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ABSTRACT

There is little data in the literature pertaining to mixed alkali germanate glasses.
The majority of the data exists for the sodium-potassium-germanate glasses, and focuses
on the density, glass transition temperature and vibrational spectra. This study explores
three of the ten possible mixed alkali germanate glass systems: the lithium-cesium-
germanium ternary, the sodium-potassium-germanium ternary, and the potassium-
rubidium-germanium ternary. The mixed alkali effect was examined at two different
concentrations of germania (85 and 90 mol %). To examine the mixed alkali effect on
the germanate anomaly, the alkali oxides were held in a ratio of 1:1 and the germanium
was varied from 100 to 75 mol %.

The glass transition temperature and densities behavior of the mixed alkali
germanate glasses in this study behaved as expected, exhibiting a maximum in T, and no
mixed alkali effect in density. The glasses with a 1:1 ratio of alkali exhibited properties
between the end member glasses.

The infrared spectra from this study show that the hydroxyl content increases as
the amount of alkali in the glass increases. The cation identity does effect the band
positions and intensities. The infrared bands between 1500 and 4000 cm™ are shown to
be a result of water.

Electrical conductivity of mixed alkali germanate glasses exhibited unique
behavior. Small additions of alkali (< 5 mol %) result in a positive or a linear deviation
from additivity, in both the lithium-cesium-germanate system and the sodium-potassium-
germanate system. With 10 mol % alkali oxide addition the deviation from additivity
increases as the radius ratio of the cations increases. However, with 15 mol % alkali
oxide addition, the greater the difference in the radius ratio of the cations, the smaller the
deviation from additivity.

A Kissinger study on the lithium-cesium-germanate glasses, yields activation
energies consistent with crystallization studies in the literature for other mixed alkali
germanate glasses. Glasses with a 1:1 ratio of cesium oxide to lithium oxide, or more
cesium oxide than lithium oxide, crystallize into cesium germanium oxide crystals,

however if there is more lithium the glasses crystallize into an unknown phase.
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CHAPTER 1: INTRODUCTION

Early glass researchers strived to understand why glasses formed and what
compounds would result in a glass. Sun’s work from 1947 resulted in his Bond Strength
Criterion for glass formation.' Sun predicted that BO3/B,0, GeO,, SiO,, V,0s, and P,0s
would act as glass formers.

Silicates were the first glasses discovered and are the most thoroughly studied.’
When the properties of a glass system behave differently from those of the equivalent
silicate system, its behavior is called anomalous, e.g. the boron anomaly,** which occurs
when alkali oxide is added to amorphous boron oxide. In that case, it is believed that the
three coordinated boron ions transform to four coordinated ions without breaking up the
glass network, i.e. no formation of non-bridging oxygens, completely changing the
expected property behavior.

Similarly, the properties of alkali germanate glasses are different from those of
silicate glasses.”'” Depending on the property, there may be either one anomaly, at =~ 10
to 20 mol % R0, or two anomalies, i.e. a low alkali germanate anomaly, which occurs
between 2 and 5 mol% alkali oxide and a high alkali anomaly that occurs around 15-18
mol% alkali oxide.” Structural changes accompanying these anomalies are not well
understood.

This thesis deals with the mixed alkali effect in germanate glasses. The first three
chapters of this thesis (4 through 6) will explore the properties and behaviors of mixed
alkali germanate glasses. Each chapter will present data on glasses in two to three of the
mixed alkali germanate ternary systems and discuss both the mixed alkali effect and the
germanate anomaly. These chapters cover general properties, infrared spectra, and
electrical conductivity. Chapter 7 reports the results of a study of the crystallization
behavior of x Li;O¢(100-x) Cs,0+85 GeO, glasses and will not include discussion

regarding the germanate anomaly.
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CHAPTER 2: LITERATURE REVIEW

This chapter will provide an overview of the literature concerning the mixed
alkali effect and the germanate anomaly. Chapters 4 through 7 contain literature review

sections covering, in detail, the literature that relates directly to the subject of the chapter.

2.1 Mixed Alkali Effect

Properties rarely follow linear trends when one alkali ion is exchanged for another
alkali ion in a glass compositional series. The non-linearity in these properties is called a
deviation from additivity, which can be either a positive or negative deviation. This

effect is commonly known as the “mixed alkali effect,” but also has been called the
951-5

29 ¢

“neutralization effect,” “the poly-alkali effect,” and the “mixed-mobile ion effect.
Day* divides the mixed alkali effect into four categories: slight (where the departure from
additivity is < + 5%), small (deviation =~ +10-25%), moderate (= £50%), and major (=

+100%). Table 2-I provides a summary of various properties for mixed alkali glasses.

Table 2-1. Summary of Mixed Alkali Effect on Various Properties’

Property Deviation from additivity Miscellaneous note

Density Small, = +10%

Refractive Index Small, = +£10%

Molar Volume Slight, <+ 5%

Hardness Small, = +£10%

Glass Transition Temperature | Small, = +10% Negative Deviation

Thermal Expansion Small, = +10% Usually Positive Deviation

Elastic Modulus Small, = +20% Temperature Dependent

Conductivity Major, 2-6 orders of magnitude | Negative Deviation

Dielectric Loss Major, 1-3 orders of magnitude | Negative Deviation

Dicleciric Constant Small-Moderate (%£25%-50%) Esually Negative Deviation
requency Dependent

Alkali Diffusion Coefficient | Major, 2-4 orders of magnitude | Negative Deviation

Viscosity Major, 1-2 orders of magnitude I;:ﬁgg:tazv]l)a;;o; dent

Gas Permeability Small, <10% Negative Deviation

The greatest deviations from additivity occur for properties that depend on ionic

1,2,4,6

transport. These deviations are always negative and can vary by orders of

magnitude. Bulk properties are affected differently by mixing alkali ions. Properties



such as refractive index, density, and thermal expansion coefficient have very small
deviations from additivity.**

The most challenging aspect of the mixed alkali effect (MAE) is the development
of a theoretical model. The magnitude of the mixed alkali effect is not the same for every
pair of alkali. As the difference in the ionic radii of the alkali increases, the deviation

e . 145
from additivity increases. ™

Isard has suggested all proposed theories “must be
applicable to any oxide glass, simple or complex, and must relate the effect only to the
ionic sizes.”' Many well known glass scientists still continue to pursue a theory for the
mixed alkali effect.">*%

Historically, theories to explain the MAE fall into one of two major categories,
i.e. those that emphasize the structural features of the glass network'*®* and those that
emphasize the differences in the bonding and coordination environment of the alkali

32728 Theories based on structural features have been unable to describe the lack of

ions.
the MAE in properties such as molar volume. The past decade has shown progress
towards understanding the MAE. Modern theories on the MAE® combine the updated

. . 12,13
version of the dynamic structure model ~

and ionic transport mechanisms developed by
Ngai,“’66 Funke,”*?! and co-workers. Since their work is relevant for discussion of the
MAE, it will be presented in detail in this chapter. The fundamental theories dealing with
ionic conductivity are presented in Chapter 6.

The current theory for explaining the MAE considers both the structure of the
glass and the coordination of the alkali ion. Greaves™ proposed the using modified
random network model for glass structure. When small amounts of alkali are added (or
any network modifying cation) to a glass, the alkali form microsegregates within the
glass. Increasing the amount of alkali in the glasses above 16 mol % causes the
percolation limit to be exceeded. The microsegregates regions begin to touch and form
channels of alkali, therefore significantly increasing the ionic conductivity of the glass.
When alkali are mixed within the same glass, these microsegregates regions contain both
cations, therefore increasing the barrier for ionic migration.”> This theory of glass
structure has become known as the dynamic structure of glass model (DSM). For more

detail, refer to the work of Greaves.**



Diffusion experiments show mixed alkali glasses contain two groups of ions,
which are characterized by their mobility as fast or slow. It is proposed that each cation
can only migrate down its own restricted pathway through the glass structure.’ This
concept perceives the Anderson and Stuart approach (Chapter 6) as an over
simplification. Anderson and Stuart’ assume that there are many empty sites for the ion
to move into and the each movement is independent from that of the other alkali ions.
The DSM of glasses negates both of the Anderson and Stuart assumptions. The model
suggests that alkali ions in melts have specific sites. When the alkali are mixed, each
alkali ion has its own respective sites and cannot migrate using sites for the other alkali
ions, i.e. a sodium moves to a sodium site, a potassium moves to a potassium site, and a
sodium cannot move to a potassium site. As the glass cools, these sites retract into
smaller sites that are too small to allow the ion to move through the network. The
activation energy for migration is the amount of energy required to restore this site to the

65,66 20,21,65,66
*® Funke ™ "> and

appropriate size to accommodate the alkali ion. The work of Ngai,
their co-workers disprove Anderson and Stuart’s other assumption that each alkali
movement is independent of all other ions. In binary alkali glasses, the most probable
site for an ion moving from one site to the next site is for that ion to move back into is its

original site.

2.2 Alkali Germanate Anomaly

Glasses which do not behave like silicate glasses are considered anomalous.
Adding alkali oxides to silica glasses results in a linear decrease in glass transition
temperature and an increase in density and refractive index.®” These property trends are
related to the decrease in the connectivity of the network resulting from the presence of
non-bridging oxygens. Some alkali germanate glasses exhibit maxima in density,
refractive index, and glass transition temperature with increasing R,O concentration. The
trends in these properties have become known as the alkali germanate anomaly.®®"® The
germanate anomaly has been extensively discussed in the literature,”'®23143:47.65-124

These extrema occur when approximately 15 to 20 mol% alkali oxide is added to the

germania; the positions of the maxima are highly dependent upon cation identity.



A low alkali germanate anomaly is also found in the glass transition temperature
(Ty). Alkali oxide additions as small as 1-5 mol% cause a decrease in T, of >100 K,
which is followed by an increase in T,. T, then passes through a maximum at ~15 to 20

mol % R,0, after which it decreases.>'*’

The low alkali germanate anomaly is
particularly difficult to study because the glass transition temperature is greatly affected
by both hydroxyl and alkali addition. Caution must be exercised when examining alkali
germanate glasses with small amounts of alkali because the required melting
temperatures are high and it is possible for large amount of alkali to evolve out of the
melt, and unknown contamination in the batch materials.*

There are two competing theories describing the structure of mixed alkali
germanate glasses. Ivanov and Evstropiev,'”® and later Murthy and Ip,”® developed the
first and best known theory in the 1960’s. This theory attributes the maximum in density
to a coordination change between four and six coordinated germanium ions. The second
theory by Henderson and Fleet,” developed in the 1990’s, is based on Raman spectra and

suggest that there is no coordination change in the glass structure. The germanate

anomaly is a result of the development of three member rings of germania tetrahedra.

2.2.1  Ivanov, Evstropiev, Murthy and Ip Theory

Early theories concerning structural changes causing the germanate anomaly were
based on infrared spectra which were interpreted as indicating that alkali germanate
glasses with less than 15 to 20 mol % alkali oxide do not form non-bridging oxygens.'”
As alkali is added to the germanate glass, the fundamental absorption bands resulting
from the Ge-O bond shift to higher wavenumber. The anomalous properties were
attributed to a coordination change, similar to that proposed for the alkali borate

3,67,69,70,75,87
glasses.

GeO; crystals can contain germanium ions in both tetrahedra and
octahedra.””'*® As a result, it was assumed that germanium can exist in 4-fold and 6-fold
coordination sites in glasses. The theories state that additions of alkali oxide beyond the
maxima in the density (~15 to 20 mol %) results in the six-coordinated germanium ions
reverting back to four coordinated germanium ions. A lengthening of the Ge-O bond is

observed in X-ray and neutron scattering’’ and EXAFS¥’"% studies. Unfortunately,



theses techniques are unable to determine the actual coordination number of the germania
ions. They can only indicate that it is greater than the four-coordinated germanium.

This theory assumes the addition of alkali oxide does not break up the network;
there is an increase in the density and index because the alkali ions are packing into

. . . 3,68,70,71,87,125,12
interstices in the network,>%%70:71:87.125.127.129

The theory relies on two assumptions: (1) no
non-bridging oxygen (NBO) form before 15 mol % alkali oxide addition, and (2) changes
in coordination number of the germanium ions causes the anomalous properties. This

theory has been the most widely accepted theory for the germanate anomaly.

2.2.2  Henderson and Fleet Theory

Henderson and Fleet proposed a different model for the alkali germanate
anomaly.” They suggest that the germanium ions are always four coordinated in alkali
germanate glasses and never transform into octahedral coordination. This structure is
explained by the EXAFS data from Itie et al.”’ and Raman data from the Henderson and
Fleet study.® Itie et al. suggest that there is a reversible coordination change from four
fold to six fold germanium only under pressure, and that six coordinated germanium does
not exist in glasses at room temperature.”’ Henderson and Fleet propose that the Raman
absorption band shift that occurs with alkali oxide addition is not due to the formation of
six-coordinated germanium, but instead due to the formation of 3-member rings and the

elongation of the tetrahedral anion-cation bond.*

2.2.3  Current Theory

The earlier theories of the germanate anomaly are oversimplifications. For
example, with small additions of alkali, behavior of the T, is very different from that of
the density. There is an initial decrease of about 100 K with 1-2 mol% addition of alkali
oxide. Shelby®’ suggests that this initial decrease is due to formation of NBO, which
open the structure and allows room for the octahedra to form. The increase in T, with
additions of ~5-20 mol % alkali indicates an increase in connectivity, or at least a
strengthening of the network.

The low alkali oxide germanate anomaly is also observed in Raman data from

Henderson and Fleet.™ Recently, Henderson shows that a Raman spectra cannot be



properly fit by assuming only a coordination change, but that there are two small bands,
attributed to Q® and Q species, that are needed to properly fit the spectra.®

Since the historically accepted model for the alkali germanate structural models
cannot explain the low alkali germanate anomaly, the model has been found to be
unsatisfactory for explaining the data. The model states, with additions of alkali oxide
greater than 20 mol %, the germanium ions revert back to their original tetrahedral
coordination and the number of NBO increases. This behavior would result in a
significant decrease in average bond length of Ge-O, however neutron diffraction
studies” do not observe such a decrease in Ge-O bond length. The Ge-O bond length
actually remains constant with high amounts of alkali oxide addition.**

The early literature assume that the coordination change of germanium must be
from four coordinated to six coordinated, based on crystalline forms of germania. While

the neutron diffraction work by Hoppe et. al’**"'*

and Raman scattering work by Polsky
et. al"” definitively show that there is higher coordinated germanium ions, it was not
until the recent O K-edge XANES work by Wang and Henderson''®'" that the
germanium could conclusively be shown to exists as both four and five coordinated ions.
Concentrations of alkali oxide greater than 30 mol % result in transformation of the five
coordinated germanium ions back to four coordinated. Reanalysis of their 2002 Raman
study®® led Henderson and Wang to conclude that there are three stages to the germanate
anomaly. First, with small additions of alkali oxide, the glass forms non-bridging
oxygens along with increases in intermediate range order. The structure then forms five-
coordinated germanium ions plus an NBO near the maximum in the germanate anomaly.
Large amounts of alkali oxide (35 to 40 mol %) result in the transformation of some of
the five-coordinated germanium ions, back to four- coordinated germanium ions and two
NBO. Henderson suggests that the decrease in density is a result of the larger five-
coordinated germanium ions forcing the glass network to expand. Unfortunately,
Henderson and Wang did not examine glasses containing less than 5 mol % alkali oxide,
so no correlation can be made between their Raman work and the minimum in the glass
transition temperature.**

In summary, some addition of alkali oxide to germania glasses results in property

behavior unlike silicate glasses, the properties of the alkali germanate glasses are called



‘anomalous’. The exact mechanisms underlying this anomaly are unknown. The
position of the germanate anomaly is cation dependent; this phenomena has yet to be
explained by any model. It is known that the glass transition temperature is a good
indicator of network connectivity, and with small amounts of alkali, the T, is
significantly decreased, indicating a weakening of the glass network. The minimum in T,
is followed by a maximum in T, therefore moderate amounts of alkali oxide in
germanate glasses results in a strengthening of the glass network. Raman and NMR have
confirmed the presence of non-bridging oxygen, and possible 3-member rings. The
density and index of refraction exhibit maxima with alkali oxide additions between 15
and 20 mol %. As the radius of the alkali ion increases, the molar volume of the glass
increases. The maximum in the density, index and T, do not correlate with the maximum

in the five-coordinated species.
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CHAPTER 3: EXPERIMENTAL PROCEDURES

This chapter presents the experimental procedures involved in the production of
the glasses used for this study. Later chapters contain the appropriate experimental

procedures to reproduce the experiments presented in each chapter.

