the 

characterization of the gels will be discussed first. The results of the 

N.M.R. analysis will then be presented. 

4.4.1. Characterization of Sol-Gel Glasses 

Two different binary compositions were made through 

the sol-gel technique. They were 50 CaO-50 Al203 and 30 CaO-70 

Al203 (weight %). After they were made and slowly dried they were 

characterized with X-Ray Diffraction, Chemical Analysis and 

Differential Thermal Analysis. Chemical Analysis was difficult to 

perform since the as-prepared gel contained many residual organics 

and solvents. However, it was possible to determine the ratio of Ca: 

A12. These results appear in Table 4.31: 
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Composition Theoretical Ratio Actual Ratio 

50 CaO-50 Al203 1.0 .95 

30 CaO-70 Al203 .43 .40 

Table 4.31: Theoretical and Actual Compositions for Sol-Gel Glasses 

The X-Ray Diffraction analysis demonstrated that the as

prepared bulk pieces were X-Ray amorphous. The Differential 

Thermal Analysis was run from room temperature to 1200 0 C at a 

heating rate of 10 0 C/min. The DT A traces are shown below in 

Figures 4.14 and 4.15. 
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Figure 4.14: DTA Trace for 50 CaO-50 Al203 Sol-Gel Glass 
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Figure 4.15: DTA Trace for 30 CaO-70 Al203 Sol-Gel Glass 
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The gels were then subjected to various heat treatment 

schedules for four hour time periods and their crystallization 

products were identified using X-Ray Diffraction. The results of this 

investigation are shown below in Table 4.32. 

Heat Treatment 50 Ca-50 Al 30 Ca-70 Al 

As-prepared gel Amorphous Amorphous 

200 0 C Amorphous Amorphous 

400 0 C Amorphous Amorphous 

600 0 C Amorphous Amorphous 

800 0 C C12A7, C3A Amorphous 

900 0 C C12A7, C3A Amorphous 

950 0 C C12A7, C3A CA,CA2 

Table 4.32: XRD Results for Sol-Gel Glasses 

4.4.2. N.M.R. Results 

4.4.2.a Samples Studied 

Twelve samples were studied with 27 Al NMR. The 

samples chosen for study and their heat treatment temperatures are 

shown in Table 4.33. 
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Com}!osi ti on Heat Treatment 

CA (conventional) as prepared 

CAN (conventional) as prepared 

CANS (conventional) as prepared 

CANB (conventional) as prepared 

50 CaO-50 Al203 sol gel 300 0 C 

500 0 C 

575 0 C 

750 0 C 

30 CaO-70 Al203 sol gel 300 0 C 

500 0 C 

575 0 C 

750 0 C 

Table 4.33: Glasses Studied with NMR 

This heat treatment schedule allowed the structural evolution of the 

gels with temperature to be examined. In addition, all samples were 

determined to be amorphous. 
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4.4.2.b. Sample Spectra 

A sample spectra of a sol-gel glass and that of a conventionally 

derived glass are shown below in Figures 4.16 and 4.17. The sol-gel 

glass has been heat treated at 300 0 C. It is obvious from even a 

cursory examination that these spectra are markedly different from 

one another. 

4.4.2.c Chemical Shifts and Relative Percentages 

For the samples studied, three distinct chemical shifts 

could be identified. The location of the chemical shifts is shown 

below in Table 4.34. The results could not be quantified in terms of 

total alumina content because all spectra were obtained using Magic 

Angle Spinning. In order to do this, it is necessary to consider the 

intensity of the spinning sidebands as well. Since the sidebands 

spanned the entire spectral width, this was not possible. However, it 

was possible to quantify the results in terms of the relative amounts 

of the different aluminum sites. This was done by integrating the 

peak area. These results are presented in Table 4.35. 
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Table 4.34: Chemical Shifts from N.M.R. 

Composition Chemical Shift (ppm.) 

Conventional 

CA 71.5 

CAN 71.8 

CANB 72.1 

CANS 72.1 

50 CaO-50 Al203 Sol Gel 

300 0 C 63.8 30.5 5.8 

500 0 C 69.8 9.3 

575 0 C 67.8 8.5 

700 0 C 69.8 9.6 

~O CaQ-:m A12Q3 Sol Q~l 

300 0 C 65.1 29.6 6.3 

500 0 C 66.7 8.7 

575 0 C 66.7 8.9 

700 0 C 66.7 9.1 
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Table 4.35: Relative Percentage of Aluminum Sites from N.M.R. 

Composition Relative Percentage of Sites 

50 CaO-50 Al203 Sol Gel 

300 0 C 16.8 14.4 68.8 

500 0 C 63.5 0 36.5 

575 0 C 62.1 0 37.9 

700 0 C 78.4 0 21.6 

30 CaO-70 Al203 Sol Gel 

300 0 C 17.4 11.3 71.3 

500 0 C 42.7 0 57.3 

575 0 C 43.0 0 57.0 

700 0 C 45.0 0 55.0 
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5. Discussion 

This discussion will attempt to present an integrated 

explanation for the phenomena reported in the last chapter. In order 

to do this, various portions of the research will be linked together in 

order to synthesize various conclusions. The structure of the glasses 

will be discussed initially and will be subsequently related to the 

glass forming properties of the conventionally derived glasses. The 

physical properties of these glasses will also be discussed. The 

spectroscopic properties of the glasses will be analyzed with 

particular emphasis on the possibility of developing a viable laser 

host material. Finally, the properties of the CaF2 containing glasses 

will then be addressed. 

5.1 Structural Analysis 

The chemical shifts associated with 27 Al NMR for glasses 

are very well documentedl40ol44. NMR Spectroscopy provides an 

excellent means for the investigation of the structural properties of 

glasses because the chemical shifts are extremely sensitive to the 

local environment of the nucleus, especially the nearest-neighbor 

coordination number and geometry. The majority of previous bodies 

of work has focused on the relationship of these chemical shifts to 

the coordination number of aluminum in polycrystalline aluminates 

or in aluminosilicate glasses and melts. Therefore, while this 



information is not directly applicable to the calcium aluminate 

system, several conclusions may still be drawn. 

5.1.1. Chemical Shifts and Identification 
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It has generally been found that the chemical shift 

corresponding to tetrahedrally coordinated aluminum occurs in the 

range of 55 to 80 ppm144. The chemical shifts for octahedrally 

coordinated aluminum occur at approximately -10 tol0 ppm140. 

There have also been reports in the literature of the existence of 5-

coordinated aluminum with corresponding chemical shifts in the 

range of 20 t040 ppm14S. The range in the values of these chemical 

shifts has been associated with structural differences as well as 

differences in the water content. 

When these chemical shifts are compared with the results 

displayed in Table 4.34, it is obvious that the presence of four-, five-, 

and six-coordinated aluminum has been observed. The 

conventionally prepared samples all show only four coordinated 

aluminum. The chemical shifts for the four samples all occur within 

a very narrow range of 71.5 to 72.0 ppm. The spectra do not show 

any other evidence of different coordination geometries. This 

signifies that the addition of modifying ions, while substantially 

impacting the glass forming ability, does not alter the structure, at 

least in terms of the aluminum coordination. The similarities in the 
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numerical values of the chemical shifts suggests that the four glasses 

have nearly identical structures. 

The results for the sol-gel glasses are considerably more 

complex. At first glance, it is safe to conclude that for the lowest 

heat treatment temperature, aluminum exists in four-, five-, and six

fold coordination for both compositions. The peaks at approximately 

65 ppm may be associated with tetrahedrally coordinated aluminum, 

those at approximately 30 ppm are representative of five

coordinated aluminum, while those at approximately 6 ppm. indicate 

octahedrally coordinated aluminum. It must be emphasized at this 

point that the peaks representing the five-coordinated aluminum 

were extremely well resolved and were not simply a spinning 

sideband artifact. 

It is interesting to note that as the temperature increases, the 

five-fold aluminum immediately disappears while the six

coordinated aluminum is retained for both compositions even at the 

highest heat treatment temperature. At the highest heat treatment 

temperature, the 50 CaO-50 Al203 composition contains a relative 

percentage of 21.6 % octahedral aluminum and the 30 CaO-70 Al203 

composition contains 55.0 % of octahedral aluminum. The relative 

percentages of each type of aluminum as shown in Table 4.35, were 

obtained by integrating over the peak for each. 

The exact location of the chemical shift relative to the standard 

is not well correlated to bonding effects for 27 Al NMR. While the 

approximate location of the four-, five-, and six-fold coordinated 
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aluminum is well understood, the effects of water or bridging vs. 

non-bridging oxygens on the precise location of the chemical shifts 

has not been documented. Kohn et al146 compared the size and 

chemical shifts of the peaks in 27 Al NMR spectra of dry and hydrous 

aluminosilicate glasses. They examined the peak at approximately 80 

ppm. which was associated with tetrahedrally coordinated aluminum. 

They found that there were only minor differences in the spectra for 

the two types of glasses. The effect of water on the spectra was to 

narrow the size of the peak slightly and to increase slightly the 

chemical shift. However, the increase in the chemical shift was only 

2 ppm. The present data will now be examined with this in mind in 

order to determine if the difference in the numerical values of the 

chemical shifts between the sol-gel synthesized and the 

conventionally prepared glasses are indicative of differences in 

water content or if they represent basic underlying structural 

differences. 

The data in the present investigation do not correlate with the 

data suggested earlier in relation to the effects of the water content 

on the location of the chemical shift. The 50 CaO-50 Al203 gel heat 

treated at 300 0 C should still contain some residual water, yet the 

chemical shift occurs at 63.8 ppm. which is lower by approximately 8 

ppm. when compared to the conventionally prepared glasses. The 

chemical shift for the 30 CaO-70 Al20 3 gel occurs at 65.1 ppm. which 

is also significantly less than the conventionally derived glass. 
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In addition, it would be expected that the chemical shift should 

decrease linearly with heat treatment temperature as the water is 

gradually removed from the structure. However, for both sol-gel 

glasses, the chemical shift increases with temperature. Even at the 

highest temperature both gels exhibited chemical shifts associated 

with the tetrahedral aluminum which were less than those found for 

the conventionally prepared glass. While the 30 CaO-70 Al203 gel 

stabilized at a chemical shift of 66.7 after 500 0 C, the chemical shift 

of the 50 CaO-50 Al203 composition varied in a random manner. 

Initially, it increased, but subsequently decreased before increasing 

once again. 

The possible effect of the water on the width of the peaks could 

not be assessed for the sol-gel compositions. Due to the presence of 

the octahedral aluminum, the peak for the tetrahedral aluminum 

could not be completely resolved. Significant overlap between the 

two peaks occurred. For the conventionally prepared glasses only a 

single peak existed which represented tetrahedral aluminum. 