3.1 Glass Batching

Glasses were batched using reagent grade carbonates and 99.99 % pure GeO,.
The size of the melts ranged from 2.5 to 10 g depending on the glasses’ crystallization
behavior. Glasses were mixed by hand in a glass mortar and poured into a crucible.
Three alkali germanate ternaries were studied: Na,O+*K,0°GeO,, Li,O+Cs,0*GeO, and
K>0°Rby0+GeOs.

3.2 Glass Melting

Glasses were melted in a 90 Pt 10 Rh crucible in an electric furnace. Melting
times and temperatures varied to minimize vaporization of the alkali. Melting
temperatures ranged from 1100 to 1500°C and times ranged from 2 to 60 minutes.
Glasses with < 2 mol % alkali oxide, were melted at 1500 °C for 30 minutes, the furnace
temperature was dropped to 1400 °C for an additional 30 min. Glasses with > 5 mol %
alkali oxide were melted at 1100 °C, melting times ranged from 2 to 15 minutes
depending on the batch size, smaller batches were melted for shorter periods. Upon
removal from the furnace, melts were quenched in one of three ways:

1. Placing the bottom of the crucible in water for a short time (this was the most
common)

2. Air quenched by sitting the crucible on a refractory and allowing the crucible cool
to room temperature

3. Pouring the glass into a steel mold with copper faced dies to form a disc

To assure that the melting conditions were not causing excessive alkali
volatilization, the glass and crucible were weighed prior to melting and following melting
to assure the final composition was within 1-2 % of the anticipated weight. This

procedure could not be carried out for the glasses that were poured.
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A TA Instruments” DSC 2910 Differential Scanning Calorimeter (DSC) with a
ramp rate of 20 K/min was used to determine the glass transition temperature (T,) for
annealing. Further detail on using the DSC to obtain Ty is included in Chapters 4 and 6.
Each glass was annealed by holding for half an hour at approximately 10 K below their
T, (unless the onset of crystallization was very close to the T,, in which case the glass
was annealed at 20 K below T,) and then cooled at 5 K/min to room temperature.
Glasses were stored in plastic boxes in a desiccator to minimize the surface reaction with

water.

33 Cutting, Grinding and Polishing

Samples were made in two shapes. Samples with low enough viscosities to be
poured did not required cutting. Samples that were cooled in a crucible were attached to
an aluminum block using a thermal setting resin and cut into smaller pieces using a low
speed diamond saw.

Samples were dry polished to avoid reaction with water. The highly reactive
nature of the samples required that gloves be worn during grinding and polishing. Silicon
carbide paper with grits of 240 and/or 320 were used to grind away the hydroxylated
layer produced from cutting. To polish the samples, SiC paper of 400, 600, 800 and 1000

grits were used.
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CHAPTER 4: GENERAL PROPERTIES

4.1 Introduction

The general properties discussed in this chapter are those that are most well
defined in the literature for germanate glasses. The glass transition temperature (T,) and
density will be discussed for the binary alkali germanate glasses and for the
Nay0+K,0°GeO, and Li;0+Cs,0+85 GeO, mixed alkali glasses. The data will be
compared to those present in the literature where possible.

T, and density both exhibit germanate anomalies. T, also shows a mixed alkali
effect as negative deviations from additivity. Since the germanate anomaly has a large
effect on the properties of alkali germanate glasses, mixed alkali studies were performed
at compositions containing 10 mol% alkali (when it is believed there are little to no non-

bridging oxygens) and 15 mol % alkali (when non-bridging oxygen begin to form).

4.2 Literature Review

The Sci-Glass® database is a comprehensive database for glass property values.
This database was used to collect the property values in the literature that are pertinent to
the work presented in this and the following chapters. Since there are sometimes twenty
or more papers dealing with a particular property for a single series of glasses, the names
of the authors are not present on the figures. However, for the readers’ interest,
Appendix A will contain keys for all of the figures, with the symbol, author, and

reference for each set of data presented.

4.2.1  Glass Transition Temperature

The glass transition temperature (Ty) is arguably the most essential property of
glasses. The T, must be known to properly anneal a glass. The glass transition
temperature is defined as the temperature at which a material has a viscosity of
~10"'” Pa's. DSC measurements of T, also provides characteristic information about the
glass such as glass fragility, fictive temperature and the likelihood of crystallization. This
section will present the fundamental theory behind the glass transition and an analysis of

the literature values for the binary and mixed alkali germanate glasses.
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The glass transition temperature is one of the most reported values for alkali
germanate glasses. Since there are a larger number of studies,''” Appendix A provides a
key to each figure listing the authors and reference corresponding to each data point. It is
important to note that the glass transition temperature of GeO; is highly dependent on
hydroxyl content and trace alkali content.** Using the Sci-glass® data base the T, of
germania was found to range from 470 to 545 °C.*'

The T, values for x Li,O+(100-x) GeO, glasses are shown in Figure 4-1. A
minimum in the T, occurs at 98 mol % GeO,, followed by a maximum in T, at 80 mol %
GeO,. These extrema are known as the low alkali and the high alkali germanate
anomalies, respectively. Despite the large spread in the data, the maximum occurs at 80

mol % GeO, in all sets of data.

560 K
540 +
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440 | | |

Figure 4-2. Glass transition temperature of Li,O+*GeO, glasses from the literature. Line
added to aid the eye.

The most studied of the binary alkali germanate systems are the x NayO+(100-x)
GeO, glasses. T, values for these glasses are shown in Figures 4-2 and 4-3. Figure 4-2
shows the entire set of values available on the Sci-Glass database”. Glasses with high
concentrations of alkali oxide are difficult to make and are prone to crystallization, which
explains some of the scatter in the data for those glasses. Figure 4-3 shows the glass

transition data for glasses containing 100 to 60 mol % GeO,. A minimum in the T,
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occurs at 99 to 98 mol % GeO,, followed by a maximum in T, at ~83 mol % GeO,.
Unlike the x Li,0+(100-x) GeO, glasses, the concentration of germania where all the T,
literature values reach a maximum varies among the studies over the range from 85 to 80

mol % GeO,.
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Figure 4-3. Glass transition temperature all of Na,O+GeO, glasses from the literature.
Line added to aid the eye.

The T, values for x K,O+(100-x) GeO, glasses are shown in Figures 4-4 and 4-5.
Figure 4-4 shows the entire set of literature values. Figure 4-5 shows the glass transition
data for glasses with 100 to 60 mol % GeO,. The minimum in T, the low alkali
germanate anomaly, occurs at 98 mol % GeO,, followed by the high alkali germanate
anomaly, the maximum in T,, at ~84 mol % GeO,. The position of the maximum ranges
from 83 to 80 mol % GeO:..

The T, values for x Rb,O+(100-x) GeO, glasses are shown in Figures 4-6 and 4-7.
Figure 4-6 shows the entire set of literature values. Figure 4-7 shows the glass transition
data for glasses with 100 to 60 mol % GeO,. A minimum in the T, occurs between 99
and 98 mol % GeO,, followed by a maximum in T, at ~84 mol % GeO,. The maximum

T, ranges from 85 to 83 mol % GeOs.
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Figure 4-4. Glass transition temperature of Na,O+GeO, containing 60 to 100 mol %
GeO,. Line added to aid the eye.
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Figure 4-5. Glass transition temperature of K,O+*GeO; glasses from the literature. Line
added to aid the eye.

The x Cs,0+(100-x) GeO, glasses are the least studied alkali germanate binary
system; T, values for the glasses are shown in Figure 4-8. A minimum in the T, occurs at

98 mol % GeO,, followed by a maximum in T, at 85 mol % GeO,. Table 4-I lists the
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mol % GeO, where the maxima and minima occur, and their corresponding value of T,.

In general, the low alkali germanate anomaly occurs at 99 to 98 mol % GeO, for all

binary alkali germanate glasses. As the alkali ion becomes larger, the maximum shifts

slightly to higher GeO, content.

Table 4-1. Maxima and Minima in T, for the Binary Alkali Germanate Glasses

Minima o Maxima o
Glass Mol % Geo, | 1£(©) Mol % Geo, | 1£(©)
Li,0*GeO, | 98 445 80 540
NayO+GeO, | 98 to 99 425 80 to 85 550
K>OGeO, | 98 440 80 to 83 525
Rb,0*GeO, | 98 to 99 450 83 to 85 525
Cs,0+Ge0; | 98 455 85 550
600
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v v
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300 | | | | | | |
100 95 90 85 80 75 70 65 60
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Figure 4-6. Glass transition temperature of K,O+*GeO; containing 60 to 100 mol %

GeO,. Line added to aid the eye.

It is worth mentioning that, while the data in Figures 4-2, 4-4 and 4-6 have a large

amount of scatter for high concentrations of alkali oxide in the glasses, the break in the

curve correlates quite well with the Henderson and Wang’s work presented in Chapter 2.

Henderson and Wang® propose that the five-coordinated germanium revert back to four-

coordinated and begin forming and additional NBO at approximately 30 mol % alkali



oxide addition. A second T, study examining theses high alkali germanate glasses would

be useful in determining if this a true effect or just a result of experimental error.

600

550

500

450

Te (°O)

400

350

300 \ \ \
100 90 80 70 60 50 40

Mol % GeO2

Figure 4-7. Glass transition temperature of Rb,O+GeO, glasses from the literature. Line
added to aid the eye.
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Figure 4-8. Glass transition temperature of Rb,O+GeO, containing 60 to 100 mol %
GeO,. Line added to aid the eye.
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Only one mixed alkali germanate ternary system has been studied. The T,’s are
shown in Figure 4-9 for glasses containing 80 mol % GeO,. There is good correlation
between Marotta and Laudisio”” data, while Shelby’s'’ values are significantly lower.
Shelby’s samples were measured using a dilatometer, while Marotta and Laudisio used a
DSC. The minimum in Ty occurs when the ratio of alkali oxide is 1:1. Figure 4-10
shows the T,’s of mixed alkali glasses at four different concentrations of germania. The

deviation from additivity increases with increasing alkali oxide concentration. The

vertical shift in the T,’s is a result of the germanate anomaly.
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Figure 4-9. Glass transition temperature of Cs,O+GeO, glasses from the literature. Line
added to aid the eye.
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Figure 4-10. Glass transition temperatures of mixed alkali Na,O*K,0+80 GeO, glasses,
from the literature. Lines added to aid the eye.
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Figure 4-11. Glass transition temperatures of mixed alkali Na,O*K,0+GeO, glasses,
from the Shelby. Lines added to aid the eye.

27



4.2.2  Density

Density is the second most reported value for the alkali germanate

1,4,5,8,11,15,22-41
glasses. ">

The behavior of the density was the basis for defining the
germanate anomaly. The alkali germanate glasses show a maximum in density (or
minimum in molar volume). In alkali silicate glasses, density increases linearly with
increasing alkali concentration; the maximum in density that occurs in alkali germanate
glasses is therefore considered anomalous.”” A key to the figures is provided in
Appendix A.

Binary lithium germanate glasses exhibit a maximum density at approximately 80
mol % GeO,, as shown in Figure 4-11. When the density values are converted to molar
volumes, a minimum occurs at about 75 to 70 mol % GeO; (Figure 4-12). The maximum
in density (Figure 4-13) for sodium germanate glasses occurs at ~ 84 mol % GeO, and
the minimum in molar volume (Figure 4-14) occurs at 84 to 81 mol % GeO,. The
maximum in density and minimum in molar volume occur at 89 mol % GeO, for
potassium germanate glasses, as shown in Figures 4-15 and 4-16, respectively. Density
maximizes at 85 to 80 mol % GeO, for the rubidium germanate glasses, Figure 4-17. The
minimum in molar volume occurs at 85 mol % GeO,, Figure 4-18. Finally, for the
cesium germanate glasses, the maximum occurs at 82 to 80 mol % GeO, and the
minimum occurs at 95 mol % GeO; for density (Figure 4-19) and molar volume (Figure
4-20), respectively.

The values of density and molar volume for all the alkali germanate glasses are
listed in Table 4-11. Figures 4-21 and 4-22 show the densities and molar volumes for all

26,38
7 two

five binary alkali germanate glasses, respectively. Early literature discusses
anomalous behaviors for the density of alkali germanate glasses: the existence of maxima
in density, and the non-systematic trend of the composition corresponding to the maxima
with alkali density (Figure 4-21). If the densities are converted to molar volume, the
second anomaly disappears, i.e. the minimum in molar volume shifts to larger R,O

contents with increasing cation mass, Figure 4-22.
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Table 4-11. Approximate Maxima in Density and Minima in Molar Volume for Alkali
Germanate Glasses

Glass Mol % GeO, I\D/I:ri:itn;a (lgcm'3) Mol % GeO, g;?lﬁz I(I;nl\l/gor?cfl'l)
Li;0O*GeO, | 80 4.13 70 to 75 21.5
Na,0+GeO, | 84 4.10 81 to 84 24.0
K>0+GeO, | 89 3.90 89 26.5
Rb,O+GeO, | 80 to 85 4.15 95 27.5
Cs,0+GeO, | 80 to 82 4.30 95 28.5

The maximum at approximately 15 to 20 mol % addition of alkali oxide is the
only obvious anomaly in the density curves. Data for the rubidium and cesium
germanate glasses, however show a break in the density curves at approximately 30
mol %, as shown in Figures 4-17 and 4-19. Glasses at these compositions are difficult to
make. Since these data have not been confirmed by a second source, claiming this
property is an artifact of a structural anomaly is questionable.

Only one set of data in the literature deals with the density of mixed alkali
germanate glasses (Figure 4-23).%' As expected, there is little, if any deviation from
additivity. There may be a small positive deviation from additivity for the glasses with

30 mol % alkali oxide.
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Figure 4-12. Density of Li,0*GeO; glasses from the literature. Line added to aid the
eye.
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Figure 4-13. Molar volume of literature Li,O*GeO, glasses. Line added to aid the eye.
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Figure 4-14. Density of Na,O+*GeO; glasses from the literature. Line added to aid the
eye.
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Figure 4-15. Molar volume of literature Na,O*GeO, glasses. Line added to aid the eye.
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Figure 4-16. Density of K,O*GeO; glasses from the literature. Line added to aid the eye.
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Figure 4-17. Molar volume of literature K,O*GeO, glasses. Line added to aid the eye.
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Figure 4-18. Density of Rb,O*GeO; glasses from the literature. Line added to aid the
eye.
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Figure 4-19. Molar volume of literature Rb,O*GeO, glasses. Line added to aid the eye.
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Figure 4-20. Density of Cs,0+*GeO; glasses from the literature. Line added to aid the

eye.
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Figure 4-21. Molar volume of literature CsO*GeO, glasses. Line added to aid the eye.
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Figure 4-22. Density of R,0+GeO, glasses.
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Figure 4-23. Molar volume of R,0+*GeO; glasses.
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Figure 4-24. Density of mixed alkali Na,O+*K,0+GeO, glasses from the literature. Lines
added to aid the eye.
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4.3 Experimental Procedure

4.3.1  Glass Transition Temperature

The glass transition temperature (T;) was measured using differential scanning
calorimetry (DSC). A TA Instruments® DSC 2910 Differential Scanning Calorimeter
was used to perform all DSC measurements. TA Instruments® Universal Analysis
software was used to analyze the DSC curves. T, was found using the intercept method
shown in Figure 4-24. The mass of the samples was measured for all experiments. Each
spectrum was normalized for the mass. Aluminum pans were used for all experiments

and the furnace cell was held under a flowing N, atmosphere.

Figure 4-25. Glass transition temperature, found using the intercept method.
4.3.2  Density

Density (p) was measured using the Archimedes method, with kerosene as the
immersion fluid. When possible, polished plates were used for the density measurement.
If not available, samples with the least number of defects, such as cracks and bubbles
were used. To insure the highest quality data and to eliminate sources of error, samples

were measured five times each, in random order.
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4.4 Results

4.4.1  Glass Transition Temperature

The glass transition temperature will first be discussed in the context of the mixed
alkali effect. Data for the Na,O*K,0+GeO, glasses will be presented first, followed by
that for the Li,O*Cs,0°GeO; glasses. Germania concentrations were either 85 mol % or
90 mol %. Following the mixed alkali results, results for glasses where the alkali oxide
concentrations are held in a ratio of 1:1 and the germania content is varied will be
presented. This part of the study examines the effect of cation identity on the germanate
anomaly.

Substituting K,O for Na,O in alkali germanate glasses results in a negative
deviation from additivity in T, i.e. the mixed alkali effect. Figures 4-25 and 4-26 show
the glass transition temperatures for the mixed alkali sodium and potassium germanate
glasses containing 90 mol % and 85 mol % GeO,, respectively. The negative deviations
from additivity are shown in Figure 4-27. Glasses with more alkali exhibit a greater
deviation from additivity. For the glasses containing 90 mol % GeO,, the greatest
deviation from additivity occurs when the alkali oxides are in a ratio of 7:1 Na,O: K,O.
When the alkali oxide content is increased to 15 mol %, the maximum in the deviation
from additivity occurs when the alkali oxides are in a ratio of 1:7 Na,O: K,O.

There is also a negative deviation from additivity, when Li,O is substituted for
Cs,0 1n alkali germanate glasses. Figures 4-28 and 4-29 show the T,’s for the mixed
alkali Li,O/Cs;O germanate glasses containing 90 mol % and 85 mol % GeO,,
respectively. The T,’s for all of the mixed alkali glasses are listed in Table 4-I1I.

Table 4-11I. Glass Transition Temperatures for Na,O+K,0+GeO; and Li;0*Cs,0*GeO,

Glasses
Glasses T (oC Glasses .| Glasses T (oC Glasses T (oC
90 GeO, 0990 Geo, | T 85 GeO; O 85 GeO, (0
10 Na,0 515 | 10Li,0 498 | 15Na,0 543 | 15Li,0 510

7:1 Na,0:K,0 | 503 7:1 Li,0:Cs,0 | 500 7:1 Na,0:K,0 | 530 7:1 Li,0:Cs,0 | 513
3:1 Na,O:K,0 | 502 3:1 Li,0:Cs,0 | 492 3:1 Na,0:K,0 | 523 3:1 Li,0:Cs,0 | 505
1:1 Na,0:K,O0 | 506 1:1 Li,0:Cs,0 | 491 1:1 Na,0O:K,0O | 522 1:1 Li,0:Cs,0 | 497
1:3 Na,0:K,O | 508 1:3 Li,0:Cs,0 | 495 1:3 Na,0:K,0 | 520 1:3 Li,0:Cs,0 | 512
1:7 Na,0:K,0 | 515 1:7 Li,0:Cs,0 | 507 1:7 Na,0:K,0O | 528 1:7 Li,0:Cs,0 | 517
10 K,0 523 10 Cs,0 513 15 K,0 545 15 Cs,0 542
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The negative deviations from additivity are shown in Figure 4-30. Glasses containing
more alkali exhibit a greater deviation from additivity. The greatest deviation
from additivity occurs when the ratio of the alkali oxides is around 1:1 Li,O:
Cs,0.

When the ratios of the alkali oxides are held constant at 1:1 and the germania
concentration is decreased, the ternary alkali germanate glasses behave similarly to the
binary alkali germanate glasses discussed earlier. Figure 4-31 shows the T,’s for x0.5
NayOex0.5 K,0+(100-x) GeO, glasses. A minimum in the T, occurs with an addition of
2 mol % of alkali oxide. The T, maximizes when the alkali oxide concentration is
15 mol %. The T,’s for x0.5 Li,0*x0.5 Cs,0+(100-x) GeO, glasses are shown in Figure
4-32. A minimum in T, occurs for a 1 mol % addition of alkali oxide and a maximum in
T, occurs at 15 mol % alkali. This behavior is characteristic of the ‘germanate anomaly’
in alkali germanate glasses. Glass transition temperatures of these glasses are listed in

Table 4-1V.

Table 4-1V. Glass Transition Temperatures for 0.5x NayO¢0.5x K,0¢(100-x)GeO,, 0.5x
Li,0¢0.5x Cs,0+(100-x) GeO, Glasses

Glasses o Glasses

11 Na0K,0 | 20O 1:1 Li,0:Cs,0 | 1)
99 GeO, 442 99 GeO, 442
98 GeO, 436 98 GeO, 444
97 GeO, 437 97 GeO, -
95 GeO, 463 95 GeO, 468
90 GeO, 506 90 GeO, 491
85 GeO, 522 85 GeO, 497
83 GeO, 500 83 GeO, 496
79 GeO, - 79 GeO, 482
75 GeO, - 75 GeO, 482
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Figure 4-26. Glass transition temperatures for the glasses on the Na,O*K,0+90 GeO; tie
line. The faint line represents the T, if it changed additively with
composition. The bold line is added to aid the eye.

550
545
:O 540 |
o
E 535
5
o
g 530
)
H
525
520
| | | | |
5150.0 02 04 0.6 0.8 1.0

KzO/ (N320+K20)

Figure 4-27. Glass transition temperatures for the glasses on the Na,O*K,0+85 GeO; tie
line. The faint line represents the T, if they changed additively with
composition. The bold line is added to aid the eye.
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Figure 4-28. Deviation from additivity for the Na,O*K,0+90 GeO, and Na,O+K,0+85
GeO, glasses. The faint line represents the T, if it changed additively with
composition. The bold line is added to aid the eye.

515

510

505

500

Temperature (°C)

495 |

490

\ \ \
0.0 0.2 0.4 0.6 0.8 10

485 ‘

CSzO/(Li20+CS20)

Figure 4-29. Glass transition temperatures for the glasses on the Li,O*Cs;0+90 GeO; tie
line. The faint line represents the T, if they changed additively with
composition. The bold line is added to aid the eye.
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Figure 4-30. Glass transition temperatures for the glasses on the Li,O*Cs;0+85 GeO; tie
line. The faint line represents the T, if they changed additively with
composition. The bold line is added to aid the eye.
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Figure 4-31. Deviation from additivity for the Li,0*Cs;090 GeO; and Li,O*Cs;0*85
GeO, glasses. The faint line represents the T, if they changed additively with
composition. The bold line is added to aid the eye.
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Figure 4-32. Germanate anomaly, shown for T, data of the Na,O*K,0+GeO; system,
down the 1:1 Na,O:K,O line. Line added to aid the eye.
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Figure 4-33. Germanate anomaly, shown for T, data of the Li,0+Cs,0+GeO, system,
down the 1:1 Li,0:Cs,0 line. Line added to aid the eye.
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4.4.2  Density

Density does not usually show a significant response to mixing alkali oxides.*
Figure 4-33 shows the densities of x Na,O¢(10-x) K;,0+90 GeO, glasses. As sodium
oxide is replaced by potassium oxide, the density decreases, following the additive line.
Similarly, the molar volume increases as sodium oxide is replaced by potassium oxide, as
shown in Figure 4-34. Density and molar volume are not affected by decreasing
germania concentration from 90 to 85 mol %. Figures 4-35 and 4-36 show the densities
and molar volumes, respectively, for x Na,O+(15-x) K»O0+85 GeO, glasses. Figure 4-37

shows the molar volume for glasses at both germania concentrations.
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Figure 4-34. Densities of x Na,O+(10-x) K;,0°90 GeO; glasses. Line added to aid the
eye.

The cation identity has a large effect on the density of mixed alkali germanate
glasses. Figure 4-38 shows the density of x Li,O+(10-x) Cs;090 GeO, glasses. As with
the x NayO+(10-x) K090 GeO, glasses, the molar volume increases as lithium oxide is
replaced by cesium oxide, as shown in Figure 4-39. Figures 4-40 and 4-41 show the
densities and molar volumes, respectively, for x Li;O¢(15-x) Cs,0+85 GeO, glasses.
Figure 4-42 shows the molar volumes for glasses at each of the germania concentrations.

Table 4-V lists the densities and molar volumes for all of the x Li,O*(10-x) Cs,O+90
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GeO, and x Na,O+(10-x) K»,0+90 GeO, glasses and Table 4-VI lists the molar volumes
for all of the x Li;0¢(15-x) Cs,0+85 GeO; and x Na,Oe(15-x) K,0+85 GeO; glasses.

Table 4-V. The Densities and Molar Volumes for x Li;O¢(10-x) Cs,0+90 GeO; and x
NayOe¢(10-x) K,0+90 GeO, Glasses

Glasses Densit3y Molar Vglume Glasses Density Molar Vglume
(g cm™) (mol cm™) (g cm™) (mol cm™)

10 Na,O 4.02 24 .93 10 Li,O - -

7:1 Na,O:K,0 | 3,96 25.44 7:1 Li0:Cs,0 | 3.97 25.27

3:1 Na,0:K,0 | 4.01 25.20 3:1 Li0:Cs;,0 | 4.05 25.51

1:1 Na,0:K,0 | 3,97 25.69 1:1 Li,0:Cs;0 | 4.10 26.77

1:3 Na,0:K,0 | 3.92 26.24 1:3 Li,O0:Cs;0 | 4.15 27.94

1:7 Na,0:K,0 | 3.90 26.47 1:7Li,0:Cs,0 | 421 28.32

10 K,0 3.87 26.79 10 Cs,0 4.19 29.21

Table 4-VI. The Densities and Molar Volumes for x Li,O¢(15-x) Cs;085 GeO, and x
NayOe(15-x) K,0+85 GeO, Glasses

Glasses Densit3y Molar Vglume Glasses Density Molar Vglume
(g cm™) (mol cm™) (g cm™) (mol cm™)
15 Na,O 4.06 24.18 15 Li,O 4.08 2291
7:1 Na,0:K,0 | 4.02 24.56 7:1 Li0:Cs;,0 | 4.12 23.83
3:1 Na,O:K,0 | 4.01 24 .82 3:1Li0:Cs20 | 4.10 25.09
1:1 Na,O:K,0 | 4.00 25.16 1:1 Li,O:Cs;0 | 4.17 2691
1:3 Na,0:K,0 | 3,89 26.16 1:3 Li,0:Cs;0 | 4.24 28.72
1:7 Na,0:K,0 | 3.86 26.53 1:7 Li,0:Cs;0 | 4.27 29.61
15 K,0 3.83 26.89 15 Cs,0 4.32 30.36

The mixed alkali effect has a strong effect on the densities and molar volumes of
binary alkali germanate glasses. There is only one anomaly present in the density of
binary alkali germanate glasses, unlike T, where there are both low alkali and high alkali
anomalies. The densities of the mixed alkali germanate glasses also exhibit a maximum,
while the molar volumes exhibit a minimum. Table 4-VII lists the densities and the
molar volumes for the mixed alkali germanate glasses, with varying germania
concentration. The densities and molar volumes of the 0.5x NayO+0.5x K,O+(100-x)
GeO, glasses are shown in Figures 4-43 and 4-44, respectively. The density passes
through a maximum of 3.97 g cm™ between 90 and 85 mol % GeO,. Molar volume
passes through a minimum of 25.35 mol cm™ at 85 mol % GeO,. The densities and

molar volumes of the 0.5x Li,0+0.5x Cs,O+(100-x) GeO; glasses are shown in Figures 4-
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45 and 4-46, respectively. The density is a maximum of 4.18 g cm™ at 83 mol % GeO,.

Molar volume is a maximum of 26.83 mol cm™ at 90 mol % GeO.,.

Table 4-VII. Densities and Molar Volumes of 0.5x Na,00.5x K,O+(100-x) GeO,, 0.5x
Li,0¢0.5x Cs,0+(100-x) GeO, Glasses

Glasses Density | Molar Volume | Glasses Density | Molar V(;lume
1:1 Na,0:K,0| (g cm™) | (mol cm?) 1:1 Li,0:Cs,0 | (g cm™) | (mol cm™)
99 GeO, 3.71 28.11 99 GeO, 3.73 28.15
98 GeO, 3.75 27.73 98 GeO, 3.76 28.09
97 GeO, - - 95 GeO, 3.94 27.22
95 GeO, 3.83 26.98 90 GeO, 4.09 26.83
90 GeO, 3.97 25.69 85 GeO, 4.17 2691
85 GeO, 3.97 25.35 83 GeO, 4.18 27.13
83 GeO, 3.93 25.44 79 GeO, 4.15 27.77
75 GeO, 4.10 28.63
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Figure 4-35. Molar volumes of x Na,O+(10-x) K,090 GeO, glasses. Line added to aid
the eye.
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Figure 4-36. Densities of x NayOe¢(15-x) K,0+85 GeO; glasses. Line added to aid the
eye.
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Figure 4-37. Molar volumes of x Na,O¢(15-x) K,0+85 GeO, glasses. Line added to aid
the eye.
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Figure 4-38. Comparison between the molar volumes of the x Na;O+(100-x-y) K,Osy
GeO,, y =90 and 85 mol %. Lines added to aid the eye.
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Figure 4-39. Densities of x Li;O¢(10-x) Cs,0°90 GeO, glasses. Line added to aid the
eye.
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Figure 4-40. Molar volumes of x Li;0¢(10-x) Cs,0+90 GeO; glasses. Line added to aid
the eye.
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Figure 4-41. Densities of x Li;O¢(15-x) Cs,0+85 GeO, glasses. Line added to aid the
eye.
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Figure 4-42. Molar volume of x Li;O+(15-x) Cs;0+85 GeO; glasses. Line added to aid
the eye.
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Figure 4-43. Comparison between the molar volume of the x Li,O+(100-x-y) Cs,0°y
GeO,, y =90 and 85 mol %. Lines added to aid the eye.
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Figure 4-44. Densities of 0.5x NayO+0.5x K,0+(100-x) GeO,. Line added to aid the eye.
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Figure 4-45. Molar volumes of 0.5x NayO<0.5x K,0+(100-x) GeO,. Line added to aid

the eye.
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Figure 4-46. Densities of 0.5x Li0+0.5x Cs,O+(100-x) GeO,. Line added to aid the eye.
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Figure 4-47. Molar volumes of 0.5x Li,0¢0.5x Cs,0+(100-x) GeO,. Line added to aid
the eye.
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4.5 Discussion

4.5.1  Glass Transition Temperature

The literature states that the deviation from additivity for T, increases as the
radius ratio of the cations increases. The radius ratio for Cs:Li" and K":Na" are 2.56 and
1.42, respectively, using Shannon and Prewitt’s values.*** Figures 4-47 and 4-48
compare the deviations from additivity for the two different alkali pair at 90 and 85 mol
% GeOa, respectively. As the amount of alkali in the glass increases, the deviation from
additivity increases, as expected. Contrary to silicate and borate glasses, the deviation
from additivity is independent of cation identity, as shown by the identical deviations
from additivity for both glass systems.

The effect of cation identity on the low alkali germanate anomaly is minimal, as is
shown in Figures 4-49 through 4-51. The minimum in T, occurs at 1 mol % alkali oxide
for the Li,0+Cs,0+GeO; glasses and 2 mol % for the Na,O+*K,0+GeO, glasses. The T,’s
of the mixed alkali glasses are very similar to those of the binary glasses in the their
system at low alkali concentrations (Figures 4-50 and 4-51). The T,’s for both glass
systems (binary and ternary glasses) are very similar to each other until approximately 10
mol % addition of alkali oxide. Alkali oxide additions > 10 mol % result in a difference
in T of > 15 °C. The maximum in T, occurs at the same amount of alkali oxide for both

systems, i.e. approximately 15 mol %.
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Figure 4-48. Comparison between the Na,O+K,0+*GeO; and Li,0+Cs,0*GeO; glasses
containing 90 mol% GeO,. The dotted line represents the T, if they changed
additively with composition. The bold line is added to aid the eye.
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Figure 4-49. Comparison between the Na,O+*K,0+*GeO; and Li,O+Cs,0+GeO; glasses
containing 85 mol % GeO,. The dotted line represents the T, if they changed
additively with composition. The bold line is added to aid the eye.
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Figure 4-50. Comparison of the germanate anomaly for T, data between the
Li,0+Cs,0°Ge0; and the Nay,O*K,0+GeO, systems. Lines added to aid the

eye.
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Figure 4-51. Glass transition temperature for the binary Na,O and K,O germanate
glasses (from the literature'”) and for the mixed alkali Na,O*K,0+GeO,
glasses of this study. Line is added to accentuate the mixed alkali glasses.

54



600

‘ LT

550

500

Te (°O)

450

0 R=Li,0,R* =0
400 © R=0,R’=Cs,0

A R=0.5 Li20, R’=0.5 CSZO
350 \ \ \ \ \ |
100 95 90 85 80 75 70 65
Mol % GeO2

Figure 4-52. Glass transition temperature for the binary Li,O and Cs,O germanate
glasses (from the literature™'”) and for the mixed alkali Li;O*Cs,0°GeO,
glasses of this study. Line is added to accentuate the mixed alkali glasses.