The chemical shift which occurs at 6-10 ppm. and represents 

octahedrally coordinated aluminum has not been truly understood in 

relation to water contents. Prabakar et al143 studied the 27 Al NMR 

spectra of aluminosilicate gels on heating. They found that for some 

compositions the chemical shift representing the octahedral 

aluminum increased with increasing temperature, while for other 

compositions it decreased. For the 50 CaO-50 Al203 sol-gel glass the 

location of this peak changes in a random manner with temperature. 
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The 30 CaO-70 Al203 sol-gel glass increases slightly with increasing 

temperature. It is very difficult to correlate such observations with 

any known physical behavior. 

It is not surprising that there are difficulties associated with 

precisely understanding changes in the chemical shift with 

composition and temperature. The identification of 27 Al chemical 

shifts is made more difficult by second-order quadrupolar effects38. 

The quadrupolar effects are related to the electric field gradient at 

the nucleus. Since the structure of glass is disordered it is impossible 

to separate the chemical shift from the quadrupolar contribution. 

Thus it is often difficult to interpret the chemical shift changes in a 

precise manner. 

5.1.2. Relationship to Other Data 

In order to more completely interpret this structural 

information, the heat treatment schedule must be compared with the 

results of the Differential Thermal Analysis (DT A) of the as-prepared 

gel. The DT A trace was provided for the two compositions in Figures 

4.15 and 4.16. Goktas and Weinberg35 analyzed the DTA data for 

similar compositions and correlated the endotherms with various 

physical phenomena. The endotherms observed at approximately 

150-200 0 C were associated with the loss of residual water and 

organic solvent. In the range of 200-300 0 C, the exotherms may be 
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associated with the oxidation of residual organic material. For the 30 

CaO-70 Al203 composition, two endotherms are evident; one which 

occurs at 520 0 C and the other which occurs at approximately 640 0 

C. The lower temperature endotherm was associated with melting of 

Ca(N03)2 while the higher temperature endotherm possibly 

represented the dissolution of alumina in the liquid Ca(N03)2. 

It is also important to consider the results of the long-term 

heat treatment crystallization studies of the gels. As shown in Table 

4.32, both compositions remained amorphous throughout the heat 

treatments used for the structural studies. The 50 CaO-50 Al203 

crystallized at 800 0 C while the 30 CaO-70 Al203 composition did 

not crystallize until it was heat treated at 950 0 C. The crystallization 

products of the 50 CaO-50 Al203 were Ca12Al7 and Ca3AI while for 

the 30 CaO-70 Al203 composition the crystallization products were 

CaAI and CaAI2. 

The value of the glass transition temperature was not available 

for the sol-gel compositions. It was not evident from the DTA traces 

and could not be obtained from viscosity measurements due to 

problems with the sample condition. Therefore, it is only possible to 

correlate it with the T g of the conventionally derived glass of the 

same composition. As shown from DT A measurements of the 65 CaO-

35 Al203 glass which are displayed in Table 4.10, the Tg occurs at 

810 0 C for a heating rate of 10 0 C per minute. The effect of the 

long-term isothermal heat treatments, in contrast to a moderate 
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heating rate, should be to decrease the value of the glass transition 

temperature. 

For the 50 CaO-50 Al203 sol gel composition, it is possible that 

all residual water and organic solvents have been removed, based 

upon the absence of any detectable exotherms or endotherms above 

500 0 C. In fact, Infrared Spectroscopy of sol-gel calcium aluminates 

by Goktas and Weinberg3S confirms this observation. However, it is 

interesting to note that 21.6 % of the aluminum is in octahedral 

coordination at the highest heat treatment temperature. 

The 30 CaO-70 Al203 sol-gel composition also contains a 

significant amount of aluminum in octahedral coordination. The DTA 

trace for this composition reveals no reactions occurring above 650 0 

C. Nonetheless the amount of aluminum in octahedral configuration 

is approximately 55 % at temperatures greater than this. 

5.1.3. Correlation with Physical Processes 

In general, it would be expected that the relative 

percentage of octahedral aluminum in the 50 CaO-50 Al203 sol-gel 

composition would gradually decrease as the temperature was 

raised. 

removed. 

This would occur as water and residual organics were 

The -OH groups attached to the aluminum atoms condense 

and eliminate water. This in turn changes the coordination number 

to four. This behavior has also been observed in aluminosilicate gels 

by Prabakar et a1 143 • The occurrence of the five-fold coordinated 
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aluminum atoms can also be explained by a gradual condensation of 

the water. 

It would, however, be expected that the octahedral aluminum 

would completely disappear after all the residual water was 

removed. While the DT A trace is featureless above 500 0 C, there 

still exists the possibility that the gel heated at 750 0 C might contain 

some residual water. However, since the gel heated at this 

temperature still contains a significant percentage of octahedral 

aluminum, there is also the possibility that there exist some basic 

structural differences between the sol-gel derived and the 

conventionally prepared glasses. The relative percentage of the 

octahedral aluminum does decrease with temperature. However, it 

seems to decrease in a relatively random manner. This seems to 

lend support to the basic notion that there are differences between 

conventional and sol-gel glasses. If the octahedral aluminum were 

simply a result of the water content, it would be expected that the 

position of aluminum in octahedral coordination would decrease in a 

continuous manner with heat treatment temperature. 

Such a basic structural difference between the two types of 

glasses may not be entirely unexpected. The majority of 

comparisons between gel derived and conventionally prepared 

glasses have involved the study of silicate based glasses. The most 

energetically favorable configuration for silicon is tetrahedral. There 

is a large increase in energy associated with the formation of five

fold and six-fold coordinated silicon. In sharp contrast to this, there 
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is a very small energy difference between tetrahedral and octahedral 

aluminum. Therefore, it is not surprising that differences between 

the preparation procedures could persist in aluminates at elevated 

temperature. 

It is possible to see the advantages inherent in sol-gel 

processing. The precursors for alumina for both procedures are six

fold coordinated. The high melting temperatures associated with 

conventional preparation techniques cause this configuration to be 

broken down. On cooling, the structure assumes a four fold 

configuration of aluminum atoms. The sol-gel glass, on the other 

hand, is not subjected to such high temperatures and therefore, the 

six-fold coordination is not destroyed. This allows the octahedral 

aluminum to persist at higher temperatures. It is also interesting to 

note that the octahedral aluminum exists despite the fact that there 

is adequate calcium present to convert all of the six-fold coordinated 

aluminum to tetrahedral aluminum. 

In order to definitively determine whether basic structural 

differences exist two issues must be resolved. It is very important to 

determIne the water content of the sol-gel glasses. Although this 

data is not available in the present investigation, it will be examined 

in future work. The second issue is the determination of whether the 

gel structure after the highest heat treatment is at the point where 

complete structural evolution has occurred. In order for this to 

occur, the gel must be heated in excess of T g. This is due to the fact 

that above T g , structural relaxation has occurred and if the water 
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contents are similar, the structures should also be similar. 

Knowledge of the location of T g for the sol-gel glasses was 

unavailable since it was difficult to detect endotherms from the DT A 

data. However, it may be possible to infer the location of T g based 

upon other data sets. The T g of the melt derived glass is 

approximately 800 0 C. The presence of AI06 groups in the gel 

derived groups would serve to lower the viscosity and hence the 

glass transition temperature would occur at lower temperatures. 

Therefore, it is possible that the 750 0 C heat treatment would be in 

the vicinity of the glass transition temperature. The sol-gel glass 

crystallizes at 800 0 C after long term heat treatments. This 

prevented higher temperatures from being used in this study. 

In terms of the stability of the gel-derived glass when 

compared to the melt derived glass there are several competing 

influences. The crystal structures of the phases which occur in the 

phase field of the 50 CaO-50 Al203 sol-gel composition both contain 

only tetrahedrally coordinated aluminum. This means that in order 

for crystallization to occur in the gel-derived glass, the octahedral 

aluminum would need to be converted to tetrahedral aluminum, a 

reaction which would require energy. On the other hand, the 

presence of octahedral aluminum groups serves to lower the 

viscosity and hence the internal rearrangements necessary for 

crystallization would be facilitated. Hence, it is difficult to say which 

of these competing processes would be favored. The slightly higher 

crystallization temperatures seen for the conventionally derived 
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that the sol-gel glass is less stable. 
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The 30 CaO-70 Al203 sol-gel glass has a much greater 

proportion of octahedral aluminum atoms. The composition of this 

glass in mol % is 43 CaO-57 A1203. Since one calcium atom is 

required to charge compensate two aluminum atoms there is 

insufficient CaO for all of the aluminum to occur in a tetrahedral 

configuration. It is possible to calculate the percentage of aluminum 

atoms which should occur in octahedral environments based upon 

these considerations. This value is approximately 8 %. However, the 

minimum amount of octahedrally coordinated aluminum seen for 

this composition is 55 %. Thus the octahedral aluminum can not be 

explained by composition alone. 

For this composition, there is an initial decrease in octahedral 

aluminum although it tends to stabilize after the 500 0 Cheat 

treatment. It would be expected that the conversion of octahedral to 

tetrahedral aluminum would be complete after all water is removed 

from the glass. This would suggest that the large percentage of 

octahedral aluminum which is present after the 750 0 Cheat 

treatment is not associated with any residual water. In addition, the 

high percentage of octahedral aluminum which is present at elevated 

temperatures for this glass would suggest that extremely large 

amounts of water would be necessary for this large a conversion to 

occur. 
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It is interesting to note that the two crystalline phases which 

occur on heating this sample in excess of 950 0 C are both 

tetrahedrally coordinated. This composition can not be induced to 

form a glass by conventional preparation techniques. Therefore, the 

sol-gel glass is by definition more stable than any conventional glass 

of the same composition. This enhanced stability is most likely due 

to the large percentage of octahedral aluminum in this glass. In 

order for crystallization to occur, there must be conversion of the 

octahedral aluminum to tetrahedral aluminum. 

5.2 Glass Forming Ability 

The discussion of the glass forming ability will occur in 

several portions. The initial discussion will focus on the specific 

results which were presented in Chapter 4. This analysis will include 

the effects of the various modifiers, the changes associated with the 

additions and a comparative analysis of different compositions. The 

discussion will then examine the results found in this system and 

contrast them with currently accepted theories of glass formation. 

Several of the common indices for the measurement of glass forming 

ability will them be applied to the system and their limitations will 

be discussed. Finally, additional physical data will be discussed and 

will be related to the glass forming properties of calcium aluminate 

based glasses. It should be noted that the majority of the 

compositions described in the present investigation are new; 



previous reports in the literature have not utilized such 

compositions. In addition, there are only limited studies of glass 

formation in other aluminate systems. 

5.2.1. Qualitative Analysis 
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It is immediately apparent from the examination of Table 

4.1 that there exists only a very narrow region of glass formation in 

the binary calcium aluminate system. The limited glass formation is 

even more striking due to the very small melt sizes (7 grams) which 

permit relatively rapid cooling. The region of glass formation under 

the present conditions suggests that glass formation occurs only for 

CaO contents of 61-66 mol %. When the calcia content lies outside 

this narrow range, crystallization occurs rapidly. 