4.5.2  Density

Due to the large effect of the cation mass on density, the mixed alkali germanate
glasses will be discussed on the basis of molar volume to account for the extremely large
range of masses. The mixed alkali effect is not present in the densities of the alkali
germanate glasses, which is consistent with the behavior in silicate glasses.” The greater
the difference in the cation radius ratio, the greater the difference in molar volume, as the
larger alkali ion is substituted for the smaller alkali ion. Figure 4-53 shows the molar
volumes for the mixed alkali glasses containing 90 mol % GeO, and Figure 4-54 shows
the molar volume for the mixed alkali glasses containing 85 mol % GeO,.

As the total amount of alkali is increased in the mixed alkali glasses, the
minimum typical of the germanate anomaly appears in the molar volume (Figure 4-55).
The minimum occurs at 90 mol % GeO; in the Li,0*Cs,0+GeO; glass system and at 85
mol % GeO, for the Na,O+K,0+GeO, glass system. The larger the difference in the
cation radius ratio, the smaller the effect of the germanate anomaly.

The densities of the mixed alkali glasses are compared to the binary alkali

germanate glasses in Figures 4-55 and 4-56. The densities for both the Na,O*K,0+GeO,
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and the Li,0+Cs,0+GeO; mixed alkali glasses fall between their respective binary alkali

germanate glasses.
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Figure 4-53. Comparison of the molar volume between the Na,O*K,0+90 GeO, and
Li,0+Cs,0°90 GeO, systems. Line added to aid the eye.
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Figure 4-54. Comparison of the molar volume between the Na,O*K,0+85 GeO, and
Li,0+Cs,0°+85 GeO, systems. Line added to aid the eye.
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Figure 4-55. Comparison between the molar volume for the germanate anomaly. Lines
added to accentuate the mixed alkali glasses.
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Figure 4-56. Literature values for density of the binary Na,O and K,O alkali-germanate
glasses compared to the value for the Na,O*K,0+GeO, mixed alkali glasses.
Line added to aid the eye.
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Figure 4-57. Literature values for density of the binary Li,O and Cs,0 alkali-germanate
glasses compared to the value for the Li,O*Cs,0*GeO, mixed alkali glasses.
Line added to aid the eye.

4.6 Conclusion

Previous studies of mixed alkali glasses indicate that the deviation from additivity
in T, increases with increasing concentration of alkali oxides. This behavior is also
found for the mixed alkali germanate glasses studied here. The current belief that the
deviation from additivity also increases as the radius ratio increases does not hold true for
the mixed alkali germanate glasses. The deviation from additivity was approximately the
same for both the Na,O+*K,0+*GeO; and the Li,O+Cs,0+GeO, mixed alkali glasses.

The density and molar volumes behaved as anticipated. There was no mixed alkali effect
for density or molar volume. The higher the concentration of alkali oxide in the
germanate glasses, the greater the mixed alkali glasses differ in molar volume and density
from their respective binary glasses. The densities of the mixed alkali glasses fall
directly between the densities of the binary alkali germanate glasses. The cesium and
lithium binary germanate glasses have the highest densities and are least affected by the

germanate anomaly.
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CHAPTER 5: INFRARED SPECTRA

5.1 Introduction

Few studies investigating the infrared spectra of mixed alkali glasses exist.'"

These studies fall into two categories: those addressing the structural bands between 200
and 1200 cm™ and those investigating the hydroxyl bands between 1500 and 4000 cm'.
This study deals with the latter region. Infrared spectra were measured for glasses in the
Li,0+Cs,0°Ge0O, and Nay0*K,0°GeO, systems and will be discussed in the context of

the mixed alkali effect and the germanate anomaly.

5.2 Literature Review

An infrared spectrometer exposes a sample to a beam of light (usually 200 to
4000 cm™) and detects if this frequency is absorbed by the sample. Treating a molecule
as two masses connected by a spring allows the molecule to be described mathematically
as a harmonic oscillator. Differential equations can be written to describe the motion of
each bond in a molecule. Each molecule has a limited number of distinct vibrational
modes governed by quantum mechanics. Infrared light can couple with these vibrational
modes. Since a real material is not perfect, these oscillations cause the springs to behave
non-linearly. The oscillation becomes damped, and coupling occurs over a range of
frequencies instead of one precise frequency. This thesis examines the bands caused by
OH and overtones of the low frequency structural bands."

Two studies have investigated the bands between 1500 and 4000 cm™.** Hosono
and Abe® studied the effect of temperature on the infrared spectra of three sodium
germanate glasses. Hall and Shelby” studied water diffusion and solubility in sodium and
potassium germanate melts. Hosono and Abe used analogy to the well characterized
infrared absorption water bands of silicate glasses to assign the bands in the infrared
spectra of alkali germanate glasses. Alkali silicate glasses have three bands associated
with water.® Band I is located at 3700 cm™ and is attributed to the Si-OH interacting
weakly with a bridging oxygen. Band II is located at approximately 2800 cm™ and
results from a Si-OH forming a strong hydrogen bond with a neighboring non-bridging

oxygen. The final band at ~ 2350 cm™ is assigned to a very strong hydrogen bond
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forming between Si-OH and a nearby discrete silicate anion. Hosono and Abe found
similar results between the silicate and germanate infrared spectra. In pure GeO;
glasses, there is one absorption band at 3600 cm™ in the infrared spectrum. Larger alkali
addition (> 22 mol %) to GeO, results in formation of two bands at 2800 and 2350 cm™.
The most obvious difference between the infrared spectra of alkali silicate and alkali
germanate glasses occurs with small additions of alkali to the glasses. Alkali
concentrations of 5 mol % in germanate glasses results in a fourth band centered around
3300 cm™, which does not occur in silicates; Honoso and Abe call this “Band I ”. They
attribute this band to Ge-OH interacting with oxygen’s in two coordination states and
suggest the band at 3300 cm™ is a result of Ge-OH interacting weakly with a six
coordinated bridging oxygen. Table 5-I lists the bands, their positions, and their

vibrational assignments by Hosono and Abe.”

Table 5-1. Band Positions of the Infrared Absorption Water Bands of Germanate Glasses

Band | Position (cm™) | Vibrational assignment by Hosono and Abe®
I 3600 Ge-OH weakly interacting with bound 4-coordinated oxygen
r 3300 Ge-OH weakly interacting with bound 6-coordinated oxygen
11 2800 Ge-OH strong hydrogen bond with a non-bridging oxygen
III 2350 Ge-OH very strong hydrogen forming with a germanate anion

Although, the work of Hall and Shelby focuses on the diffusion rate of hydroxyl in
glasses, their work includes a substantial number of pre-water treated samples. They
added to Honoso and Abe’s work by making seven different sodium germanate glasses.
These additional glasses clearly show the development of the band at 3300 cm™. Spectra
of glasses with 2 to 10 mol % sodium addition only exhibit Band I and I’. Spectra of
glasses containing > 15 mol % sodium have two new bands: one at about 2700 cm™
(Band 1II) and another at 2350 cm™ (Band IIT) which they attribute to the presence of

neighboring non-bridging oxygens.

5.3 Experimental Procedures

Glasses were prepared as described in Chapter 3. Polished plates were placed into
a Thermo-Nicolet® Avatar 380 FT-IR spectrometer. Spectra were collected from 1500
to 4000 cm” and analyzed using EZ Omnic software (version 6.0a), by Thermo-

Nicolet®. The background (transmission at 4000 cm™) for each sample was recorded
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and subtracted from the spectra. The sample thickness was measured using calipers with
an accuracy of £0.005 mm. After removing the background, spectra were divided by the
sample thickness. The resolution of the instrument is + 2 wavenumbers.

Some glasses were melted under high partial pressure of water vapor, to increase
their hydroxyl content. Figure 5-1 shows a schematic of the furnace used in this study.
Five gram batches were first melted in an electric furnace for 5 minutes (more detail is
given in Chapter 3). The crucible was removed from the electric furnace and placed in
the hot zone of the furnace, where it was held at 1050 °C for 15 minutes, under air
saturated with water vapor. The water bath was maintained just below boiling at 98 °C
during the experiment. Samples were removed from the furnace and cooled to room
temperature by placing the crucible on a refractory brick. Samples were removed from

the crucible and an infrared spectrum recorded.

~ N
/!

air

Figure 5-1. Schematic of water used to melt glasses under high vapor pressure of water.

54 Results

5.4.1 Mixed Alkali Glasses

The infrared spectra for x Li,O*(10-x) Cs,O° 90 GeO, glasses are shown in Figure
5-2. Glasses with a mixture of alkali ions have significantly more hydroxyl than glasses
with only one alkali. Normalizing the spectra to the same scale makes differences in the
spectra more obvious. Figure 5-3 shows the normalized infrared spectra for x Li,O(10-
x) Cs,0° 90 GeO, glasses. Band I shifts from 3440 cm™ for the binary 10 Li,0+90 GeO,
glasses to 3405 cm™ for binary 10 Cs,090 GeO, glasses. Glasses with a 3:1 ratio of

Li,0:Cs,0 absorb at the largest wavenumbers, as shown in Figure 5-4, where a positive
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deviation from additivity is obvious. Mixing the alkali ions also results in the increase in
intensity of Band III (centered at about 2250 cm™). Atmospheric carbon dioxide

absorption bands interfere with Band III, making it difficult to see more than an overall

increase in absorption.
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Figure 5-2. Infrared spectra for x Li;O+(10-x) Cs20° 90 GeO, glasses. Labels are the
ratio of Li":Cs".

Increasing the amount of alkali from 10 to 15 mol % in x Li;O¢(15-x) Cs,085
GeO, glasses results in dramatic changes in the infrared spectra. Spectra for these glasses
are shown in Figure 5-5. The binary Cs;0*GeO, glass exhibits obvious absorptions due
to Bands I, I’, IT and III. As the amount of cesium in the glass increases Bands II and III
increase in intensity, as shown Figure 5-6. Band I shifts from 3415 cm™' for the binary 15
Li,0+85 GeO, glasses to 3365 cm™ for binary 15 Cs,0+85 GeO, glasses (Figure 5-7).
The position of Band I is at a maximum frequency for glasses with a 3:1 ratio of
Li,0:Cs,0, as shown in the Figure 5-6. A positive deviation from additivity in the

position of this band for the mixed alkali glasses is shown in Figure 5-7.
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Figure 5-3. Normalized infrared spectra for x Li;O¢(10-x) Cs,0*90 GeO, glasses. Labels
are the ratio of Li":Cs".
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The infrared spectra for x Na,O+(10-x) K,0+90 GeO, glasses are shown in Figure
5-8. Mixed alkali x Na;O¢(10-x) K2090 GeO, glasses have significantly more hydroxyl
than the binary alkali glasses. Figure 5-9 shows the normalized infrared spectra for x
NayOe¢(10-x) K20° 90 GeO, glasses. As the amount of K,O increases, Band I broadens.
The peak shift (Figure 5-10) is much smaller than for the Li,0O*Cs,0+GeO; glass, ranging
from 3450 cm™ for the binary 10 Na;0+90 GeO, glass, to 3420 cm™ for binary 10
K,0+90 GeO, glasses.
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Figure 5-4. Peak position of Band I in the infrared spectra for x Li;O¢(10-x) Cs,0*90
GeO, glasses. Line drawn to aid the eye.
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Figure 5-5. Infrared spectra for x Li,O+(15-x) Cs,0+85 GeO, glasses. Labels are the
ratio of Li":Cs".
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Figure 5-6. Normalized infrared spectra for x Li;O¢(15-x) Cs,0+85 GeO, glasses. Labels
are the ratio of Li":Cs".
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Figure 5-7. Peak position of Band I in the infrared spectra for x Li;O¢(15-x) Cs,0*85
GeO, glasses. Line drawn to aid the eye.
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Figure 5-8. Infrared spectra for x Na,O+(10-x) K,090 GeO; glasses. Labels are the ratio

of Na":K".
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Figure 5-9. Normalized infrared spectra for x Na,O+(10-x) K»090 GeO, glasses. Labels
are the ratio of Na":K".
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Figure 5-10. Peak position of Band I in the infrared spectra for x Na,O+(10-x) K,0+90
GeO, glasses. Line drawn to aid the eye.

Increasing the amount of alkali in the Na,O+K,0+GeO; glasses from 10 to 15 mol
% results in an increase in intensity of Bands II and III in the infrared spectra. Spectra
for x NayOe(15-x) K,O° 85 GeO; glasses are shown in Figure 5-11. Binary K;0+GeO;
glasses and glasses with a 1:7 ratio of Na,O:K,O exhibit obvious Bands II and III. Figure
5-12 shows the normalized infrared spectra for x Na,Oe(15-x) K,O0+85 GeO, glasses.
Band I shifts from 3400 cm™ for the binary 15 Na,0+85 GeO, glasses to 3360 cm™ for
binary 15 K,0+85 GeO, glasses, Figure 5-13. Glasses with a ratio of 1:3 Na,O:K,O
absorb at the highest wavenumbers (3455 cm™), while glasses with a ratio of 1:7
Na,0:K,0 absorb at the lowest wavenumbers (3330 cm™). Band III is significantly
affected by the alkali identity and ratio; it is more defined for the 15 K,0+85 GeO,
glasses than the 10 K,0+90 GeO, glasses, however the absorption of Band II is strongest
for the glasses with a ratio of 1:7 Nay,O:K,O. Glasses with a ratios of 1:1 and 1:3
NayO:K,0 show spectra with minimal Band III’s. Binary 15 Na,O+85 GeO, glasses and

glasses with more sodium than potassium all have similar absorptions for Band III.
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Figure 5-11. Infrared spectra for x Na,Oe(15-x) K,085 GeO, glasses. Labels are the
ratio of Na":K".
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Figure 5-12. Normalized infrared spectra for x Na,O¢(15-x) K,0+85 GeO, glasses.
Labels are the ratio of Na":K".
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Figure 5-13. Position of Band I in the infrared spectra for x Na,O¢(15-x) K20+85 GeO,
glasses. Line drawn to aid the eye, error bars smaller than data points.

5.4.2  Germanate Anomaly

Infrared spectra for 0.5x Li,O0°¢0.5x Cs;0¢(100-x) GeO, and 0.5x NayOe<0.5x
K,0+(100-x) GeO, glasses are shown in Figures 5-14 and 5-15, respectively. The
normalized spectra are shown in Figures 5-16 and 5-17 for 0.5x Li,0¢0.5x Cs,O+(100-x)
GeO; and 0.5x Nay0+0.5x K,0+(100-x) GeO, glasses, respectively. The infrared spectra
of 0.5x Li,0°0.5x Cs,0+(100-x) GeO, glasses with < 10 mol % alkali exhibit only Bands
I'and I’. When the amount of alkali in the 0.5x Li,0+0.5x Cs,O+(100-x) GeO, glasses is >
15 mol %, Band II and III are present in the spectra. Infrared spectra for the 0.5x
Nay0+0.5x K,0+(100-x) GeO, glasses are similar to the 0.5x Li,O+0.5x Cs;O+(100-x)
GeO; glasses, however Bands II and III are not present until at least 17 mol % alkali is
added. In both systems, the effect of alkali addition in the region near the multi-phonon
edge is obvious, and is independent of the identity of the cations. When small amounts of
alkali are added, < 1 mol % alkali oxide, two bands appear at frequencies < 2000 cm™.
As the amount of alkali in the glass increases, these bands disappear into the multi-
phonon edge which gradually moves to longer wavenumbers. The shift in the peak

position at 3500 cm™ is also independent of cation identity, as is shown in Figure 5-18.
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Figure 5-14. Infrared spectra for 0.5x Li,0¢0.5x Cs,0¢(100-x) GeO, glasses.
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Figure 5-15. Infrared spectra for 0.5x NayO<0.5x K,O+(100-x) GeO, glasses.
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Figure 5-16. Normalized infrared spectra for 0.5x Li;0¢0.5x Cs,0¢(100-x) GeO, glasses.
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Figure 5-17. Normalized infrared spectra for 0.5x Na,O+0.5x K,O+(100-x) GeO, glasses.
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Figure 5-18. Position of Band I in the infrared spectra for 0.5x R,0¢0.5x R’,0+(100-x)
GeO; glasses. Line drawn to aid the eye, error bars generated from the
accuracy of the instrument are smaller than data points.

5.5 Discussion

The infrared spectra will first be discussed with regard to cation identity, followed
by alkali concentration, and finally band identification. The identity of the cation affects
two areas of the infrared spectra. Figures 5-19 and 5-20 show a comparison between the
two different cation pairs at 90 and 85 mol % GeO,, respectively. Glasses with Li,O and
Cs,0 behave similarly, with the position of Band I maximizing when Li,O and Cs,0 are
in a ratio of 3:1. The non-systematic shifting of the Na,O*K,0+85 GeO, Band I could be
a result of possible crystallite formation, resulting from the composition being near the
edge of the glass forming region of the ternary system. Figure 5-21 shows the band
position for the Li;0+Cs,0+GeO; glasses along the 90 and 85 mol % GeO; tie lines. The
position of Band I in glasses containing Na,O and K,O vary over a large range of
wavenumbers (Figure 5-22). Cation identity affects when the Bands II and III begin to
appear in the spectra. In Li,O+Cs,0+GeO, glasses, Bands II and III are a major aspect of
the infrared spectra in glasses with as little as 15 mol % alkali oxide. However, in the

Na,0+K,0+GeO; glasses, these band do not evolve until at least 17 mol % alkali.
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Figure 5-19. Position of Band I in the infrared spectra for x R,O+(10-x) R’,0+90 GeO,
glasses. Line drawn to aid the eye, error bars smaller than data points.
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glasses. Line drawn to aid the eye, error bars smaller than data points.
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Figure 5-21. Position of Band I in the infrared spectra for x Li,O¢y-x Cs;0O¢ (100-x-y)
GeO, glasses, where y = 10 or 15. Lines drawn to aid the eye.
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Currently, the infrared spectra bands of the germanate glasses in the range of 4000
to 1500 cm™ have been assigned by analogy with the band position of silicate glasses.
An experiment was performed in order to confirm that these bands are actually a result of
the presence of water in the glass and not a result of the glass structure. The glass with
the most pronounced bands (8.5 Li;O¢8.5 Cs,0+83 GeO;) was melted following the
experimental procedures in section 5.3. The results of this experiment are shown in
Figure 5-23. It is obvious from the spectra that Bands I, I, IT and III are a result of water
in the glass, because they increase when the amount of water in the glass in increased.
Figure 5-24 shows the normalized infrared spectra by dividing by the sample thickness.
The peaks lie exactly on top of one another, revealing that bands in each of the spectra
are a due to the same mechanism. An interesting effect of the water treatment on the
infrared spectra of the glass is found in the shifting of the multi-phonon edge to lower
wavenumber, resulting in a clearly defined shoulder band, which is an overtone of the

structural bands.’
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Figure 5-23. Infrared spectra for 8.5 Li,0¢8.5 Cs,0+83 GeO, glasses prior and following
treatment in a water furnace.
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Figure 5-24. Normalized infrared spectra for 8.5 Li,0+8.5 Cs,0+83 GeO, glasses prior
and following treatment in a water furnace.

5.6 Conclusion

Mixed alkali germanate glasses have similar infrared spectra curves to silicate
glasses. This study confirms that the bands at approximately 3600 cm™, 3300 cm™, 2800
cm™ and 2350cm™ are a result of water in the glasses. It is believed that these bands
result from similar mechanisms as in silicate glasses. The band at 3400 cm' is attributed
to Ge-OH interacting weakly with bridging oxygen. When the alkali concentration is
between 1 and 90 mol %, the band shifts toward 3400 cm™ due to growth of a Band I’ at
3300 cm’ resulting from the Ge-OH interacting weakly with bridging oxygen associated
with five-fold coordinated germania. The development of the Bands II and III, at about
2800 and 2350 cm’', are a direct result of non-bridging oxygen formation. The band near

the multi-phonon edge is an overtone of a low frequency structural band.
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CHAPTER 6: ELECTRICAL CONDUCTIVITY

6.1 Introduction

Most inorganic glasses are ionic conductors. As the temperature of a glass
increases, the ions in the glass have enhanced mobility. Applying an electric field to the
glass causes movement of these cations. Understanding the way charge moves through a
glass can be very useful for determining the structure of the glass. For example, a glass
with an open network and/or small ions (such as Li") will allow cations to move easily
throughout the network, resulting in a higher electrical conductivity. Mixing two types of
mobile ions results in a decrease in the electrical conductivity; this phenomena is called
the mixed alkali, or mixed mobile ion effect.

This chapter reports two studies designed to increase our understanding of the
mixed alkali effect and electrical conductivity behavior of alkali germanate glasses. The
first study presented in this chapter involves a series of DC electrical conductivity
measurements performed on two of the mixed alkali ternary systems, Li;O*Cs;0+GeO;
and Na,O+*K,0°GeO,. The study examines the effect of mixing two different alkali ions
on the electrical conductivity. Germania concentration was held constant at two different
values, 90 and 85 mol %, while the alkali ions were added in differing ratios across this
tie line. These two amounts of germania are structurally significant. Glasses containing
90 mol% GeO, are thought to contain two different coordination states of germanium,
while the 85 mol% tie line is important because this is approximately where the system
begins to lose connectivity, due to the formation of non-bridging oxygen, and begins to
behave more like silicate glasses.

The second study examines the three alkali oxide germanate ternary systems
Li1,0+Cs,0+Ge0,, Na,0*K,0+GeO,, and K,O*Rb,0O*GeO,. The size difference between
the alkali ions is greatest for the LiO+Cs,O+GeO, glasses, and is least for the
K,0+Rb,0+GeO; glasses. The alkali oxides contents were held constant in a ratio of 1:1,
while the GeO; concentration was varied from 100 to 70 mol % to examine the effect of
cation identity on the electrical conductivity. Two additional tie lines are examined in the
Li;0°Cs;0°GeO; system to study the influence of the mixed alkali effect on the

germanate anomaly.
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6.2 Literature Review

The literature review in this chapter includes a review of ionic conductivity in
glasses, where the basic mechanisms will be discussed, along with brief summaries of
some of the most relevant theories on ionic conductivity in glasses. Following the review
of ionic conductivity, there is a brief discussion of the mixed mobile ion effect in the
context of ionic conductivity. Since the mixed mobile ion effect is closely related to
ionic mobility, this material is presented in Chapter 2, where the mixed mobile ion effect
is reviewed—please refer to Chapter 2 for more detail on this subject. The final section
of the literature review summarizes previous electrical conductivity studies on alkali

germanate glasses.

6.2.1  Ionic Conductivity in Glasses

An enormous amount of work has been performed on ionic conductivity in
glasses.”™ In oxide glasses (SiO,, B,0s, GeO, and most P,Os glasses), electrical
conduction is a result of the migration of cations through the glass structure, i.e. ionic
conduction is directly linked to the mobility of ions in the network. Alkali ions are
among the most mobile ions in glasses. The smaller alkali ions, lithium and sodium, are
highly mobile. The larger ions, potassium, rubidium and cesium, yield low electrical
conductivities compared to the smaller alkali ions. The Shannon and Prewitt radii of
these ions are listed in Table 6-1, and shown in Figure 6-1. Three mechanisms for ion
transport have been proposed and will be discussed in this section: classical methods,
weak electrolyte theory, and the defect hypotheses. The contemporary work of Ngai and

Funke are discussed in Chapter 2, and will only be mentioned briefly here.

Table 6-1. Cation Ratios, Radius Values Taken from Shannon and Prewitt

Cation Coordination Number* | Radius (pm)
Li’ 4-6 66.5
Na' 6 102
K' 6-8 145
Rb' 6-8 155
Cs" 6 170

*If more than one coordination number, and average of the lengths was used
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Figure 6-1. Shannon and Prewitt ionic radii of alkali ions.

6.2.1.1 Classical Model

Anderson and Stuart proposed the foundational work on ionic conductivity of
glasses in 1954.° Their approach is based on classical ionic crystal and elastic theories.
They make two important assumptions. First, the ions move independently of one
another, and second, there are a large number of empty sites through which the mobile
ions can move. The calculations of Anderson and Stuart are based a single model for the
activation energy for the cation to migrate through alkali silicate glasses. The basic
bonding of glasses is assumed to be covalent for the network components (SiO,, B,Os,
GeO,, etc.), while the bonding of the network modifier (Na', K', Ca™", etc.) to the
structure is ionic. Since ionic bonds are much weaker than covalent bonds, the modifying
ions can be removed from these sites in the structure at relatively low temperatures and
can migrate, leading to ionic conductivity in glasses. As the temperature of the glass
increases, conductivity increases. At temperatures above T,, the network ions can also
break free and contribute to the conductivity.’

To calculate ionic conductivity in glasses, Anderson and Stuart’ first assume that
the amount of strain energy generated in a glassy network resulting from the enlargement

of a doorway to radius, rp, to allow an ion of radius, 7, to pass, is approximated by the
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elastic energy required to dilate a spherical cavity from radius » to radius rp. They begin
with Frenkel’s equation describing the total energy for dilation in a liquid

E, =8aGr,(r-r,)’, (6-1)
where Ej is the strain energy, G is the shear energy, rp is the radius of the doorway and r
is the radius of the migrating ion. Anderson and Stuart’ propose a modification of the
factor 8w to 4w to compensate for the difference between the denser packing of a close-
packed liquid and the more open structure of a glass. Frankel’s equation (6-1) becomes

E =4aGr,(r-r,)’. (6-2)
McElfresh and Howitt® later proposed that the geometry of Equation 6-2 be adjusted to
treat the doorway as a short cylinder, or

_aG(r-r,)’l

ES
2

; (6-3)

where / is the jump distance.

After considering the total strain energy (E;) caused by moving an ion through the
glass network, one must also consider the amount of energy required to break the bond
between the ion and the neighboring non-bridging oxygen. Anderson and Stuart’ begin
with ionic crystal theory, where the chemical binding energy consist of four terms,

E,=E +E +E,+E, (6-4)
Ey, E., E,, E,, and E,, are the energies of binding, coulombic, repulsive, polarization and
van der Waal, respectively. The E, term is zero for all ions having a dipole moment
equal to zero, and E, is negligible compared to the other energy terms. If the net forces
are required to balance to zero, then the interatomic spacing is equal to the radius sum.
Using ionic crystal theory, E. is proportional to (r+ ro)" and E, is proportional to
(r + r9)™, where Anderson and Stuart state m is equal to about 9 or 10, and ry is equal to
the radius of the O* ion. Using these assumptions, Equation 6-4 becomes

E, =—(1—1/m)EC. (6-5)
Performing a series of mathematical manipulations to Equation (6-5) results in the

following approximation for the electrostatic potential,

2 2
26" 22

AE, = .
’ (r+r) A2

(6-6)
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Assuming a jump distance equal to the lattice constant (A) for cristobalite, A = 7 a.u.,
neglecting the small and rapidly changing repulsive potential, and applying Pauling’s
value for the radius of oxygen (rp = 1.4 a.u.) results in

AE, =-BE,. (6-7)

where B is the finite displacement factor and equal to 2.0-r

; therefore, for silicate

glasses the change in the binding energy can be written as

aE,=-bE, (6-8)
4

where y accounts for the deformability of the oxygen atom.*
Anderson and Stuart’s theory thus reduces to

E,=E,+E;, (6-9)
where E, is the total energy required to move an ion through the system. Ingram®
summarizes their work concisely, saying the total amount of energy required for ionic
migration is the sum of energy required to overcome the electrostatic forces, combined
with the amount of energy required to open up ‘doorways’ in the structure large enough
for the ions to pass. Figure 6-2 illustrates the potential wells that must be overcome by

the mobile ion to move from its original site to the next.***

¥ Anderson and Stuart note that the value of y is determined by experiment and always
found to be equal to the dielectric constant.
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Figure 6-2. Illustration showing the shear energy and the electrostatic barriers for ionic
conduction, taken with permission from Ingram.*

6.2.1.2 Weak Electrolyte Theory

The weak electrolyte theory expresses ionic conductivity as a product of the
concentration of mobile ions and the mobility of the conducting ion,

o=n"zeu (6-10)

where ois the electrical conductivity, n* is the number of mobile ions per unit volume, z

is the charge of the mobile ion, e is the electronic charge, and u is the mobility of the

22 1f the mobile ions in a glass, such as Na*, were all equally mobile then glasses

ions.
would behave similar to strong electrolytes, e.g. salt dissolved in water.”> However, since
glasses act as weak electrolytes, n* is less than the stoichiometeric concentration of the
ions.”* Ravaine and Souguet’>* developed the first model correlating ionic conductivity
and the thermodynamic activation energy. Tomozawa**** later developed an approach
using simple Arrhenius theory of electronic dissociation to account for low amounts of

alkali oxides. These two different approaches to the weak electrolyte theory in glasses are

discussed below.

6.2.1.2.1 Ravaine-Souquet Model

. 53,54
Ravaine and Souguet™

observed that, when the log of conductivity is plotted
versus the log of the activity of the alkali ion, there is a linear relationship. They
developed the following empirical relationship,

o= const(a,\,azo) (6-11)

where o is the electrical conductivity and an,20 is the activity of the alkali ion, in this
example, sodium. They proposed the following explanation for this behavior. There is

an equilibrium state in glass where,

Na,0=Na" + ONa". (6-12)

Using conventional thermodynamics, they show that:

Una,o0 = Au;azo + RTlnaNaZO (6-13)

Hnao = U0 + RT| Na* [ ONa | (6-14)
o + 2

Uno = W0 + RT[Na' | . (6-15)
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They assume constant activity coefficients and charge neutrality, and combining
Equations 6-11, 6-13, and 6-15, yield,
o = const| M*]. (6-16)

Equation 6-15 is important because it implies that the mobility of the ion is
completely dependent upon the concentration of the mobile species and is independent of
all other components of the glass composition. Isard applies this theory to the activation
energy and, using Equation 6-12, suggests,

AH

E(0)=—+E (6-17)

m?o

where, AH is the enthalpy of the reaction (Equation 6-12) and E,, is the ‘true’ activation
energy. This theory is useful in explaining the atypical (i.e. the non-silicate like
behavior) of electrical conductivity such as the mixed alkali effect, the mixed glass
former effect, and the increased conductivity in the presence of halides.*

Martin and Angell” compare the Anderson and Stuart model and the weak
electrolyte model and suggest that there is very little difference between the two models.
Essentially, the Anderson and Stuart model assumes a fixed number of sites with an
energy barrier to the exchange of ions between sites and an electrostatic work term,
which allows the ion to move through the neighboring ‘doorway’. As the amount of
alkali oxide in the system increases, the average site separation decreases, resulting in a
decrease in the columbic energy (Equation 6-4), and, as the temperature increases, the
amount of work required to move the ion through the ‘doorway’ decreases because the
rigidity of the network decreases (Equation 6-3). The weak electrolyte model suggests
there are two types of sites, which requires thermal energy to populate high-energy sites.
Assuming the simplest case, where the energy required for the ion to pass through the
‘doorway’ is constant (i.e. constant mobility), the effect of composition is to decrease the
energy between the mobile and immobile ion sites.

Martin and Angell show that the work of populating the higher energy mobile
sites is electrostatic in nature. An energy diagram similar to Figure 6-2 can be drawn for
the weak electrolyte model. The major difference is the lack of the ridge in Figure 6-2
caused by the electrostatic energy term (E;). Martin and Angell state that at higher

temperatures, the thermal energy that populates the high energy sites in the weak
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electrolyte model also causes the Ej, term of the Anderson and Stuart model to increase in
energy, and essentially results in one energy barrier instead of two, therefore behaving

like the weak electrolyte model.”

6.2.1.2.2 Tomozawa Theory
Tomozawa’ > approaches the weak electrolyte theory from a different angle than

Ravaine and Souguet. His theory begins with the weak electrolyte theory developed for
solutions and focuses on electrical conductivity of glasses with small amounts of alkali

oxide. Using the simple Arrhenius theory of electrolytic dissociation (K),

P 2
K=2¢ sa2c=(A) c, (6-18)

where, « is the fraction of single alkali ions dissociated, ¢ is the molar concentration of
single alkali ions (mol cm™) and A is the molar conductivity. Taking logarithms of

Equation 6-18 and rearranging results in,
logA=—llogc+llog(A2K) (6-19)
2 2 o

If the weak electrolyte theory is applicable in glasses, a plot of Equation 6-19 will have a

slope of -%. Tomozawa shows that the solutions approach to weak electrolyte theory is

applicable to glasses when the alkali ions are at low concentrations and/or the
temperature of the system is high. The weak electrolyte theory assumes that the mobility
of the ion is constant with increasing concentration. Since alkali disrupt the network and
increasing the concentration of alkali oxide allows the ions to become more mobile, this
theory breaks down for concentrations of alkali oxides greater than 1 mol %.° Imre et
al.”’ in a series of recent work®**"***® applied Tomozawa’s weak electrolyte theory and
claim that using this theory eliminates the mixed alkali effect in glasses with low

concentrations of alkali.