This data is supported by other reports in the literature. Some 

investigations have determined that the glass formation region for 

the binary system is even smaller than that found in the present 

study. However, these conflicting studies have used larger melt sizes 

or have cooled by pouring directly from the melt. Both of these may 

adversely affect the glass formation properties of a given system. 

Reports of wider regions of glass formation in the binary calcium 

aluminate system have typically used pellet size melts. 

It is also interesting to note that glass formation does not 

appear possible within other aluminate based systems. Glass 

formation was attempted in the barium aluminate, zinc aluminate 
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and strontium aluminate systems. As shown in Table 4.2, no 

evidence of glass formation was found for any of these systems 

despite the wide range of alumina contents studied. In addition, 

small melt sizes were used and the melts were cooled directly in 

their crucibles. 
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Although there have been some reports in the literature of 

glass formation in the barium aluminate system, it is necessary to 

examine the method whereby glasses were formed. Specifically, 

laser heating was used to attain High temperatures rapidly and the 

glasses were formed only by quenching into small pellets. Thus, the 

results presented in the present investigation are not in 

disagreement with those reported previously. 

It is also important to emphasize that glasses in the binary 

system can only be formed in very small melt sizes. When it is 

attempted to make glasses larger than 7 grams, crystallization 

always occurs regardless of the CaO: Al203 ratio. It is this fact that 

has prevented the commercial production of binary calcium 

aluminate glasses for many years. This has also been a major 

impediment to structural and property studies within this system. 

In great contrast to this are the results presented in Table 4.3. 

Although the alumina content has remained fixed at 36 mol %, the 

glasses have now been scaled up to a 20 gram melt size. It is seen 

from the first few rows of the table that a small substitution of 6 mol 

% of Na20, BaO, SrO, ZnO, MgO, K20, Zr02, or La203 for CaO 

dramatically improves the glass forming ability when compared to 



the binary system. This is despite the fact that the ions in some 

cases have differing valencies from the Ca2+ ion and have a wide 

range of ionic radii. 
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It is also interesting to note that a combination of alkali and 

alkaline earth ions also seems to be an effective substitution. Once 

again, these ions have been substituted for the CaO in the 

composition. As much as 12 mol % of any alkali or alkaline earth 

oxide may be substituted for CaO and the glass forming properties of 

the system are improved. The introduction of 15 mol % modifying 

ion does cause crystallization to occur for 20 gram melt sizes. 

However, while not specifically noted in this table, the compositions 

which contain 15 mol % of the substituting ion can be induced to 

form glasses in smaller melt sizes ranging from 7 to 15 grams. Thus, 

even the substitution of such large quantities of modifying ions do 

not cause a decrease in glass forming ability when compared to the 

binary system. 

Of particular note are the compositions which appear in Table 

4.3, and which contain 12 mol % of two different modifying ions (e.g. 

40 CaO-36 A1203-12 Na20-12 BaO, etc.). It is not possible to form 

glasses containing 24 mol % of a single modifying ion, however, when 

two modifying ions are combined it is possible to improve the glass 

formation properties of the system. This phenomenon occurs for a 

wide variety of alkali and alkaline earth oxides. 

It appears that when the total CaO content falls below 36 mol 

%, the glass forming ability does not improve. This is best 



229 

demonstrated by the compositions 36 CaO-36 A1203-9 BaO-6 SrO-5 

Na20-3 Zr02-3 ZnO-5 MgO and 30 CaO-36 A1203-12 BaO-6 Na20-6 

SrO-6 MgO-4 Zr02 displayed in Table 4.3. As shown there, neither of 

these compositions can form glasses in the 20 gram melts size. 

However, although not displayed in the table, both of these 

compositions can form glasses in 7 gram melt sizes. Thus, it is 

possible to conclude that large amounts of modifying ions can be 

deleterious to the overall glass forming ability of a given system. 

Table 4.4 demonstrates the effects ~f changing the alumina 

content within this system. It should be emphasized that this set of 

experiments represents only 7 gram melt sizes. As can be seen, with 

the substitution of stabilizing additives the glass forming region may 

be extended. In particular, it is possible for glass formation to occur 

with alumina contents of 30-42 mol %. In the binary system as 

shown in Table 4.1, glass formation will occur only for alumina 

contents ranging from 34-39 mol %. Therefore, it can be concluded 

that the incorporation of various modifying ions increases the range 

of alumina necessary for glass formation to occur. Therefore, a wider 

variety of glasses can be made with such additions. 

Table 4.5 demonstrates that this effect is not present in other 

aluminate systems. Despite the addition of modifying ions which 

served to enhance the glass forming ability in the calcium aluminate 

system, the glass forming ability in other aluminate systems was not 

affected. When a different alkaline earth oxide takes the place of 

CaO and CaO is then used as a modifying ion, glass formation will not 
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occur. In fact, it was impossible to induce glass formation in any 

other aluminate system for a range of compositions even using melt 

sizes as small as 2 grams. As suggested in the literature, this might 

be possible with more extreme heating and cooling rates. 

The detailed compositional analysis of the CaO-AI203-Na20 and 

CaO-AI203-Na20-BaO systems allows still greater insights into the 

glass forming ability of calcium aluminate based glasses. It is 

important to observe that the melt sizes for this portion of the 

investigation are fifty grams. This indicates that the glass forming 

ability is dramatically improved with such substitutions. Despite the 

fact that several compositions in this table are labeled non-glass 

formers, it is still possible that glass formation could occur with 

smaller melt sizes and hence faster cooling rates. 

Table 4.6 displays the range of compositions for which it is 

possible to form glasses within the CaO-AI203-Na20 system. Once 

again, it is possible to see the detrimental effect of a large amount of 

additive to the binary system. When the Na20 content exceeds 14 

mol % glasses cannot be formed. In addition, there is also a negative 

effect when the alumina content decreases below 30 mol % or when 

it exceeds 38 mol %. Thus while glass formation is possible with 

relatively large melt sizes there are still some stringent requirements 

on the necessary compositions for glass formation within this ternary 

system. 

The CaO-AI203-Na20-BaO system appears to have better glass 

forming properties under these same conditions. As shown in Table 



231 

4.7, as much as 24 mol % of substituents may be present in this 

quaternary system for glass formation to occur. Therefore, the CaO 

content may be decreased to as little as 40 mol %. The ranges of 

alumina content necessary for glass formation have also been 

increased. For this system, the alumina content may range from 30-

38 mol %. This limit may be exceeded for melt sizes smaller than 

fifty grams. 

The variation in cooling rate experiments, as shown in Table 

4.8, permits the qualitative assessment of the conditions necessary 

for glass formation. Through the progressive decrease in cooling rate 

with increase in the temperature of the second furnace, it becomes 

possible to determine the relative ease of glass formation for these 

systems. The CA composition was found to crystallize for all 

temperatures of the second furnace. This is most likely due to the 20 

gram melt size which was used. It may be recalled that the largest 

melt size possible for the binary system even under normal cooling 

conditions is 7 grams. Thus it is most likely the size of the melt 

which is responsible for this behavior. 

In contrast to the binary system, the CAN system demonstrates 

the powerful effect of a small substitution of Na20. Here it is seen 

that initially a glass may be formed in a twenty gram melt size. 

Furthermore, glass formation can occur for a progressively slower 

cooling rate. Crystallization does not commence until the second 

furnace temperature is set at 600 0 C, which represents a large 

decrease in the cooling rate available to the system. 
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The CANB glass appears to be an even better glass former. 

Here it is seen that even at a second furnace temperature of 600 0 C, 

glass is still formed without the appearance of isolated crystals. This 

same behavior is also demonstrated for the two complex glasses, 

CAMNKB and CAMNKLBZ. This data shows that these three glasses 

may be classified as superior glass formers. 

The CANS system does not appear to be as strong a glass 

former based upon this classification. As shown in the table, 

isolated crystals appear after the initial furnace temperature of 300 0 

C. However, this glass is notably better than the binary CA 

composition since the CA system could not be induced to form a glass 

under any set of conditions. Thus based upon the data presented in 

Table 4.8, we may rate the glasses in terms of their glass formation 

properties. The rating would appear as follows, 

CANB=CAMNKB=CAMNKLBZ> CAN> CANS> CA. 

The sample size variations experiments also permit the rating 

of the various glasses. Table 4.9 shows the maximum sample size 

which can be made without the occurrence of crystallization. As 

shown in the first row, this size is very small for the binary CA glass, 

having a maximum of 7 grams. Under identical conditions, the CAN 

system can be induced to glass formation for melt sizes up to 100 

grams. The CANB system is a still greater improvement, with melt 

sizes up to 250 grams being useful for glass formation. It must be 

emphasized that larger melt sizes than 250 grams might be possible 

but that this was the limit imposed by the size of available crucibles. 
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The maximum melt size for the CANS system is 100 grams. This 

shows that the addition of SrO to the melt does not improve the glass 

forming ability over those melts containing only sodium. 

A thorough examination of this table demonstrates that there 

are many compositions which are good glass formers. It also 

highlights the large improvements in glass forming ability over the 

binary system through the use of stabilizing additives. In terms of 

superior glass forming properties (i.e. those melts which may form 

glasses for sizes of 250 grams) there are two classes of compositions. 

The first class is quaternary systems containing barium (Le. CaO

AI203-Na20-BaO, CaO-AI203-BaO-MgO, CaO-AI203-BaO-ZnO). The 

second group of superior glass formers are those which are 

multicomponent and contain six or more components. 

It is interesting to note that the two procedures to determine 

the glass formation properties of the various compositions, the 

variations in sample size and the variations in cooling rate, provide 

similar results. Both demonstrate the superior glass forming ability 

of the CANB system and the more complex compositions. They also 

demonstrate the large improvement over the binary system. 

They differ slightly in the analysis of the relative merits of the 

CAN vs. the CANS systems. The variations in cooling rate 

experiments predict the superiority of the CAN composition over the 

CANS composition. The sample size variations show that the two 

compositions can be scaled up in size equally. It is possible that 

these results are not contradictory. A possible explanation is that in 
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the sample size variation experiments, the sample size increments 

for scale-up were 50 grams. Therefore, both compositions could 

form glasses at 100 grams but could not form glasses at 150 grams. 

It is possible that the CAN system could form a glass, for example, at 

125 grams where the CANS could not. In such a case, the findings 

would be in agreement with those found for the variations in cooling 

rate. 

5.2.2. Quantitative Analysis 

There are several interesting results from the Differential 

Thermal Analysis experiments. Table 4.10 displays the glass 

transition temperatures, the liquidus temperature and the difference 

between them. The binary CA glass has the highest value of the 

glass transition temperature. The range of glass transition 

temperatures is rather large and decreases the most for the CANB 

system. 