6.2.1.3 Defect Hypotheses

The final theory used to describe electrical conductivity in glasses is the defect
hypotheses; this approach begins by looking at ionic conductivity in crystals. There are
three types of migration defects discussed in ionic conduction in crystals: vacancies,

interstitials and interstitialcies. Vacancies are cations or anions missing from their sites
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in the lattice. Interstitials occur when a cation or anion sits on a site that does not usually
contain an atom. Interstices and vacancies can move throughout a crystal. When a pair
of interstices move simultaneously, this is called interstitialcy (the pair can be called
interstials, interstitial pairs or interstitialcies).”” Two different methods have been
established for examining electrical conductivity using defects, the Haven-Verkerk®'
approach, and the Moynihan-Ingram-Lesikar theory.”> The defect method provided the
initial work for Ngai’® and Funke,**® who later developed the theory of ionic diffusion

used today (Chapter 2).

6.2.1.3.1 Haven-Verkerk Approach
Since glasses do not have a regularly repeating network, using a defect model can

become quite precarious when defining interstials and vacancies. Haven and Verkerk
define interstitial sites as the sites corresponding to an energy level higher than the
average energy of the migrating ion. They define a vacancy as an unoccupied site that
has the same energy as the average energy of the site occupied by the migrating ion. The
Haven-Verkerk® approach begins by describing particle 4, which has a single charge e,
that can jump in a crystal at distance d, with a probability of v sec”’, in each of z
directions leading to the diffusion coefficients (D,) for particle A4,

D, =(z/6)vd”. (6-20)
They address ionic conductivity by calculating oy, which is the ionic conductivity
contributed by a certain number of 4 particles per cm™, N:

zvNe*d?
O, =——.
6kT

Using Equations 6-20 and 6-21, the diffusion coefficient for self-diffusion (D.q.) can be

(6-21)

calculated using the Nernst-Einstein equation,
okT

cate = 77 (6-22)
Haven and Verkerk®' argue that an interstial defect cannot occur in a glass. They believe
the only defects generated in glasses are the vacancy or an interstitialcy. To account for
the non-random distribution of diffusing particles, Haven and Verkerk®' developed a

correlation factor, f; to account for the increased probability that an ion moving forward
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in the network will return to its original site instead of continuing its forward migration.
This factor is closely related to the random walk diffusion theory,

f=1+2)cosb,,, (6-23)

j=1

where, cos 6, ;1; is the average of the cosine of the angle 6 between the direction of step
number, i of the atom and step number (i+j), following 7, of the same atom. This factor is
not needed in the ionic conductivity because the increased probability of an ion to jump
in one direction is counter balanced by the probability that it will jump in the other

direction. Taking this into consideration, they developed the relation,

Dy KT (6-24)
o, Ne
This relation can be reduced further to
D
DA —f=H,. (6-25)

Calc
The correlation factor has now become known as the Haven ratio (Hz) and is used by
Haven and Verkerk to describe the mixture of vacancy and interstitial processes in
conductivity.®' It has also been used to describe many of the phenomena that occur in the
electrical conductivity of glasses, such as phase separation and preferential pathways for
conduction.”> However, the reproducibility of the measured Haven ratio, within the same
composition,® is lacking. A result, the concept of defect migration is open for further
development.

The most notable concept proposed by Haven and Verkerk is the idea that the ions
migrate through the glass structure in interstitial pairs. This concept was further

developed and supported by Ingram and will be discussed in the following section.”

6.2.1.3.2 Moynihan-Ingram-Lesikar Theory

Moynihan and Lesikar,”’ and later Moynihan and Ingram,”® approach ionic
conductivity in glasses as interstitial defects migrating through the glass network,
building on the work of Haven. They show the two major types of defects in the glasses
are vacancy and interstitialcies, implying that the ions move through the glass as pairs of

alkali ions. Instead of assuming that these interstitials are ‘free’ with constant mobility
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(like in the Ravaine-Souquet model), this theory suggests that an ion’s mobility is

dependent upon other ions with less mobility acting as ‘stepping stones’ to migration.

6.2.2  Mixed Mobile Ion Effects on Conductivity

The mixed mobile ion effect is discussed in detail in Chapter 2 and will be
discussed only briefly here. Mixing alkali ions results in a negative deviation from
additivity for the electrical conductivity and a positive deviation from additivity for the

8,26,69

activation energy. The greater the difference in size between the alkali ions, the

8,26,69 13 - .
> Figure 6-3 shows a comparison of the radius

greater the deviation from additivity.
ratios for all possible alkali pairs. The radii ratio can be divided into 3 groups. Group I
has the largest size difference, with alkali ion R’ being roughly 2 to 2.5 times larger than
the alkali ion R (radii ratios of 2.18 to 2.56). Group II ions have R’ approximately 1.5
times larger than the R (radii ratios of 1.42 to 1.67). Group III ions are near the same
size, with radii ratios of 1.07 to 1.17. This thesis examines one ternary system from each
group, i.e. lithium-cesium-germanate glasses which have the greatest difference between
the radii of the alkali, potassium-rubidium-germanate glasses are closest in size, and

sodium-potassium-germanate glasses, which are from Group II and are the most studied

mixed alkali germanate glasses.
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Figure 6-3. Radii ratio for the larger ion to the smaller ion, numerical values shown at
top of bar.
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6.2.3  Germanate Anomaly

A number of studies examining the electrical conductivity of alkali germanate

9,10,17,28-30,43,47,51,58,70-83 : Lo
(10.17.2830.43.47.51.98.70-83 The germanate anomaly is obvious in

glasses exist in the literature.
the electrical conductivity behavior of alkali germanate glasses. Larger additions of
alkali oxide (~15 mol %) result in electrical conductivities with modest differences due to
cation identity. At small additions of alkali oxide, however, the electrical conductivity is
very dependent on alkali identity, which is very different from the behavior of silicate
glasses. The smaller alkali ions, Li" and Na", cause an initial increase in conductivity of
2 to 3 orders of magnitude when as little as 2 mol % alkali oxide is added. Addition of
small amounts of the larger ions, K, Rb" and Cs’, does not increase in conductivity and
may actually decrease the electrical conductivity. For more detail on the germanate
anomaly, refer to Chapter 2. The relatively small amount of literature on the electrical
conductivity of alkali germanate glasses allows a thorough review of the existing work.
Only one of these conductivity studies, Ivanov’s®® study of x NayO¢y K,0+(100-x-y)
GeO; glasses, directly relates to the primary work reported in this thesis.

This section will discuss the binary alkali germanate glasses, beginning with
lithium and following with each progressively larger alkali ion. Ivanov’s x Na,Oey
K,0+(100-x-y) GeO; study will be discussed later in Section 6.5. The data presented are
found in the glass literature. In the case of the Cs;0*GeO; system the author could not
find any study with values for electrical conductivity, so only Shelby’s unpublished data
are shown.

Three sets of data for the electrical conductivity of Li,O*GeO, glasses exist in the
literature. Each set shows an initial increase in electrical conductivity of 2 to 3 orders of
magnitude, as shown in Figure 6-4. As the amount of Li;O in the glass increases, the
electrical conductivity increases, with exception to the final point by Karnet for 25 mol%
Li,O, where he reported a 2 order of magnitude decrease in conductivity relative to a
glass with 7 mol % Li,O. There is a broad range of electrical conductivities for 100 %
GeO; in the literature, which range from 6.92 E-09 to 2.04 E-10 S cm'l, the figures in this

section use the intermediate value of 9.41 E-10 S cm’".
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Figure 6-4. Literature values for the DC electrical conductivity, at 300 °C, of Li,0*GeO,
glasses.

The calculation for error bars for the activation energies is discussed in detail in
Section 6.3.3. There is an initial larger decrease in activation energy with a small
addition (1-3 mol %) of Li,O. When the alkali oxide addition is greater than 3 mol %
Li,O, the rate of activation energy decrease with increasing alkali oxide addition slows.

There is no identifiable trend in the value of the pre-exponential factors.
Anderson and Stuart’ assume that this pre-exponential is independent of composition.
The data shown in Figure 6-6 demonstrate that this is not the case and that the pre-
exponential term can vary orders of magnitude with composition. Nowick, Lee and
Jain®® suggest that the pre-exponential for most ionic conductors is ~10 and that there are
three different regions for the pre-exponential term. The first region is observed when all
the charge carriers are free and the pre-exponential is ~10. The second region occurs
when the ions are bound at specific defect sites, and only a small number ions are free to
move, resulting in the number of charge carriers being much lower than the concentration
of charge carriers, which results in the pre-exponential being surprisingly low. This
mechanism is temperature independent. The third and final category occurs when almost
all of the ions are trapped at specific defect sites. Only when the ions are released can

they contribute to the electrical conductivity. The number of ions released increases
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exponentially with temperature. When these conditions are present, the pre-exponential
will be much greater than predicted. For more details refer directly to the work of
Nowick, Lee and Jain.*

For the Li;0+*GeO;, system, most pre-exponentials fall within an order of
magnitude of the calculated value of = 10. However, the values from Karnet’s work are
almost 2 orders of magnitude greater, implying that the charger carriers are moving by a
different mechanism than in the other studies.

The literature values for the Na,O+*GeO, binary glasses are more consistent than
those for the glasses in Li,O+GeO, binary. Figure 6-7 shows the literature values for the
electrical conductivity of Na,O+GeO, glasses. With exception of the data from
Sidebottom, a few points from Secco, and one value from Ivanov, the data trend
similarly. First, the addition of 1 mol% Na,O causes the conductivity to increase almost
two orders of magnitude. With increasing amounts of Na,O, the electrical conductivity
remains almost constant until 10 mol %, after which the electrical conductivity increases
linearly with increasing alkali oxide (approximately an order of magnitude for each 5 mol
% addition.)

The activation energy for conductivity behaves differently for the Na,O+*GeO,
glasses than for the Li,O*GeO, glasses (Figure 6-8). Instead of an initial decrease, the
activation energy remains constant until about 10 mol % Na,O alkali oxide addition, then
decreases significantly as the amount of alkali oxide increases. Again, as with the
Li,0+GeO, glasses there is no clear trend in the pre-exponential values, Figure 6-9.
There are a number of random spikes in the pre-exponential factor which are not
explained by the authors.

The conductivity of the glasses containing alkali ions the size of potassium or
greater initially decreases. Figure 6-10 shows the electrical conductivity for K,O+GeO,
glasses. In these glasses, the conductivity decreases by 0.5 to 1 order of magnitude when
the amount of alkali oxide is less than 15 mol %. A minimum in conductivity occurs at
about 6 mol % K,O. When the amount of K,O in the glass is 15 to 25 mol %, the
conductivity increases rapidly by about 4 orders of magnitude. Additions of K,O greater

than 25 mol % result in only a small additional increase in conductivity.
y y
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The activation energy for conductivity behaves as expected when the conductivity
decreases. The activation energy for K,O+GeO, glasses (Figure 6-11) increases sharply
when K,O is added and remains high until 10 mol % K,O is added. When the amount of
K,O is greater than 10 mol%, the activation energy decreases linearly with increasing

alkali oxide.
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Figure 6-5. Activation energy for DC conductivity of Li,O+*GeO; glasses.
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Figure 6-6. Pre-exponential factors for Li,O+*GeO; glasses.
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Figure 6-7. Literature values for the DC electrical conductivity, at 300 °C, of
NayO+GeO; glasses.
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Figure 6-8. Activation energy for DC conductivity of Na;O+*GeO, glasses.
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Figure 6-9. Pre-exponential factors for Na,O+*GeO; glasses.
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Figure 6-10. Literature values for the DC electrical conductivity, at 300 °C, of
K,0+GeO, glasses.
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Figure 6-11. Activation energy for DC conductivity of K,O*GeO, glasses.

Unlike the behavior for the two smaller alkali ions, the pre-exponential of the
K,0+GeO, glasses is obviously greater than 10; in some cases, it is as great as three
orders of magnitude higher, as shown in Figure 6-12. Using the theory of Nowick, et al.,
this behavior would suggest that there is a different mechanism of conductivity in glasses
with less that 10 mol % K,O. Their work suggests that conductivity values with such
high pre-exponentials are thermally activated. Shelby’s values are significantly larger
than those of Evstropiev. Evstropiev’s values were taken from data measured at 200 to
400 °C, whereas Shelby’s data were collected between 300 and 450 °C. If the
mechanism of conductivity increases with temperature exponentially, as Nowick et al.
suggest, then it is reasonable to conclude that increase in conductivity is a result of the
increase in temperature at which the conductivity was measured.

The electrical conductivity of the Rb,O*GeO; and Cs,0+GeO, glasses is similar
and will be discussed concurrently. Figure 6-13 shows the electrical conductivity for
Rb,0+GeO; glasses. There is an initial sharp decrease in electrical conductivity with
very small additions of Rb,O, followed by an increase of about 5 orders of magnitude
with further Rb,O additions. A similar trend is shown in Figure 6-14, for Cs;0+GeO;

glasses.
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The activation energy behavior for the two different alkali oxide containing
glasses is very similar. There is a sharp increase with a small addition of Rb,O as shown
in Figure 6-15. The activation energy for the Rb,O*GeO, glass gradually decreases in
until 12 mol % Rb,O addition, where a sharp decrease in activation energy occurs,
followed by a gradual decrease. The Cs,0*GeO; glasses exhibit similar behavior, but
with less abrupt change in activation energy, as shown in Figure 6-16.

The pre-exponential factors for the Rb,O*GeO, glasses (Figure 6-17) have the
largest range of values of all the alkali oxides. Some of the low alkali oxide containing
glasses have pre-exponential factors > 10*. The Cs,0GeO, glasses (Figure 6-18) exhibit
a different behavior. The pre-exponential is very large for the glass with 2 mol % Cs,0,

while the values for glasses with Cs,O concentration > 5 mol %, are in the normal range.
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Figure 6-12. Pre-exponential factors for K,O+GeO, glasses.
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Figure 6-13. Literature values for the DC electrical conductivity, at 300 °C, of
Rb,0+GeO, glasses.
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Figure 6-14. Unpublished DC electrical conductivity at 300 °C, provided by J.E. Shelby,
for Cs,0+GeO, glasses.
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Figure 6-15. Activation energy for DC conductivity of Rb,O*GeO, glasses.
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Figure 6-16. Activation energy for DC conductivity of Cs;O*GeO; glasses.
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Figure 6-17. Pre-exponential factors for Rb,O*GeO, glasses.
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Figure 6-18. Pre-exponential factors for Cs;O*GeO; glasses.

The curves for electrical conductivity and from these figures’ activation energies
for all of the alkali ions are shown in Figures 6-19 and 6-20, respectively. The electrical

conductivity behavior for the smaller alkali ions (Li", Na") is quite different from that of
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the larger alkali ions (K, Rb", Cs"). The glasses with lithium exhibit a sharp increase in
conductivity with less than 2 mol % alkali oxide, followed by a very gradual increase in
conductivity. The glasses containing sodium have an increase similar to the lithium
germanate glasses, however the conductivity remains constant from about 2 to 7 mol %
addition, then begins to increase significantly. The glasses with the larger alkali initially
decrease in conductivity, a minimum occurs at 5 to 10 mol % addition of alkali oxide,
followed by increasing conductivity with increasing alkali oxide content beyond 10 mol
%. Similar electrical behavior occurs at higher alkali oxide concentrations regardless of
the alkali identity.

Activation energies for all of the binary glasses can be discussed in a similar
manner. The activation energy for glasses containing the larger alkali ions initially
increases, has a plateau region, and then decreases. The smaller alkali (Li", Na") ions act
differently. There is a continuous decrease in the activation energy for the lithium and
sodium germanate glasses.

Lithium germanate glasses initially decrease in activation

energy and then only slightly decrease with additions beyond 2 mol %.
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Figure 6-19. Literature values for the DC electrical conductivity, at 300 °C, of
R,0+GeO; glasses.
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Figure 6-20. Activation energies for electrical conductivity, from the literature, for
binary alkali-germanate glasses.

6.3 Experimental Procedures

6.3.1  Sample Preparation
Optically polished samples (Chapter 3) were sputtered on all sides with a AuPd

alloy. A guard ring was placed on one side of each sample, masking the area under the
ring from the metallic coating (Figure 6-21). One of three rings was used, with electrode
areas of 0.113 ecm?, 0.261 cm?, or 0.785 cm”. Samples ranged in thickness from about 0.5

mm to 2.5 mm.

Figure 6-21. Illustration of the samples used in the DC conductivity experiments.
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6.3.2  Electrical Conductivity Measurements

Electrical conductivity measurements were performed using a three-probe DC
approach, which is shown in Figure 6-22. The sample is placed against a piece of Pt foil
on a Macor® ceramic disk. The inner electrode is placed in the center of the ring, an
shown in Figure 6-22. The outer electrode is place outside the ring. A thermocouple sits
directly above the sample. The sample holder is placed in a tube furnace. The
atmosphere in the furnace is ambient. The circuit diagram is shown in Figure 6-23.

Electrical conductivity measurements are performed by heating the furnace to the
temperature where the sample first begins to conduct at the measurement level. The
furnace is held at this temperature for 30 minutes to allow the glass to reach the
temperature of the furnace. The temperature of the furnace is then increased in 10 K

increments, with 10 minute intervals between measurements.

Figure 6-22. Illustration of the DC conductivity apparatus used in this thesis.
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Figure 6-23. Illustration of the circuit used in the DC conductivity apparatus.
The electrical conductivity can be calculated using the following formulas.
R = RRef(VB _VD)’ (6-26)
VD
where R is the resistance, Rg.ris the reference resistance, V' is the voltage of the battery
(~ 9 V in this case), and V) is the voltage drop across the reference resistor. To calculate

the resistively (p) from the resistance use,

A
=R =, 6-27
P ( L) (6-27)
where A is,
A=afr}) (6-28)

Conductivity is the inverse of the resistance 1/ p. To further analyze the data, the
conductivity values are plotted as log conductivity versus 1000/T (in absolute
temperature), and an exponential fit is applied to the data. The exponential fits the
following equation®

o =0, exp(%) , (6-29)
where o is the pre-exponential factor, R is the gas constant in kJ/mol, E is the activation
energy for conductivity and 7 is the absolute temperature. The conductivity can then be
calculated for any reference temperature, for comparison of different glasses. Reference

temperatures of 300 °C and T, are used here.

6.3.3  Comparing to NIST Standards

The National Bureau of Standards and Testing (NIST) provides standard glass

624 for electrical conductivity measurements. Figure 6-24 shows the electrical
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conductivity measurements for NIST 624 with apparatus used in this thesis, compared to
the data supplied by NIST.

Accuracy of activation energies for conductivity is overestimated in much of the
glass literature. An estimate of the accuracy of activation energies measured in ideal
conditions can be calculated. If electrical conductivity measurements were made using a
NIST certified Type K™ thermocouple and the instrument measuring electrical
conductivity is as accurate as that used at NIST, this idealized experimental apparatus
would yield a minimum error in conductivity at 300 °C of + 0.37 %. If the furnace uses a
Type B, R, or S thermocouple, then the minimum error at 300 °C increases to = 1.30 %.
If the furnace maintains temperature at + 5 K, the minimum error is + 1.84 %. These
errors are only from one source of error, i.e. the best temperature capabilities of the
apparatus. If all the sources of error (e.g. corroded electrodes, variations in sample
thickness, samples with defects, etc.) over the entire set is taken into consideration, the
activation energies should be reported in the literature with much greater error bars. The

variance in the literature is actually much closer to + 5 %, which is used here.
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Figure 6-24. NIST standard 624 and the values measured using the equipment used in
this study. The points are larger than the error bars.

" http://www.cstl.nist.gov/div836/836.05/thermometry/calibrations/uncertainty.htm
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6.4 Results

6.4.1 Mixed Alkali Germanate Glasses

The results of the effect of mixing alkali ions on the electrical conductivity will be
presented first, followed by the effect of GeO, content on the conductivity. The
Li,0+Cs,0°Ge0O; system will be discussed before the Na,O*K,0+GeO; system.

The DC conductivity data for x Li;O¢(10-x) Cs,0+90 GeO, glasses is presented in
Figure 6-25. As cesium replaces lithium in the network, there is a clear shift of the curve
to higher temperature. Inspection of the slopes in Figure 6-25 shows the mixed alkali
glasses have slightly difference slopes. As the number of cesium ions in the glass
increases, the slope becomes steeper, with the examples of the binary cesium germanate
glass.

Electrical conductivity values of the glasses at their glass transition temperature
and at 300 °C are shown in Figure 6-26. As the temperature of the glass approaches the
T,, the conductivity of the glass increases. The effect of temperature on conductivity is
greater for the glasses with more cesium ions. The conductivity of the binary cesium
germanate glasses increases about 3.5 orders of magnitude from 300 °C to T,, whereas
the conductivity of the lithium germanate glasses increases about 2 orders of magnitude
from 300 °C to T,. Figure 6-27 shows the logarithmic of the deviation from additivity in
conductivity for both the conductivity at 300 °C and at T,. There is no appreciable
difference between the deviation from additivity of the conductivity at either temperature.

The greatest deviation from additivity occurs when the Li,O:Cs;0 ratio is 1:7.
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Figure 6-25. DC conductivity for the x Li,O+(10-x) Cs;090 GeO, mixed alkali glasses.

Lines are an exponential fit. (@ =10 Li;0+90 GeO,, m= 7:1 Li;0:Cs,0°90 GeO,, A=
3:1 Li,0:Cs,0+90 GeO,, ¥=1:1 Li,0:Cs,0°90 GeO,, A= 1:3 Li,0:Cs,0°90 GeO,, O=1:7
Li,0:Cs,0°90 GeO,, O=10 Cs,0+90 GeO»)

Activation energy for conductivity was calculated from the values obtained from
the exponential fit to the data shown in Figure 6-25. Introducing cesium ions into the
glass causes an almost linear increase in the activation energy (Figure 6-28) from the 10
Li,0+GeO; glass to the 1:7 Li,0:Cs,0+90 GeO, glass, however there is a sharp decrease
in the activation energy for the binary 10 Cs;O*GeO, glass, resulting in a positive
deviation from additivity, shown in Figure 6-29. The pre-exponential factor ranges from
59 to 1700, as shown in Figure 6-30. All of the pre-exponential factors of the mixed
Li,0:Cs,0°90 GeO, glasses are at least an order of magnitude greater than 10. The
conductivity values at both T, and 300 °C, activation energies and pre-exponential factors

are listed in Table 6-11.
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Table 6-11. Electrical Conductivity Properties for the Li,0*Cs,0+90 GeO, Glasses

Glass Composition 1 |o(Sem™) 1
90 Mol% GeO> | ¢ G0 Eaet (KT mol™) 1 550 o (Sem’) Ty
10 L1,0 498 58.74 134 2.50 E-06 2.12 E-4
7:1 Li,0O:Cs,O | 500 1700 151 3.38 E-07 2.99 E-5
3:1 Li,O:Cs,O | 492 835.8 142 8.09 E-08 1.70 E-5
1:1 Li,0:Cs,O | 491 3249 123 2.09 E-09 1.31 E-6
1:3 Li,0:Cs,O | 495 146.8 102 9.24 E-11 1.80 E-7
1:7 Li,0O:Cs,O | 507 120.9 939 2.45E-11 1.15 E-7
10 Cs,O 513 80.06 82.4 3.34 E-11 1.16 E-7
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Figure 6-26. DC conductivity for x Li;O¢(10-x) Cs,0+90 GeO, glasses at the glass
transition temperature (T,) and at 300 °C. Lines are added as a guide to the

eye.
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Figure 6-27. Log plot of the deviation from additivity for the DC electrical conductivity
of x L1,0+(10-x) Cs20+90 GeO; glasses at the glass transition temperature (T,)
and 300 °C. Line is added as a guide to the eye.
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Figure 6-28. Activation energy for DC conductivity of the mixed alkali x Li,O+(10-x)
Cs20°90 GeO; glasses. Line is added as a guide to the eye.
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Figure 6-29. Deviation from additivity of the activation energy for DC conductivity for
the mixed alkali x Li,O+(10-x) Cs,0°90 GeO, glasses. Line is added as a

guide to the eye.
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Figure 6-30. Pre-exponential factor (0¢) of the Arrhenius equation for the mixed alkali x
Li,0+(10-x) Cs,0°90 GeO, glasses. Line is added as a guide to the eye.
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The DC conductivity curves for xLipO*15-xCs,0+85 GeO, glasses are shown in
Figure 6-31. As cesium replaces lithium in the network, the curve shifts to higher
temperature. Since large enough samples to measure conductivity could not be made for
15 Cs;0°85 GeO; and 15 Li,0O85 GeO, glasses, due to crystallization, numbers were
interpolated from curves for the binary glasses measured on the same instrument. Figure
6-32 shows the conductivity of the glasses at both 300 °C and T,. The negative deviation
from additivity for the electrical conductivity at 300 °C for x Li;O¢(15-x) Cs,0+85 GeO;
glasses is shown in Figure 6-33. The maximum deviation occurs when the alkali are in a

ratio of 1:3 Li,O:Cs,0.
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Figure 6-31. DC electrical conductivity for x Li,O*(15-x) Cs,0+85 GeO, glasses. Lines
are an exponential fit. (®@=7:1 Li,0:Cs,0+85 GeO,, m= 3:1 Li,0:Cs,0+85 GeO,, A=
1:1 Li,0:Cs,0+85 GeO,, ¥=1:3 Li,0:Cs,0+85 GeO»,)

Activation energy for conductivity of x LiO+(15-x) Cs,085 GeO, glasses is
shown in Figure 6-34. There is a maximum in activation energy when the alkali ratio is
between 0.5 and 0.75. Since the electrical conductivities for the binary glasses are
calculated the deviation from additivity at T, for the activation energy is not available.
The pre-exponential factors are shown in Figure 6-35. All pre-exponentials are an order

of magnitude higher than the expected value of 10, except for the 1:3 Li,O:Cs,0 glasses.
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Table 6-III lists the values of the pre-exponential, the activation energies and the

conductivities at both T, and 300 °C

Table 6-11I. Electrical Conductivity Properties for Li,O*Cs;0+85 GeO, Glasses

Glass Composition |T 1y |o(Sem™) o(Sem™) T
85 Mol% GeO, | ° Co Eaet (kI mol™) 1455 o £
15 Li,O 510 - ~80* 7.30 E-06 -
7:1 Li,0:Cs,0 | 513 151.3 92.6 5.12 E-07 1.07 E-4
3:1 Li,0:Cs,0 | 505 541.6 107 9.76 E-08 3.60 E-5
1:1 Li,0:Cs,0 | 497 450.4 128 9.17 E-10 3.98 E-7
1:3 Li,0:Cs,0 | 512 66.85 128 1.52 E-10 2.12 E-7
1:7 Li,0:Cs,0 | 517 - - - -
15 Cs,0 542 - ~90* 5.12 E-08 -
*Estimate from literature values in Section 6-2
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Figure 6-32. Values for DC electrical conductivity at the glass transition temperature and
T, for x Li,O+(15-x) Cs,0+85 GeO, glasses. Line is added as a guide to the

97

10




2 -1
z
13}
3
g -2
@)
<
&
9 -3

4 L

\ \ \ \
0.0 0.2 04 0.6 0.8 1.0

CSzO/(Li20+CS20) * 85 GGOZ

Figure 6-33. The deviation from additivity for the Log of the DC electrical conductivity
at 300°C for xLi0°15-xCs,0+85 GeO, glasses. Line is added as a guide to

the eye.
140
130
)
£ 120
—
<
g 110
)
3
=~ 100
.2
b=
z 90
Q
< i
80
70 \ | | |
00 02 04 0.6 0.8 1.0

CSzO/(Li20+CS20) * 85 GGOZ

Figure 6-34. Activation energy for crystallization for x Li;O+(15-x) Cs,0+85 GeO,
glasses. Line is added as a guide to the eye.
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Figure 6-35. Pre-exponential factors (0p) for x Li;O¢(15-x) Cs,0+85 GeO; glasses. Line
is added as a guide to the eye.

The DC conductivity/temperature curves for x Na,O+10-x K,090 GeO, glasses
are shown in Figure 6-36. Figure 6-37 shows the electrical conductivity for x Na,O+(10-
x) K»0+90 GeO, glasses at both T, and 300 °C. The differences between the log of the
measured conductivity and the log of the additive conductivity are shown in Figure 6-38.
When the conductivity is measured at 300 °C, there is clearly a minimum in conductivity
when the alkali oxide ratio is 1:7 Na;O:K,0O. The minimum shifts to an alkali oxide ratio
of 0.6, when conductivity is measured at T,.

The activation energy for conductivity of x Na,O+(10-x) K,0*90 GeO, glasses
maximizes when the alkali oxides is in a ratio of 1:7 Na,0:K,0, shown in Figure 6-39.
The positive deviation from additivity is shown in Figure 6-40, where the maximum
occurs when the alkali oxides are in a ratio of 1:7 Na,O:K,O. Figure 6-41 shows the pre-
exponential factors, where all of the pre-exponentials are close to or more than an order
of magnitude greater than 10. Table 6-1V lists the values of the pre-exponential, the

activation energies and the conductivities at both T, and 300 °C.
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Figure 6-36. DC electrical conductivity values for x Na,O¢(10-x) K,O+90 GeO; glasses.
Lines are an exponential fit. (@ =10 Na,0+90 GeO,, B= 7:1 Na,0:K,0+90 GeO,, A=
3:1 Na,0:K,0+90 GeO,, ¥=1:1 Na,0:K,090 GeO,, A= 1:3 Na,0:K,090 GeO,, O=1:7
Na,0:K,0490 GeO,, O=10 K,0+90 GeO,)

Table 6-1V. Electrical Conductivity Properties for the Na,O*K,0+90 GeO,

Glasses
-1

gi;sli)osition T, O E.et (kJ mol™) go(()so%m ) o (Scm™) T,
90 Mol% GeO,

10 Na,O 515 71.52 97.3 9.75 E-08 2.55E-5
7:1 Na,0:K,0 | 503 222.3 99.5 1.72 E-08 1.15 E-5
3:1 Na,0:K,0 | 502 474.6 102 5.61 E-09 3.95E-6
1:1 Na,0:K,0 | 506 184.5 106 9.36 E-10 9.07 E-7
1:3 Na,0:K,0 | 508 509.5 110 2.48 E-10 4.47 E-7
1:7 Na,O:K,0 | 515 803.5 112 1.38 E-10 4.19 E-7
10 K,O 523 41.52 115 1.48 E-09 1.25 E-6

The DC electrical conductivity curves for x Na,Oe¢(15-x) K,O85 GeO, glasses are

shown in Figure 6-42. Calculated electrical conductivities at T and 300 °C are shown in

Figure 6-43. A minimum in electrical conductivity occurs when the alkali oxides are in a

ratio of 1:1 Na,O:K,O.

Figure 6-44 shows the log deviation from additivity for

conductivity of T, and 300 °C.
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Figure 6-37. DC conductivity for x Na,O¢(10-x) K,0+90 GeO, glasses at the glass
transition temperature (T,) and at 300 °C. Lines added as an aid to the eye.
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Figure 6-38. Log of the deviation from additivity for the DC electrical conductivity for x
Na,O+(10-x) K»0+90 GeO; glasses at the glass transition temperature (T,) and
300 °C. Lines added as an aid to the eye.

101



150

140

130

120

110

100 [

Activation Energy (kJ mol'l)

90 |-

80 \ | |
00 02 04 0.6 0.8 1.0

KzO/ (N320+K20) * 90 GCOQ

Figure 6-39. Activation energy for DC conductivity of the mixed alkali x Na,O+(10-x)
K,0+90 GeO; glasses. Line added as an aid to the eye.
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Figure 6-40. Deviation from additivity of the activation energy for DC conductivity for
the mixed alkali x Na,O+(10-x) K,0*90 GeO, glasses. Line added as an aid to
the eye.
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Figure 6-42. DC electrical conductivity values for x Na,Oe¢(15-x) K,O+85 GeO; glasses.

Lines are an exponential fit. (@ = 15 Na,0+85 GeO,, B=7:1 Na,0:K,0+85 GeO,, A=
3:1 Na,0:K,0+85 GeO,, ¥=1:1Na,0:K,0+85 GeO,, A= 1:3 Na,0:K,0+85 GeO,, O=1:7
Na,0:K,085 GeO,, O= 15 K,0+85 GeO»,)
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transition temperature (T,) and at 300 °C. Lines added as aid to the eye.
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Activation energy for x Na,Oe¢(15-x) K;085 GeO, glasses passes through a
maximum when the ratio of the alkali ions is 1:1 Na,O:K»0, as in Figure 6-45 and 6-46.
The pre-exponential factors are shown in Figure 6-47. The pre-exponential factor of the
binary 15 K,0+85 GeO, glass is around the expected value of 10. The other glasses in
the x Na,O¢(15-x) K,085 GeO, series have pre-exponentials 1 to 1.5 orders of
magnitude higher than the anticipated value of 10. Table 6-V lists the values of the pre-

exponential, the activation energies and the conductivities at both T, and 300 °C.
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Figure 6-45. Activation energy for DC conductivity of the mixed alkali x Na,O+(15-x)
K,0+85 GeO; glasses. Line added as aid to the eye.