The liquidus temperatures, on the other hand, show an 

opposite trend. Here the CA glass has the second lowest value and 

except for the CAMNKLBZ glass the liquidus temperatures are seen to 

increase with the use of stabilizing additives. This behavior is rather 

unusual as certain elements tend to decrease the liquidus 

temperature. In particular, for most glasses, sodium is used as a 

component in order to lower the melting temperatures necessary for 

glass formation. 
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The parameter TL -T g is often used to assess the glass forming 

ability of a given system. Since this parameter indicates the range 

over which crystallization can occur it is believed that the smaller 

this value is, the more likely is glass formation to occur. Good glass 

formers, such as silicate based glasses have lower values than poor 

glass formers. However, for the calcium aluminate system it is 

possible to see that the value of this parameter does not correlate 

well with qualitative measures of glass forming ability. In particular, 

the binary CA glass has the lowest value of this parameter even 

though it is known that glass formation in this system is extremely 

difficult. 

In addition, the parameter does not predict well the relative 

glass formation properties of other compositions within this system. 

It was determined previously that the superior glass formers were 

CANB, CAMNKB, and CAMNKLBZ. According to this measure these 

compositions should exhibit small values. However, their values are 

significantly greater than those found for the binary system. 

According to this measure the glasses would be ranked in the 

following way in terms of glass formation CA> CAMNKLBZ> CANB> 

CAMNKB> CAN> CANS. Thus these results are in direct conflict with 

those reported previously. 

Table 4.11 also shows the results of the DT A analysis. Here the 

crystallization temperature on heating, T xl, and the crystallization 

temperature on cooling, T x2, are displayed. The location of the 

crystallization peak on cooling, Tx2, is an important measure of the 
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stability of a given glass. The lower the temperature, the more 

stable is the glass. This represents the temperature range over 

which crystallization will not occur. Hence for a given system, the 

lowest value implies the most stable glass. According to this 

measure, the CANB glass is the most stable. However, this measure 

implies that the CA glass is more stable than the CAN glass, a fact 

which is not borne out by qualitative experimentation. In terms of 

this classification the various glasses would be rated as follows: 

CANB> CAMNKB> CANS> CAMNKLBZ> CA> CAN. 

Also shown is the parameter T xl -T g. This parameter is 

commonly used in order to assess glass formation tendencies in a 

variety of systems 147• In particular, this parameter is used to 

determine the stability of certain "fragile" liquids according to 

Angell's classification. Typically, for such materials, the viscosity 

decreases rapidly in the region of crystallization. Therefore, T xl -T g 

provides a measure of the steepness of the viscosity slope and hence 

an indication of the width of the stable region. This is an especially 

important measure when considering materials for fiber pulling. 

Thus, for the most stable glass, the quantity T x 1-T g should be large. 

According to the data presented in the table, CANB does 

possess the largest value of this quantity. However, there are some 

discrepancies when comparing the values for the other compositions. 

For example, the value for the binary system CA is 156 while that for 

the CAN glass is 157. Essentially, these compositions display the 

same value of this index despite their widely different glass 
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formation properties. In addition, T xl -T g is significantly greater for 

the CANS glass than for the CAN glass. It was previously 

demonstrated that CAN is a better glass former than CANS according 

to qualitative measures. According to these results, the glasses 

would be classified in terms of relative glass forming ability as 

CANB> CAMNKLBZ> CANS> CAMNKB> CAN>CA 

Also shown in this table is the quantity T x2 -T x 1 which 

represents the differences in crystallization temperature upon 

cooling and heating. This parameter indicates the width of the 

crystallization region. It is a critical measure for fiber drawing as it 

represents the region over which it is impossible to heat-treat the 

fiber without the occurrence of crystallization. The smaller this 

region, the easier it is to quench the melt to form a glass and the 

bigger the temperature range available to work the glass. 

As shown in the table, the glass CANB has the smallest value of 

this parameter. However, the results for the other glasses are not in . 

agreement with the results found during the qualitative 

experimentation. For example, it appears that the CAN glass is the 

worst glass former as it has the highest value of Tx2-Txl. In 

addition, the results for the binary CA glass seem to indicate that it is 

a better glass former than the CAMNKB glass despite their large 

difference in glass formation tendency. According to this parameter, 

the glasses would be rated as CANB> CAMNKLBZ> CA> CANS> 

CAMNKB> CAN. 
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5.2.3. Application of Glass Formation Theories 

In general, it is possible to conclude that various 

additives have a large impact on the glass formation tendencies in 

the calcium aluminate system. The increase in melt sizes and the 

decrease in cooling rates necessary for glass formation are striking 

even with the substitution of as little as 6 mol % of alkali or alkaline 

earth oxide. In addition, it is also evident that the barium ion is 

particularly attractive in terms of glass forming ability. Compositions 

containing this ion are the most stable of all systems selected for 

study. The large melt sizes which are possible with such additions 

permit a more complete characterization of the calcium aluminate 

system. 

However, in terms of standard assessments of glass forming 

behavior it is difficult to analyze this behavior. As demonstrated 

completely with the DT A results, common empirical indicators of 

glass formation do not adequately reflect the glass formation 

tendencies within this system. In fact various indices not only give 

results which are contrary to those found qualitatively but also 

contrary to one another. 

The theories of glass formation outlined in Chapter 2 do not 

appear to offer any additional insight and fail to explain glass 

formation in this system. Several of these theories will now be 

applied to the calcium aluminate system and their advantages and 

limitations will be discussed. In general, it is safe to conclude that 
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while some theories may explain why glass formation does occur in 

the binary calcium aluminate system, the large increase in glass 

forming ability with the addition of modifiers is not adequately 

described. 

For example, Zachariasen's random network hypothesis may 

describe the structure of calcium aluminate glasses. Since it has been 

determined that the coordination of alumina is four for all of the 

conventionally derived glasses, it may be assumed that Zachariasen's 

hypotheses have been met. However, the enhanced glass formation 

in the multicomponent glasses is not demonstrated within this 

framework. Due to the similarities in the alumina coordination it 

would be expected that these criterion have been met for both 

groups of glasses. 

This is also the case for Goldschmidt's radius ratio criterion. He 

postulated that glass forming oxides are those for which the radius 

ratio ranges from 0.2 to 0.4. Since alumina is in a tetrahedral 

configuration, it therefore acts as a glass former. However, the 

addition of alkali and alkaline earth oxides changes neither this 

coordination nor the radius ratio. Thus, it is difficult to quantify the 

effects of compositional changes within the framework of this theory. 

Critical Cooling Rate calculations as used in T -T -T diagrams are 

a useful way to quantify the conditions necessary for glass formation. 

However, there are a number of practical and theoretical limitations 

to their ,application for certain systems. First, it is very difficult to 

measure cooling rates without perturbing the sample (especially for 
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marginally stable compositions). Second, except for samples of very 

small size, cooling rates will be non uniform throughout the sample. 

On the theoretical side, critical cooling rates have an obvious utility 

only for compositions which devitrify homogeneously. If 

crystallization ensues as a result of bulk heterogeneities, then the 

measured critical cooling rate will fluctuate greatly from one 

experiment to the next. If crystallization initiates from the surface, 

then the fraction crystallized will depend on the sample size, shape 

and surface polish. As described in Chapter 4, the calcium aluminate 

glasses were found to crystallize from the surface for all 

compositions. Therefore, the measurement of critical cooling rates 

could not be performed reliably for this system. 

Although the concept of glass formers, modifiers and 

intermediates is at times a useful classification, it does not explain 

the glass formation properties observed in the present system. As 

discussed in Chapter 2, alumina is described as an intermediate, 

signifying that it can not form a glass on its own, but may when it is 

combined with other oxides. This may account for glass formation in 

the binary calcium aluminate system but does not describe the 

enhanced glass formation seen with the addition of alkali and 

alkaline earth oxides. These oxides are classified as network 

modifiers and, therefore, the glass formation properties should be 

diminished when they are present in the melt. 

Both Dietzel's and Sun's criteria suffer from the limitation that 

only primary bonds are considered, even though atomic mobility at 
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and above the glass transition temperature is more likely due to the 

rupture and reformation of the weaker secondary bonds. An 

additional concern and with particular relevance to the present 

system, involves Sun's calculation of his bond strengths. His system 

lacks a rigorous scientific basis, primarily because the coordination 

numbers were chosen arbitrarily in order to reflect trends observed 

by experimental testing. Although CaO in its crystalline form has a 

coordination number of 6, Sun assigns a value of 84 • If instead the 

value of 6 was properly chosen, then we would determine that the 

single bond strength was 43 as opposed to 32. 

For the calculation of the bond strength of A1203, Sun assumes 

a coordination number of 6. If we use the known coordination of 

alumina in calcium aluminate glasses, then the bond strength rises to 

a value of 101. Therefore, alumina in four-fold coordination becomes 

a network former instead of an intermediate. This then explains the 

behavior of alumina as a glass former in aluminate glasses. 

The dramatic improvement of glass forming ability with the 

addition of barium cannot be explained by simple field strength 

arguments. According to this reasoning, the glass structure is 

composed of AI04 tetrahedra. The structure is charge compensated 

by an alkali or alkaline earth oxide. The electron clouds in the region 

between the bridging oxygen cores and the Al cores are strongly 

attracted toward the alkali or alkaline earth oxide as the field 

strength of this ion increases. As a result, ions with large field 

strengths facilitate viscous flow thus favoring crystallization of the 
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glasses. Barium has an extremely high field strength and thus should 

have a lower impediment towards crystallization. However, it has 

been shown in the present investigation that barium is a very 

effective addition to the calcium aluminate system which greatly 

enhances the glass forming ability. Therefore, field strength 

arguments fail to account for such behavior. 

Sakka and Mackenzie's relationship also fails to adequately 

explain the DT A results for the calcium aluminate system. The 

parameter TgI Tm has been calculated in Table 5.1 for the six glasses 

for which this data is available. 

Composition TgI Tm 

CA .587 

CAN .544 

CANB .529 

CANS .524 

CAMNKB .532 

CAMNKLBZ .558 

Table 5.1: T g/T m for Selected Compositions 

It may be recalled that Sakka and Mackenzie suggested that this 

ratio should be equal to 2/3. The values seen here for the calcium 
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aluminate based glasses are significantly less than 0.66. The 

rationale behind this ratio is that it relates to the viscosity at the 

nose of a T -T -T curve. The higher this ratio then the more viscous is 

the melt. The low values seen here suggest that the melt is very 

fluid and hence crystallization should be relatively easy. 

This is clearly not the case for the glasses studied with the 

exception of the binary CA glass. In fact, the glass with the highest 

value of this ratio is the binary CA glass despite the fact that it is a 

very difficult glass former. Although the T g/T m ratio does 

emphasize the importance of a high viscosity towards glass 

formation, it does not hold valid for several important glass formers. 

Ge02 for example, which can readily form a glass by itself, has an 

unusually low value of this parameter. 

Hruby's parameter does also not adequately describe the 

observations of glass forming ability in calcium aluminate based 

glasses. The value of 

K = _T_x _-_T,,"-g 
gl T-T 

m x 

(5.1 ) 

has been tabulated for the six glasses in Table 5.2. Although the 

CANB glass does have the largest value of this index and the CA glass 

the lowest, the values for the other glasses do not agree with 

qualitative estimates of glass forming ability. 
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Composition K21 

CA .367 

CAN .306 

CANB .612 

CANS .405 

CAMNKB .415 

CAMNKLBZ .484 

Table 5.2: Values of KgI for Selected Compositions 

The use of the KgI parameter is based on the concept that the 

thermal stability of a glass on subsequent reheating is directly 

proportional to the ease of its formation. Implicit in this approach is 

the assumption that all glasses are in comparable states at the glass 

transition temperature. However, it is well known that thermal 

history affects the properties of the glass at this point. Therefore, it 

is not surprising that the use of this parameter often fails to 

characterize the glass forming ability of a particular system. 

While being a useful empirical marker for likely glass-forming 

systems, the structure predicted for the amorphous solid is based on 

the microcrystallite model which is at variance with the commonly 

held belief that the glass has a random network structure. 

Nevertheless, there is almost certainly some deep connection 

between the facility of glass formation and the existence of several 
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crystalline polymorphs of the same material. The fact that several 

structurally unrelated polymorphs of comparable energy exist 

implies that the structural unit involved can occur in several 

conformations with little difference in strain energy. This is a 

necessary condition if an amorphous solid, construed as a continuous 

random network of the structural units, is to exist having a 

sufficiently low internal strain energy that it can be metastable. 

When applied to glass formation in the calcium aluminate 

system, this theory is lacking as there are no polymorphs as seen in 

the phase diagram provided in Chapter 2. Thus glass formation 

should not be favored for the binary system. In terms of the 

multicomponent glasses, it is unlikely that such small additions of 

modifiers could produce additional polymorphic forms. Therefore, 

Goodman's structural theory of glass formation can also not explain 

the glass forming properties of the calcium aluminate system. 

5.2.4. Interpretation of Other Physical Data in Relation to Glass 

Formation 

In an attempt to understand glass forming ability in the 

calcium aluminate system several additional considerations must be 

taken into account. The crystallization rates, structure, viscosity and 

the products of crystallization all offer valuable insight into the 

enhanced glass forming ability. This data and its relation to the glass 



formation properties of the calcium aluminate system will be 

discussed in detail in this section. 

5.2.4.a Crystallization Products 
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The nature of the crystallization products from the 

detailed analysis of the four calcium aluminate based glasses offer 

insight into the glass forming ability of the system. As shown in 

Table 4.17 the crystallization products for the binary glass are those 

predicted by the phase diagram. It is particularly interesting that 

these same products are seen for the multicomponent glasses. The 

CANB glass also has an additional crystalline phase, the BaA1204. 

This phase, however, is produced only in very minor amounts. 

Therefore, it is possible to view the mUlticomponent glasses as 

modified binary glasses. The crystallization processes will be 

essentially similar across all four glasses since the same crystalline 

phases are precipitating in each. This suggests that for the 

multi component glasses, the issue of the requirements for diffusive 

transport may be important. 

5.2.4.b Viscosity Data 

The viscosity of the various glasses undoubtedly plays a 

role in the glass formation properties of the calcium aluminate 

system. Although no high temperature viscosity data was available 
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and even low temperature viscosity data for the binary glass was 

lacking, some information can be gained through the examination of 

the data presented in Figures 4.3-4.5 for the CAN, CANS, and CANB 

glasses. It has been established that while the CAN and CANS glasses 

display an enhanced glass forming abili ty when compared to the CA 

glass, the CANB glass demonstrates superior glass forming properties. 

The viscosity data in Figures 4.3 through 4.5 can be made more 

meaningful if it is transformed into a different format. 

AngeW47 has suggested a new terminology for glass forming 

liquids based on the relationship between the viscosity and the 

reduced temperature. In plots of T grr vs. log viscosity he has 

observed two distinct behaviors for differing classes of glass forming 

materials. "Fragile" liquids have structures which degrade as the 

temperature increases above T g. This is manifested in a large change 

in the heat capacity. In addition, their viscosity plots exhibit high 

and low temperature Arrhenius behavior while their intermediate 

behavior may be characterized by a modified version of the Vogel

Tamann-Fulcher equation. "Strong" liquids, on the other hand, 

demonstrate small changes in their heat capacity in the vicinity of 

T g. This is also manifested by Arrhenius behavior and hence a single 

relaxation time over the temperature range. 

The viscosity data for the CAN, CANS, and CANB glass have 

been plotted versus Tgrr. This data is shown below in Figure 5.1. 

As defined by Angell, the fragile liquids have curves which appear 

on the lower right side of the diagram. As can be seen, the CANB 
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composition is a less fragile liquid than the CANS and CAN glasses. 

Therefore, it demonstrates increased stability against crystallization 

processes. It is also interesting that the three glasses display rather 

similar values of the viscosity in this range. 
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5.2.4.c Crystal Growth Studies 

The thickness of a crystalline layer was plotted vs. time 

for two calcium aluminate based glasses at 850 0 C and is shown in 

Figures 4.09 and 4.10. The two glasses were chosen because they 

represent two extremes in terms of glass forming properties: the CA 

composition is the poorest glass former while the CANB is one of the 

best glass formers. In addition, the values of their crystallization 

peaks on heating, Txt, as shown by DTA are different by only 14 0 C. 

This allows certain comparisons to be made between the two glasses. 

From the figures, it is possible to see that the thickness of the 

crystalline layer grows much more- rapidly at a low temperature in 

the CA glass than in the CANB glass. From the slope of the lines from 

the data it is possible to calculate a crystal growth rate. This rate for 

the two glasses is shown below in Table 5.3: 

Composition C}"Ystal Growth Rate (cm/sec) 

CA 4.61 xl0-7 

CANB 2.38 x 10- 7 

Table 5.3: Crystal Growth Rates for CA and CANB 

As can be seen, the crystal growth rate for the binary glass is almost 

twice as large as that observed for the CANB glass. 
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In order to conclusively prove this, it would be necessary to 

study the entire range of crystallization and to measure the rates 

throughout the complete temperature spectrum. While such data is 

lacking, it is still possible to suggest that the CANB composition 

exhibits a striking suppression in crystal growth rates when 

compared to the binary glass. 

It is also necessary to compare the viscosities of the two glasses 

in order to make this comparison more meaningful. However, 

viscosity data for the binary CA glass is unavailable due to stringent 

requirements on the sample size necessary for the measurements. It 

may be recalled that the maximum melt size for the binary system is 

7 grams. Therefore, the meaning of the crystal growth data 

presented here must be treated with extreme caution. While it is by 

no means definitive it may suggest that the crystal growth rate is 

higher for the binary glass than for the CANB glass. 

5.2.5. Rationale for Glass Forming Ability 

The totality of results presented to this point permit a 

deeper understanding of the glass forming ability in calcium 

aluminate based glasses. While the framework provided by the 

general theories and indices of glass formation do not provide a 

complete picture of glass forming ability, they do allow important 

influences to be identified. 
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For example, many of the models of glass formation outlined in 

Chapter 2 emphasize the importance of a low melting point to the 

likelihood of glass formation. This is an important consideration in 

understanding the narrow region of glass formation in the binary 

calcium aluminate system. If this region is compares to the phase 

diagram of the system, it becomes possible to explain the limits of 

glass formation based upon the location of the eutectic. The liquidus 

lines on either side of the eutectic rise very sharply, thereby, 

precluding the possibility of glass formation in other regions of the 

phase diagram. 

However, these theories fail to elucidate the reasons for the 

drastic differences in glass forming properties with the addition of 

modifying ions. The main failure of these theories is their lack of 

applicability to glasses within a certain system. They are quite 

useful in predicting differences among various system but do not 

extend toward the prediction of glass forming properties within a 

system. In addition, several of the models do not pertain to 

multicomponent glasses. Therefore, while they are practical for 

simple sy~tems such as Si02 or B203, they can not be utilized for 

systems of greater complexity such as those based on the calcium 

aluminate system. 

Another limitation of common theories of glass formation is 

their lack of distinction between the concepts of glass forming ability 

and glass stability. Glass stability is most sensitive to the 

temperature dependence of the viscosity in the vicinity of T g. Glass 
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forming ability. on the other hand. is more critically related to crystal 

growth rates at higher temperatures. Therefore. several of the 

models discussed in Chapter 2 are actually assessing glass stability 

rather than glass forming ability. The independence and 

interrelationships of glass forming ability and glass stability have 

been more fully defined in a manuscript by Weinberg148 • Awareness 

of such distinctions will permit a possible explanation for the 

enhanced glass forming ability observed. in the present investigation. 

In order to determine the reasons for glass formation in the 

present system two important points must be addressed. First it is 

important to determine why glass formation is possible in the binary 

system while it is not possible for -other aluminate based glasses. 

Secondly. it is necessary to ascertain the possible action of the 

additives in enhancing the glass forming properties over that 

observed in the binary system. 

In regards to the first point. the examination of phase diagrams 

for the other aluminate systems suggests a possible explanation. As 

seen from the calcium aluminate phase diagram. there exists a very 

deep-lying eutectic centered around 36 mol % A1203. In contrast to 

this behavior. the SrO-AI203. BaO-AI203. and ZnO-A1203 systems do 

not possess such eutectics. Rather, they have very high liquidus 

temperatures throughout the entire region of the phase diagram. 

The importance of the eutectic to the possibility of glass formation 

has already been discussed. Without this feature there is a very 

large range over which crystallization may occur. Therefore. the 
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existence of a eutectic decreases the difference between the melting 

temperature and T g . While the measure TL -T g may not be 

quantitatively accurate for compositions within this system, it does 

emphasize the importance of a low liquidus temperature to the 

possibility of glass formation. 

Therefore, it is possible to conclude that the existence of the 

eutectic in the CaO-A1203 gives rise to the unique possibility of glass 

formation while it is precluded in other aluminate systems. This is 

borne out by the results presented in Table 4.1 which demonstrate 

that the glass forming region in the binary system is strongly 

centered around this eutectic point. In turn, it is possible to question 

why this eutectic and the compound C12Al7 occur in this system. 

Such a question involves the thermodynamics of crystalline phases, 

the mixing of these phases, and the structure of melts in this system. 

However, such issues are beyond the intent of this dissertation. 

In order to address the second issue relating to the 

enhancement in glass forming ability with the addition of modifying 

ions it is necessary to examine several pieces of information. There 

are three possible ways in which these modifying ions could act. The 

first mode of action is that they could cause a decrease in the 

liquidus temperature of the melt. However, as noted in Table 4.10, 

these ions in most cases actually cause an increase in the liquidus 

temperatures. The second way in which they might act would be to 

cause a change in the value of dll/dT. Although there is no high 

temperature viscosity data available for this system, it is still 
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possible to rule this out as unlikely. All of the compositions are quite 

fluid at the melting temperature and at least for the low temperature 

viscosity data as presented in Figure 5.1, the viscosities of the three 

multicomponent compositions are all quite similar. The third 

possible mode of action for these additives is that they increase the 

need for diffusive transport in the melt. This point will be supported 

in the following discussion. 

The NMR results indicate that the three multicomponent 

systems have the same aluminum coordinations as the binary glass. 

Therefore, it is possible to conclude that the enhanced glass 

formation properties are not related to any changes in the formation 

of an extended three dimensional network in agreement with 

Zachariasen's model. It is instead assumed that a 3-dimensional 

random array of atoms is present not only in the binary glass but 

also in the ternary and quaternary glasses. It is most likely that for 

the multicomponent glasses the stabilizing additives occur in the 

interstices in the calcium aluminate matrix. 

It is also possible to note that while the origin of crystallization 

and the products of crystallization are identical for the four glasses, 

the rate of crystal growth differs considerably for the 

multicomponent glasses when compared to the binary glass. Since 

crystallization processes are dependent on diffusive transport, this 

would suggest that the beneficial actions of the sodium and barium 

are related to the fact that they create a larger need for diffusive 

transport in order for crystallization to occur. Since these stabilizing 
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atoms are located in the interstices of the network and since the 

same crystallization products appear for all the glass systems, these 

atoms must be moved in order for crystallization to occur. This is 

obviously more difficult than for the binary system where all the 

atoms which are present participate in crystallization. 

This conclusion is further supported by examining the superior 

glass forming compositions listed in Table 4.9. Two trends may be 

noted. The first one arises from an examination of the ternary 

compositions. It can be seen that as the size of the ion increases, so 

too does the glass forming ability. As the progression goes from MgO 

to BaO, the maximum melt size increase from 150 to 200 grams. In 

terms of the framework outlined above for diffusive transport, it 

would be expected that it would require greater energy for diffusive 

transport to occur for the larger ions. 

The superiority of the BaO addition over a Na20 can also be 

explained in terms of the charge of the ions. Ba has a charge of +2 

while Na has a charge of +1. In terms of diffusive transport, the 

energies associated with moving an ion with a +1 charge are lower 

than those for the transport of an ion which a charge of +2. 

Therefore, these observations are also in agreement about the 

importance of diffusive transport to the glass forming ability of this 

system. 

The second class of superior glasses are those containing six or 

more components. The barium atom is very large with an ionic 

radius =149 pm. This is significantly greater than the ionic radius of 
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calcium which is equal to 114 pm. Therefore, it is not surprising that 

an ion of such large weight and size could drastically affect the rate 

of diffusive transport. The enhanced glass forming ability of the 

glasses containing multiple components can also be understood in the 

same manner. The presence of a large number of elements filling the 

voids of the glass network decreases the number of free spaces 

which are available for diffusion. This situation causes the rate of 

diffusion to decrease and hence the crystal growth rate to decline. 

It is also interesting to note that even for the multicomponent 

glasses, the CaO: Al20 3 ratio is still centered around the eutectic 

point of the binary system. This again emphasizes the importance of 

the existence of the eutectic point. It is likely that even in the 

multicomponent glasses, the liquidus line rises sharply on either side 

of the eutectic. This would easily explain the relatively narrow range 

of alumina contents which can be induced to form glasses. 

5.3 Physical Properties of Calcium Aluminate Based 

Glasses 

Several of the physical properties of the calcium 

aluminate based glasses have already been discussed in relation to 

the glass forming ability. The results of various other properties 

(such as the density, refractive index and thermal expansion 

coefficients), while informative are not unusual for such glass 

systems. Therefore, these properties will not be treated in this 
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discussion. However, the infrared cutoff is both unusual and is of 

great technological significance. For this reason, only the processes 

controlling this property will be discussed in this section. 

It is quite interesting that the compositions formulated in the 

present study do not differ in the magnitude of their Infrared cutoff. 

Despite the additions of large amounts of modifying ions, the 

Infrared cutoff remains fixed at approximately 6 Ilm, as shown in 

Figure 4.8. In order to understand this, it is necessary to examine 

the optical properties in greater detail. 

The location of the cut-off wavelength in the infrared region of 

an oxide glass is determined by various absorptions such as the 

fundamental cation-oxygen ion stretching vibrations, overtone 

vibrations and water bands. However, the fundamental cation

oxygen stretching vibrations have the largest effect since its strength 

is the greatest. Four- coordinated AI-O is known to show 

fundamental absorption bands due to its stretching vibrations at 11-

14 Ilm. 

Although the wavelengths of the fundamental absorptions of 

the other cation-oxygen bonds have not been tabulated, they may be 

estimated from Hooke's Law. If it is assumed that the force constant 

is roughly proportional to the bond strength, then the wavelengths of 

absorption may be calculated. These calculations have been 

performed for the relevant cations in the calcium aluminate glasses 

and are tabulated in Table 5.4 . 
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Bond Type Reduced Mass Single Bond Relative 

Strength Wavelength 

Absorption 

AI-O 10.0 79 .36 

Na-O 9.4 20 .69 

Ba-O 14.3 33 .66 

Ca-O 11.4 32 .60 

Sr-O 13.5 32 .65 

Si-O 10.2 106 .31 

Table 5.4: Relative Wavelength Absorptions for Various Bonds 

The calculated data demonstrate that the relative wavelength 

absorption of the AI-O bond is the smallest of all the cations present 

in the calcium aluminate glasses. This suggests that the infrared 

cutoff is primarily determined by the AI-O stretching vibrations. 

This would account for the observation that all of the silica-free 

calcium aluminate glasses have quite similar infrared transmissions. 
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5.4 Spectroscopic Properties 

The spectroscopic properties of the four compositions 

were determined with the aid of the Judd-Dfelt model. As discussed 

in Chapter 2, there has been considerable debate in the literature 

about the possible physical significance of the Judd-Dfelt parameters 

which are subsequently used to derive other useful optical 

properties. Therefore, the first part of this section will focus on the 

examination of the parameters and the values of the derived optical 

properties. The latter part of this section will investigate the trends 

in the Judd-Dfelt parameters in relation to compositional changes. 

These will then be discussed in the framework of theories of their 

possible physical significance as presented in Chapter 2. 

5.4 .1. Judd -Dfelt Parameters 

It may be recalled that the Judd-Dfelt parameters are 

derived through a least squares fitting of the measured line strength. 

The parameters are then used to back-calculate the calculated line 

strength in order to assess the agreement between the model and the 

data. The measured and calculated line strengths are shown in Table 

4.21. As can be seen from the fit shown at the bottom of the table, 

the agreement between the data and the model is quite good. The 



largest discrepancy is only 2.5 %. This demonstrates that the 

parameters can be relied upon as accurate. 
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The Judd-Ofelt parameters are displayed in Table 4.22. Also 

shown for comparison, is data for ED-2 laser glass as determined by 

Krupke 104 • All of the 0 values have a maximum for the binary CA 

composition. It is evident that even a small replacement of calcium 

by sodium results in a dramatic decrease in the 0 values for CAN. 

The most sensitive intensity parameter as seen from these results is 

02. The replacement of calcium by both sodium and barium in the 

CANB glass results in a smaller change from the binary but with 

greatest change occurring in the value of 06. The combination of 

sodium and strontium causes a large decrease in 02 but the 04 and 

06 values remain close to those found for the CANB glass. 

When compared to the results found for a commercial laser 

glass (ED-2), the calcium aluminate based glasses exhibit some 

interesting changes. The smallest Judd-Ofelt parameter for the ED-2 

glass composition is 02 while the largest is 06. In contrast, all four 

of the calcium aluminate based glasses have a minimum in the value 

of 06 and a maximum for 04. This differential ordering will have 

important consequences for the values of the other optical 

properties. 

In contrast to other systems seen in the literature, the Judd

Ofelt parameters for the calcium aluminate based glasses appear to 

be quite sensitive to minor compositional changes. For other glass 

systems 136, a minor change in composition, such as these small 
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substitutions, are reflected in only moderate changes in the g values. 

This suggests that it may be possible to obtain wide variations in the 

spectroscopic properties of calcium aluminate based glasses by 

slightly modifying their compositions. 

5.4.2 Branching Ratios and Transition Probabilities 

The transition probabilities are displayed in Table 4.23. 

As can be observed, they also appear to be relatively sensitive to 

the small compositional changes. For the transition at 880 nm., the 

CAN composition exhibits the largest change from the value found for 

the binary CA glass. However, for the last three transitions (those at 

1060, 1350, and 1880 nm.) the largest change from the binary glass 

is seen for the CANB system. The branching ratios, shown in Table 

4.24, also demonstrate similar trends. This is to be expected since 

they are derived directly from the transition probabilities. 

The branching ratios for the calcium aluminate glasses are 

unusual because the transition to the 419/2 level (which occur at 880 

nm.) is favored over the transition to the 411112 level (which is seen 

at 1060 nm.). For most glasses, the transition probability, and hence 

the branching ratio is greatest for transitions to the 411112 level. 

The branching ratios depend on the transition probabilities as 

calculated by Eq. 4.3, which in tum depend on the refractive index 

and the JO intensity parameters as shown in Eq. 4.2. Since the value 
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of U(2) for these transitions is zerol07 , the branching ratios depend 

only on !l4 and .06. 

It can be shown that in order to maximize the branching ratio 

to the 4111/2 state, the value of .06 must be greater than !l4, whereas 

to maximize the transition to the 419/2 state, the opposite is 

required. The dependence of the branching ratios for the four 

transitions on the relationship between !l4 and.Q6 is shown in Figure 

5.2. 

It has been noted that for all four calcium aluminate 

compositions, the value of !l4 is greater than the value of !l6, and this 

feature is responsible for the somewhat unusual values of the 

branching ratios found. However, this reversal has also been shown 

to occur in chloride glasses129• 
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5.4.3. Fluorescence Measurements 

The fluorescence lifetimes for the four compositions and for ED-

2 are listed in Table 4.25. The binary glass (CA) has the shortest 

fluorescence lifetime while the CANB glass has the largest. In 

contrast to other measurements, the fluorescence lifetime values do 

not vary greatly among the four compositions. In comparison to the 

ED-2 commercial laser glass the fluorescence lifetimes are slightly 

smaller. The values of the fluorescence lifetime and the peak 

wavelength of fluorescence found in the present study are 

comparable to those measured for Nd3+ in a calcium aluminate based 

'glass containing 10 mol % silica139. 

The peak fluorescence wavelength is also shown in Table 4.25. 

This value does not vary significantly within the four compositions 

but is rather large when compared to silicate or borate glasses. 

Calcium aluminate based glasses have relatively large peak 

wavelengths, centered around 1069 nm as compared to 1052-1057 

nm in phosphate glasses, 1054-1062 in borates, and 1060-1063 in 

germanates l49 • The shift in peak wavelength with changes in 

composition is due to the nephelauxetic effect and indicates the 

relatively high covalency of the Nd-O bonds108 in the calcium 

aluminate glasses. 
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5.4.4. Fluorescence Linewidth and Emission Cross Section 

The fluorescence linewidth and the emission cross section 

will be discussed in the same section as they are closely related to 

one another. The effective linewidth is shown in Table 4.25. For all 

four glasses, the effective linewidth was quite large and did not vary 

greatly with composition. The largest difference was observed for the 

CANS glass. When compared to the ED-2 glass, it is possible to see 

that this value is extremely large. However, similar results have also 

been found for a calcium aluminate based glass containing 10 mol % 

Si02 139• Figure 5.4 compares the -fluorescence linewidth for calcium 

aluminate based glasses with other Nd3+ doped glass forming 

systems. 

The results of the stimulated emission cross section calculations 

are shown in Table 4.26. Since the cross section is an indication of 

the gain which can be achieved with a particular host, it is desirable 

to have a large value of this parameter. It is interesting that the best 

value among the calcium aluminate based glasses occurs for the 

binary glass. The CANB and the CANS glasses demonstrate equal 

values of the emission cross section, while the value for the CAN 

composition is slightly higher. When compared to the value for the 

ED-2 laser glass, the values for the calcium aluminate based glasses 

are quite low. 
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As shown in Eq. 4.4, the stimulated emission cross section is 

proportional to the peak fluorescence wavelength and the 

linestrength and is inversely proportional to the effective line width. 

The linewidths found in the present system are so similar in 

magnitude that it is difficult to make correlations with changes in 

composition. As described above the peak fluorescence wavelength 

for these glasses is rather large which is favorable for the emission 

cross section. However, it is the extremely large width of the 

fluorescence peaks which are primarily responsible for the observed 

small emission cross sections. 

The fluorescence linewidth of the 4F312-->411112 transition 

has been shown to be quite sensitive to the electrostatic environment 

of the host glass l49 • Narrow linewidths are found when ions of small 

field strength are present. Conversely, ions of large field strength 

and mixed anion glasses exhibit broader linewidths, indicating an 

asymmetric coordination sphere 13. The breadth of the fluorescence 

band indicates a stronger local field or more site-to-site variations in 

the field (greater disorder). Within a given glass forming system, the 

effective linewidth is found to increase with increasing charge and 

decreasing size of the modifying cation1so• 
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5.4.5. Quantum Efficiency 

Since calcium aluminate glasses have rather good mid IR 

transmission, the highest frequency stretching vibrations in the glass 

occur at relatively low energies. Thus multiphonon, non-radiative 

relaxation of the Nd3+ lasing level is comparatively difficultI°1, and 

small non-radiative decay probabilities are possible. As predicted, 

the calcium aluminate based glasses demonstrated high quantum 

efficiencies, in the range of 0.8. The quantum efficiencies were quite 

similar for all four compositions and compare favorably with values 

for commercially available laser host glasses (.61 for S33 laser glass, 

.83 for ED-2 laser glass)104. 

As shown in Eq. 4.5, a high quantum efficiency results from 

either a long fluorescent decay time or a small radiative lifetime. 

The fluorescent decay times for the calcium aluminate glasses are 

rather short. Hence, the high quantum efficiencies observed in this 

system are due to the small radiative lifetimes. A comparison of the 

radiative lifetimes of the calcium aluminate based glass and other 

glass forming systems is shown in Figure 4.6. The radiative lifetimes 

calculated from the Judd-Ofelt model are the reciprocal of the total 

transition probability for all downward transitions from the 4F3/2 

level. The total transition probability is unusually large for the 

present glass system. 
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The high quantum efficiency is rather unusual because the 

calcium aluminate compositions have been shown to contain 

significant quantities of water lSl • The overall decay rate can be 

expressed as the sum of the lifetimes for radiative and non-radiative 

processes. The non-radiative lifetime can be further defined by: 

(5.3) 

where 'tMP-l represents the multiphonon decay rate, 'tCQ-l is the 

rate of concentration quenching which is proportional to the xth 

power of the Nd3+ concentration, and 'tOH-1 is the decay rate due to 

water contained in the glasses. The contribution of water to the non

radiative decay rate is quite significant due to its greater vibrational 

energy. Thus, it is likely that the high water content of the glasses is 

largely responsible for the short fluorescent decay times and that 

vacuum melting to eliminate water would increase further the 

quantum efficiencies. 
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5.4.6. Compositional Dependence of Judd-Ofelt Parameters 

In order to understand the origin of the compositional 

dependence of these quantities, it is necessary to examine the 

changes in the Judd-Ofelt parameters among the four compositions. 

In the glasses studied in the present investigation, there are three 

influences which must be considered when evaluating the changes in 

the Judd-Ofelt parameters. The first is the substitution of an alkali 

ion for Ca (i.e. composition CAN vs. composition CA). Sodium has a 

different charge and a smaller ionic radius than calcium. Both factors 

could contribute to a change in Judd-Ofelt parameters. The second 

influence is the effect of a combination of alkali and alkaline earth 

ions and a resulting increase in overall modifier content (i.e. CANB 

and CANS vs. CAN and CA). The third influence occurs in the 

progression of the series CAN, CANS, CANB. Here, the size of the 

alkaline earth ion is increasing and the field strength is decreasing, 

attaining a minimum for the barium ion. 

In light of the trends which have been observed with 

compositional changes, the physical significance of the Judd-Ofelt 

parameters has been discussed by several authors. In general, the 

Judd-Ofelt parameters relate to interactions between the ligand field 

and the electronic levels. It has been found that the addition of 

small amounts of modifying ions to a particular system does not 

greatly affect the Judd-Ofelt parameters. Most authors have 
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postulated that the Judd-Ofelt parameters 04 and 06 are believed to 

be less affected by the local structure than 02 116.135• Hence, in 

discussions of the physical significance of the Judd-Ofelt parameters, 

02 has been considered separately from 04 and 06. 

From comparisons of fluorides and aqua ions with mixed oxides 

in a variety of vitreous systems, Reisfeld and Jorgensen have 

suggested that 02 is an indicator of covalent bondingI33.152, attaining 

large values with strong covalent bonding. With particular 

relevance to the modifying ions used in the present system, 

Izumitani et al. have found that 02 decreases in silicate glass 

systems as the modifier is changed from Ca to Ba, while it increases 

with the addition of Na1l3. In contrast, Nageno et al. found that 

sodium causes a decrease in 02136. From investigations of Er3+ doped 

alkali metal borate glasses, Tanabe et al. have correlated large 02 

values with increasing asymmetry of the local environment of the 

rare earth ionls3. 

The physical meaning of 04 and 06 is still rather unclearls2 . The 

rigidity of the network surrounding the rare-earth ion was suggested 

to influence the magnitude of 04 and il6 133.152. Tanabe et al. related 

the optical basicity of the network to the values of 04 and il6153. 

Izumitani et al. observed th:!t 04 and 061s3decrease as the field 

strength is decreased and that sodium causes an increase in these 

values l13 • This result was also confirmed by Nageno et al. and was 

related to the ionic packing ratios136 • 
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As shown in Table 4.22, the Judd-Ofelt parameters for the 

calcium aluminate system appear to be quite sensitive to the 

modifying cation additions. The 02 values do not seem to follow the 

trends described by Izumitani et al. and actually run contrary to 

those expected based on data from other systems. Considering the 

electronegativities, one would expect the bonding in the present 

system to be ionic rather then covalent. The 04 and 06 values also do 

not change consistently and do not vary together in the same manner 

as seen in most other glass systems. 

In general, our results show opposite trends to those found in 

silicate systems and the 0 values appear to vary in a random way 

with composition. Although the absorption spectra of the Nd ion in 

vanous compositions is quite similar qualitatively, it is the line 

widths, the relative strengths and the absolute strengths which differ 

across compositions. It has been noted for silicate based glasses that 

modifying cations with low electrostatic field strength such as K+ 

cause the oxygens in the glass to create a crystal field of low 

symmetry and high resolution l54 • Ions with high electrostatic field 

strength such as Ca2+ change the surrounding oxygens so that 

spectra with high symmetry and low resolution occur. 

In considering the physical significance of the Judd-Ofelt 

parameters in the calcium aluminate system, note should be taken of 

the structural implications of the addition of modifying ions to the 

glass. Both Nd3+ and the alkali and alkaline earth ions are network 

modifiers which are incorporated in voids of the network formed by 
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the network former-oxygen ions. For low modifier concentrations, it 

is unlikely that free space in the vicinity of the Nd3+ ions is occupied 

by modifier ions, due to repulsion of charges. Furthermore, for low 

modifier concentrations, the tetrahedral aluminate network-forming 

units can be assumed to have only one non-bridging oxygen and 

hence the free space in the vicinity of the Nd3+ ion should not be 

occupied by modifier ions. 

For higher alkali and alkaline earth concentrations, however, it 

is inevitable that free space in the vicinity of the Nd3+ ion will be 

occupied. The occupation of the free space in the vicinity of the Nd3 + 

ion influences the symmetry and/or covalency of the glass at the 

N d 3+ site. Thus, changing the modifiers may have a large influence 

on the physical properties of the glass but has hardly any on the 

symmetry and/or covalency at the Nd3+ site (at least when there are 

much fewer modifier ions than network-forming units). Hence, the 

variations seen here in the Judd-Ofelt parameters with changes in 

the modifier ion cannot be explained by simple symmetry 

arguments. 

The drastic changes seen in these parameters with the addition 

of the modifying ions may also be related to the enhanced glass 

formation properties discussed earlier. Although it would be 

expected in general, that modifying ions create non-bridging oxygens 

in the network, the improved glass forming ability would seem to 

disprove this. In terms of the spectroscopic properties of glasses, the 

influence of non-bridging oxygens in the glass structure appears to 
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be smallI s4• The spectra of Nd3+ in alkali silicates and 

aluminosilicates appear quite similar despite a higher proportion of 

non-bridging oxygens in the alkali silicate glasses. Therefore, the 

large change in spectroscopic properties can not simply be associated 

with an increase in non-bridging oxygens in the glass structure. 

The dramatic difference in the n values can only be explained 

if one does not assume a random placement of the Nd3+ ions in the 

glass. If it is assumed that there is a preferential placement of the 

N d 3+ ion in the vicinity of a particular modifier, then it is possible to 

speculate that large variations in the Judd-Ofelt parameters would 

result. It is important to emphasize that macroscopic parameters 

such as the emission cross sections and fluorescence lifetimes are 

essentially statistical averages due to the random structure of glass, 

while the Judd-Ofelt parameters are more microscopic in nature. 

Hence it is not surprising that there is little variation in these 

macroscopic entities with compositional change. 

Overall, it may be possible to conclude that the Judd-Ofelt 

parameters are not physically significant in a definable way. Rather 

they simply represent empirically derived quantities. This would 

suggest that it is possible to over-interpret the meaningfulness of the 

n values based upon observations within a particular glass forming 

system. While their utility may still be great due to their relation to 

certain useful optical properties, they may not be wholly meaningful 

in their own right. 
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5.5. Glasses Containing CaF2 

5.5.1. Glass Forming Ability 

CaF2 replaced CaO for several glasses in the CA and CANB. 

The motivation for this addition was an attempt to improve the 

emission cross section. As demonstrated above, the magnitude of the 

emission cross section in the calcium aluminate system is mainly 

governed by the effective linewidth. The rather small emission cross 

sections are due to the large effective linewidths. It has been shown 

that narrow linewidths are found when ions of small field strength 

are present. Therefore, it was anticipated that the addition of 

fluorine atoms to the melt would decrease the effective linewidth 

which would result in an improvement in the emission cross sections. 

It was demonstrated from the studies of glass forming ability 

in the CaO-AI203-CaF2 and CaO-AI203-Na20-BaO-CaF2 system as 

shown in Figure 4.1 and Table 4.12 that approximately 20 mol % 

CaF2 could be substituted for CaD without the occurrence of 

crystallization. In addition, it was also shown that, at least for the 

binary system the substitution of CaF2 resulted in a slight increase in 

the glass forming ability. This was reflected in the increase of CaO: 

Al203 ratios which could form glasses. Although no DTA results are 

available for this system, it is possible that the increase in glass 

forming ability is due to a decrease in the liquidus temperature of 

this ternary system. CaF2 has a melting temperature of 1422 0 C 
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while CaO and Al203 have melting points of 2570 0 C and 2050 0 C 

respectively. Therefore, it would be expected that the addition of a 

low melting compound would decrease the overall melting 

temperature. 

5.5.2. Spectroscopic Properties 

In order to observe the effects of the CaF2 substitution it is 

useful to compare the results for the two base compositions, CA and 

CANB, with the same compositions which contain fluorine, CAF and 

CANBF. The results for the Judd Ofelt parameters are seen in Table 

5.5 below. 
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Composition 02 !l4 06 

CA 4.87 5.50 3.42 

CAF 4.94 5.45 3.47 

CANB 4.46 5.18 2.73 

CANBF 4.46 5.25 2.63 

Table 5.5: Comparison of Judd-Ofelt Parameters for CaF2 Containing 
Glasses and Their Non-CaF2 Containing Analaogs 

The origin of these small changes is the slight change in the 

linestrengths which occurred as a result of the CaF2 substitution. 

This was evidenced in a slight alteration of the UV Nis Absorption 

Spectra of the glasses. It is interesting that for the CA glass the 

largest change in these parameters with the addition of CaF2 occurs 

in 02. The values of 04 and 06 exhibit only minor changes with the 

addition. The CANB composition, on the other hand, manifests an 

opposite trend. The addition of CaF2 to this glass results in no 

change in the value of 02, while the values of 04 and 06 are 

changed. However, it should be emphasized that these slight 

differences may not be meaningful since they are only slightly 

greater than the experimental error associated with such 

measurements. 
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In general, it has been postulated that 02 is the most sensitive 

parameter to the local environment of the Nd3+ ion. Therefore, it is 

particularly surprising that the CANBF glass does not change in this 

value but does change in the less sensitive parameters, 04 and 06. 

As discussed in the previous section, the physical significance of 

these parameters is unclear. Therefore, any interpretation of these 

changes is difficult to make. However, it can be concluded that in 

some way, the addition of the CaF2 has slightly altered the 

immediate environment of the Nd3+ ion. 

The transition probabilities and the branching ratios also 

demonstrate slight changes with the substitution of CaF2. The total 

transition probability for the CA decrease slightly; this results in a 

slight increase in the value of 'tcrad. Since the fluorescence decay 

time does not change, this in turn causes a slight decrease in the 

quantum efficiency. This same situation occurs for the CANB 

composition. 

It is therefore rather surprising that the two glasses with a 

substitution of 10 mol % CaF2 demonstrated only minimal decreases 

in the effective linewidth. It might be expected that a greater 

decrease in the effective linewidth would be observed. The changes 

in this linewidth, fluorescence decay time and stimulated emission 

cross section are shown below in Table 5.6. 
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Composition 'tf (Jlsec) AAeff (J (x 10-20) 

CA 250 47 1.63 

CAF 250 43.5 1.75 

CANB 277 49 1.32 

CANBF 275 45 1.42 

Table 5.6: Comparison of Fluorescence Properties for CaF2 Containing 
Glasses and Their Non-CaF2 Containing Analogs 

It can be seen that the fluorescence decay times are relatively 

unchanged by the addition. The effective linewidths do exhibit a 

decrease and this is translated into an increase in the stimulated 

emission cross sections. However, it was anticipated that larger 

changes would result from the addition of CaF2. The width of the 

fluorescence band is a measure of the extent of the Stark splitting of 

the initial and final J manifolds and inhomogeneous broadening 

resulting from site-to-site variations in the local field at the rare 

earth. This width is determined by the glass network forming and 

network modifying ions. The glass anions because they are the rare 

earth ligands have the greatest effect on the linewidth. In general, 

the smaller the anionic field strength, the smaller the Stark splitting 

and the narrower the effective width. Thus fluoride and chloride 

glasses have narrower linewidths than oxide glasses. 
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There are several possible explanations for this behavior. The 

first possibility would be that a large percentage of the fluorine ions 

was lost during the melting process. The high temperatures used for 

melting and the low heat of vaporization of fluorine compounds 

would support this possibility. No elemental analysis was available 

to confirm this hypothesis. 

Another possibility is that the 10 mol % of fluorine atoms used 

in the present study is not a large enough percentage to substantially 

impact the overall properties of the glass matrix. Since it is the 

environment of the Nd3+ ion which is being probed by the 

fluorescence measurements it is conceivable that the addition of 

fluorine does not change this environment. It is possible that greater 

amounts of fluorine will alter this environment and will result in 

changes in the linewidth. This would be true if the fluorine ions 

were concentrated in a region of the glass matrix which was 

separated from the location of the Nd3+ ions. Since the maximum 

amount of CaF2 which can be incorporated into the glass is 20 mol %, 

the spectroscopic properties of glasses with this CaF2 content should 

be investigated. 



6. CONCLUSIONS 

Glass FQrmin~ Ability 

(1). The glass forming ability of the binary calcium aluminate 

system is extremely limited, and glasses can only be formed in a 

narrow range of 61-66 mol % CaO. 

(2). Glass formation in other aluminate systems does not appear 

possible under the present conditions. 
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(3). It is possible to form sol-gel glasses in the binary system. The 

sol-gel system allows a larger range of compositions to be made. 

(4). There is a dramatic improvement in the glass forming properties 

of the system with the addition of alkali and alkaline earth oxides. 

(5). With appropriate additions, glasses may be formed in extremely 

large sizes. 

(6). The most effective additions appear to be the larger ions. The 

use of more than one additive appears to be quite effective 

(7). The substitution of CaF2 for CaO enhances the glass forming 

ability of the binary system. 

(8). The use of additives does not decrease the favorable Infrared 

cutoff of the glass. 

(9). Traditional theories and indices of glass forming ability fail to 

explain the glass forming ability within the calcium aluminate 

system. 
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(10). Qualitative analyses such as variations in cooling rate and 

sample size appear to be a useful method for evaluation of relative 

glass forming ability. 

(11). The crystallization products for the multicomponent glasses are 

the same as are seen in the binary system (C12A17 and C3A). In all 

cases crystallization originates from the surface. 

(12). The crystal growth rate for the binary CA glass is almost twice 

that observed for the CANB system. 

(13). The use of additives does not decrease the liquidus 

temperature of the mel t. 

(14). The viscosities for the multicomponent glasses are quite 

similar. 

(15). The possibility of glass formation in the binary calcium 

aluminate system is related to the existence of a eutectic point. Lack 

of this eutectic in other aluminate systems precludes the possibility 

of glass formation. 

(16). The enhanced glass forming ability associated with the use of 

stabilizing additives is most likely to the greater requirement for 

diffusive transport. 

Structure 

(1). The binary calcium aluminate glass contains only four 

coordinated aluminum. 
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(2). Glasses containing a small amount of alkali and alkaline earth 

oxides also contain only four coordinated aluminum. 

(3). 30 CaO-70 Al203 and 50 CaO-50 Al203 sol-gel derived glasses 

contain four-, five-, and six-coordinated aluminum when heat 

treated at 400 0 C. 

(4). As the heat treatment temperature is increased, the five

coordinated aluminum disappear and the four-coordinated aluminum 

increases. 

(5). At heat treatment temperatures of 750 0 C, the 50 CaO-50 Al203 

sol-gel glass contains 21.6 % of octahedral aluminum while the 30 

CaO-70 Al203 sol-gel glass contains 55 % of octahedral aluminum. 

(6). The existence of the six-coordinated aluminum can not be 

explained by compositional considerations. 

(7). The octahedral aluminum may be related to the water content of 

the sol-gel glasses or might suggest basic underlying structural 

differences between gel-derived and conventionally prepared 

glasses. 

Spectroscopic Properties 

(1). The calcium aluminate system appears to be an interesting 

candidate as a new laser host material. 

(2). The J udd-Ofelt parameters vary greatly for small compositional 

changes within this system. This may suggest the possibility of 

obtaining enhanced laser properties by compositional manipulations. 



(3). Unlike most other glass systems, the value of 04> 02. 06. For 

most glasses, 02 is the largest parameter. 
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(4). Calcium aluminate based glasses demonstrate very large 

transition probabilities. This is due to the large values of 04 and 06. 

(5). The transition to the 4 I 912 level is favored over that to the 

4 I 1112 level. This is rather unusual. 

(6). Calcium aluminate based glasses have an average fluorescence 

lifetime of 270 J.1sec. 

(7). The peak fluorescence wavelength is 1069 nm. which is larger 

than most other glass systems. This is due to the nephelauxetic 

effect. 

(8). The effective linewidth is quite large. This causes the 

stimulated emission cross section to be rather small. 

(9). The addition of 10 mol % CaF2 does not appear to decrease the 

effective linewidth to a great degree. This could be due to 

vaporization of the fluorine atoms. 

(10). Calcium aluminate based glasses demonstrate favorable 

quantum efficiencies in the range of 80 %. This is due to the small 

radiative lifetimes in this system. 

(11). The quantum efficiency may be improved still further by the 

removal of water from the glasses. This could be easily accomplished 

through vacuum melting. 

(12). There does not appear to be any physical significance of the 

Judd-Ofelt parameters within this system. 
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