Table 6-V. Electrical Conductivity Properties for the Na,O+K,0+85 GeO, Glasses

Glass Composition | T, 5o Epi (k) mol™) [0 (Sem™) o (Sem™) T,
85 Mol% GeO, 300 °C

15 Na,0 543 43.70 89.47 3.07E-7 8.23 E-5

7:1 Na,O:K,O | 530 90.13 98.10 1.04 E-7 3.76 E-5

3:1 Na,O:K,O | 523 211.5 108.9 2.55E-8 1.53 E-5

1:1 Na,O:K,0O | 522 738.8 121.8 5.90 E-9 7.40 E-6

1:3 Na,0:K,0 | 520 1103 [ 118.1 1.91 E-9 1.85E-6

1:7 Na,0:K,0 | 528 207.8 | 1196 2.64E-9 333 E-6

15 K50 545 19.45 97.18 271 E-8 122E5
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Figure 6-46. Deviation from additivity of the activation energy for DC conductivity for
the mixed alkali x Na,Oe(15-x) K,O+85 GeO, glasses. Line added as aid to

the eye.
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Figure 6-47. Pre-exponential (0p) factors for x Na,O¢(15-x) K,O+85 GeO, glasses.
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6.4.2  Germanate Anomaly

Three different alkali germanate ternary systems were studied to examine the
effect of alkali radius ratios on conductivity. Results for the Li,O+Cs;O*GeO, system
will be presented; first these alkali ions have the greatest difference in radii of any alkali
pair. The effect of decreasing germania concentration on three lines of constant alkali
ratio was studied. Results will be presented for the 1:1 Li;O*Cs;O line, the 3:1
Li,0+Cs;0, and the 1:3 Li,O+Cs;0 line. The second system, Na,O*K,0°GeO,, has a
moderate difference in alkali ionic radii. The final system has the closest ionic radii of all
the alkali pairs K;O*Rb,0+GeOs,.

DC conductivity data for 0.5 x Li,0+0.5x Cs,0+(100-x) GeO; glasses are shown in
Figure 6-48. Figure 6-49 shows the effect of increasing alkali oxide concentration on the
conductivity at T, and 300 °C. A maximum in conductivity occurs with 2 mol% addition
of alkali oxide, after which the conductivity decreases. The conductivity at T, is
approximately 2.25 orders of magnitude higher than that at 300 °C. Increasing alkali
oxide concentration results in an increase in activation energy as shown in Figure 6-50.
The pre-exponential (Figure 6-51) for small additions of alkali oxide (1 to 2 mol %)
increases 2 orders of magnitude, after which continuing to increase alkali oxide results in
the pre-exponential dropping into the hundreds. Table 6-VI lists the values of the pre-
exponential, the activation energies and the conductivities at both T, and 300 °C.

The electrical conductivity behavior for the 3:1 Li,0:Cs,O glasses and the 1:3
Li,0:Cs,0 glasses will be discussed together. The DC conductivity curves are shown in
Figures 6-52 and 6-53 for 3:1 Li,0:Cs,0 glasses and 1:3 Li,0:Cs,0 glasses, respectively.
The glasses with 3:1 Li,O:Cs,0O initially increase in conductivity with alkali oxide
addition up to 5 mol % addition, with a relatively constant conductivity after that. The
conductivity of glasses with 1:3 Li,O:Cs,O pass through a maximum for a 2 mol %
addition, followed by a minimum in conductivity at approximately 10 mol % alkali

oxide.
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Table 6-VI. Electrical Conductivity Properties for 0.5x Li;0¢0.5x Cs;0¢(100-x) GeO,

Glasses
1:1 Li,0:Cs,0 T 1y [o(Sem™) o(Sem™) T
Mol% GeO, | - Co Eaet (kI mol™) 1 5y o §
100 482 5.217 107 9.41 E-10 2.19 E-07
99 442 414.3 113 1.99 E-08 2.22 E-06
98 444 1178 116 2.89 E-08 3.89 E-06
95 468 165.2 112 9.86 E-09 1.90 E-06
90 491 103.0 117 2.19 E-09 1.02 E-06
85 497 84.30 120 9.34 E-10 5.35 E-07
83 496 395.9 128 8.88 E-10 7.41 E-07
79 482 196.7 124 1.01 E-09 5.16 E-07
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Figure 6-48. DC electrical conductivity values for 0.5x Li,0+0.5x Cs,O+(100-x) GeO,

glasses. Lines are an exponential fit. (@ =100 GeO,, m= 99 GeO,, A= 98 GeO,, ¥=
95 GeO,, A= 90 GeO,, O0= 85 GeO,, O= 83 GeO,, m=79 GeO,).
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Figure 6-49. DC conductivity for 0.5x Li,0°0.5x Cs,O0+(100-x) GeO, glasses at the glass
transition temperature (T,) and at 300 °C. Lines added as aid to the eye.
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Figure 6-50. Activation energy for 0.5x Li,0¢0.5x Cs;0¢(100-x) GeO, glasses. Line
added as aid to the eye.
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Figure 6-51. Pre-exponential (0p) factors for 0.5x Li,0¢0.5x Cs;0¢(100-x) GeO, glasses.
Line added as aid to the eye.
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Figure 6-52. DC electrical conductivity values for 0.75x Li,0¢0.25x Cs,0O+(100-x) GeO,
glasses. Lines are an exponential fit. (@ =100 GeO,, O= 98 GeO,, A= 95 GeO,)
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Figure 6-53. DC electrical conductivity values for 0.25x Li;0¢0.75x Cs,0O+(100-x) GeO,
glasses. Lines are an exponential fit. (@ =100 GeO,, O= 98 GeO,, A= 95 GeO,, ¥=

80 GeO»)
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Figure 6-54. DC conductivity for 0.75x Li,00.25x Cs;0¢(100-x) GeO, and 0.25x
Li,0+0.75x Cs,0+(100-x) GeO, glasses at 300 °C. Lines added to aid the eye.
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The activation energies for the 3:1 Li;0:Cs;0O and the 1:3 Li,0:Cs,0 glasses are
shown in Figure 6-55. A 2 mol % addition of alkali oxide results in a decrease in the
activation energy in both systems. Continuing to increase the alkali oxide concentration
causes a steady increase in the activation energy of the 3:1 Li,O:Cs,O glasses. Thel:3
Li;0:Cs,0 glasses exhibit a maximum in activation energy for glasses with 5 to 15 mol
% alkali oxide. The pre-exponential factors (Figure 5-56) for the glasses with an alkali
oxide ratio of 1:3 Li,0:Cs,0 range from 1 to 2 orders of magnitude about the germania
value, and the expected value of 10. Tables 6-VII and 6-VIII lists the values of the pre-
exponential, the activation energies and the conductivities at both T, and 300 °C for the

3:1 Li,0:Cs;0 and 1:3 Li,0:Cs,0 glasses, respectively.

Table 6-VII. Electrical Conductivity Properties for 0.75x Li,0+0.25x Cs,O+(100-x)

GeO; Glasses.
. -1
13\&1)1{;/128;%5220 G0 Eae (kJ mol™) go(()soccm ) o (Sem™) T,
100 5.217 107 941 E-10 2.20 E-07
98 5.556 95.0 1.23 E-08 7.01 E-07
95 62.1 99.1 1.52 E-07 1.45 E-05
90 146.8 102 8.09 E-08 1.71 E-05
85 541.6 107 9.76 E-08 3.60 E-05

Table 6-VIII. Electrical Conductivity Properties for 0.25x Li;0¢0.75x Cs,O+(100-x)

GeO, Glasses.
11\41 1{7/128;%5220 o E. (I mol™)  |o(Sem™)300°C| o (Sem™) T,
100 5217 107 9.41 E-10 2.20 E-07
98 47.12 109 5.02 E-09 5.05 E-07
95 580.3 129 1.02 E-09 3.45 E-07
90 835.8 142 9.24 E-11 1.80 E-07
85 66.85 128 1.52 E-10 2.12 E-07
80 609.0 107 9.83 E-08 2.75 E-05
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Figure 6-55. Activation energies for DC conductivity for 0.75x Li;0¢0.25x Cs,O+(100-x)
GeO; and 0.25x Li,0°0.75x Cs,0+(100-x) GeO, glasses. Lines added as aid to

the eye.
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Figure 6-56. Pre-exponential (0p) factors for 0.75x Li,0+0.25x Cs;0¢(100-x) GeO, and
0.25x Li,0+0.y5x Cs;0+(100-x) GeO, glasses.
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The DC electrical conductivity data for 0.5x NayO¢0.5x K,0¢(100-x) 85 GeO,
glasses are shown in Figure 6-57. Figure 6-58 shows the electrical conductivity for 0.5x
Na,0¢0.5x K>O+(100-x) GeO, glasses at both the T, and 300 °C. Adding 2 mol % or less
alkali oxide to the glass results in an increase in conductivity of 1 to 1.5 orders of
magnitude. Alkali oxide additions greater than 2 mol % result in a decrease in
conductivity. A minimum in conductivity occurs at 15 mol % alkali oxide.

Activation energies for 0.5x NayO<0.5x K,O0+(100-x) GeO, glasses are shown in
Figure 6-59. Alkali oxide additions < 2 mol % result in a decrease in the activation
energy. Addition of alkali oxide > 2 mol % result in an increase in the activation energy
for conductivity. The pre-exponential of 0.5x Na,0+0.5x K,0+(100-x) GeO, glasses
increases about one order of magnitude with any addition of alkali oxide into the glass
and remains about 100 until 17 mol% alkali oxide where it increases into the thousands,
as shown in Figure 6-60. Table 6-1X lists the values of the pre-exponential, the activation

energies and the conductivities at both T, and 300 °C.

Table 6-1X. Electrical Conductivity Properties for 0.5x NayO<0.5x K,O+(100-x) GeO,

Glasses
-1
11\/:[1)110\14,212(%5220 T, Oy Eee (kJ mol™) :t 30 éSO C ‘Mo (Scm™) T,
100 482 5.217 107 941 E-10 2.19 E-07
99 442 65.29 105 1.80 E-08 1.42 E-06
98 436 81.39 102 4.17 E-08 2.51 E-06
97 437 202.6 115 6.53 E-09 6.69 E-07
95 463 28.31 113 1.50 E-09 3.18 E-07
90 506 215.3 125 9.20 E-10 9.29 E-07
85 522 92.91 123 6.30 E-10 8.24 E-07
83 500 2095 126 6.50 E-09 1.03 E-05
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Figure 6-57. DC electrical conductivity values for 0.5x Na,0+0.5x K,O+(100-x) 85 GeO,

glasses. Lines are an exponential fit. (@ =100 GeO,, m=99 GeO,, A= 98 GeO,, ¥=
97 GeO,, A= 95 GeO,, O=90 GeO,, O= 85 GeO,, W= 83 GeO,)
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Figure 6-58. DC conductivity for 0.5x NayO+0.5x K,O+(100-x) GeO, glasses at the glass
transition temperature (T,) and at 300 °C. Lines added as aid to the eye.
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Figure 6-59. Activation energy for 0.5x NayO<0.5x K,O+(100-x) GeO, glasses. Line
added as aid to the eye.

10*
AO [ ]
% 10° - .
e
2
s ™ °
= 10* -
g
e °
& |
é 100
[al °

10° \ \ \

100 95 90 85 80
Mol % GeO2

Figure 6-60. Pre-exponential (0p) factors for 0.5x NayO<0.5x K,0O+(100-x) GeO, glasses.

The electrical conductivity data for 0.5x K,0+0.5x RbyO+(100-x) GeO, are shown
in Figure 6-61. The conductivities at 300 °C and T, are shown in Figure 6-62. At 300

°C, the conductivity decreases with increasing alkali oxide until 15 mol % alkali oxide is
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added, then the electrical conductivity increase 4 orders of magnitude between 10 mol %
and 15 mol % alkali oxide addition. The conductivity at T, behaves differently, with a

minimum occurring at 95 mol %, and all conductivities lying within one order of

magnitude.
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Figure 6-61. DC electrical conductivity values for 0.5x K,0+0.5x RbyO+(100-x) GeO,

glasses. Lines are an exponential fit (@ =100 GeO,, A= 98 GeO,, A= 95 GeO,, ¥=
90 GeO,, O= 85 GeO»).

Activation energies for conductivity are shown in Figure 6-63. Addition of alkali

2

oxide results in an ‘M’ shaped curve with maxima occurring at 2 and 10 mol % alkali
oxide. The pre-exponential factors are shown in Figure 6-64. A small amount of alkali
oxide (2 mol %) causes the pre-exponential to increase almost 5 orders of magnitude,
with 5 mol % alkali oxide addition the pre-exponential drops back to an expected value.
Alkali oxide additions greater than 5 mol % resulting in a pre-exponential around 1000.
Table 6-X lists the values of the pre-exponential, the activation energies and the

conductivities at both T, and 300 °C.
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Table 6-X. Electrical Conductivity Properties for 0.5x K,O+0.5x Rb,O+(100-x) GeO,

Glasses.
1:1 K,0:Rb,0 -1 o(S Cm-l) o(S cm'l) T
Mol% GeO, Co Eaet (kI mol™) 3550 ¢
100 5.217 107 9.41 E-10 2.19 E-07
98 7516 143 7.21 E-10 3.48 E-07
95 5.941 117 1.18 E-10 3.55 E-08
90 966.0 143 9.06 E-11 4.78 E-07
85 514.0 96.9 7.53 E-07 1.39 E-06
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Figure 6-62. DC conductivity for 0.5x K,O0¢0.5x Rb,O+(100-x) GeO, glasses at the glass
transition temperature (T,) and at 300 °C. Lines added as aid to the eye.
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Figure 6-63. Activation energy for 0.5x K,0¢0.5x Rb,O+(100-x) GeO, glasses. Line
added as aid to the eye.
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Figure 6-64. Pre-exponential (0p) factors for 0.5x K,0+0.5x Rb,O+(100-x) GeO, glasses.
Line added as aid to the eye.
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6.5 Discussion

6.5.1  Mixed Alkali Effect

This section will first compare the 90 mol % line to the 85 mol % line for the x
Li;0°y Cs,0°(100-x-y) GeO; and x Na,0Oy K,0+(100-x-y) GeO, glasses, followed by a
discussion of the effect of the cation identity on conductivity. For simplicity, unless
otherwise noted, all electrical conductivities discussed were measured at 300 °C. The
results will be discussed in the context of the electrical conductivities, activation energies,

pre-exponential factors and comparisons to the literature.

6.5.1.1 Electrical Conductivity

Comparing the electrical conductivity of the x Li,0*10-x Cs;0°90 GeO, glasses to
x Li0°15-x Cs,0°85 GeO; glasses (Figure 6-65) shows similar conductivities for glasses
with more Li,O than Cs,O. As the Cs,O content increases, the conductivities start to
behave differently. The largest difference occurs for the binary Cs;O+*GeO, glasses,
where the conductivity of the 15 Cs;085 GeO; glass is 4 orders of magnitude greater
than that of the 10 Cs,0+90 GeO, glass. Figure 6-66 shows the difference additivity and
the actual conductivity. The glasses containing 10 mol % alkali oxide exhibit a deviation
from additivity of no more than 0.8 orders of magnitude, where the glasses with 15 mol
% alkali oxide exhibit a maximum deviation almost 2.5 orders of magnitude. This
behavior is expected, as glasses with more alkali oxide have more charge carriers.**®
The minimum occurs on the Cs,O rich side of the compositional series.

Comparison of the electrical conductivity of the x NayO+(10-x) K,0°90 GeO,
glasses with that of x Nay,O¢(15-x) K,0+85 GeO, glasses shows behavior similar to the
Li;0+Cs,0°GeO; glasses. The greatest deviation in additivity occurs in the glasses with
15 mol % alkali oxide, where there is a deviation of approximately 2 orders of magnitude
when the Na,O:K,O ratio is 1:1 (Figure 6-68). The glasses containing only 10 mol %
alkali oxide have a maximum deviation of only 1.2 orders of magnitude, with a minimum

in conductivity for a Na,O:K,O ratio of 1:7.
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Figure 6-65. Comparison of the DC conductivity at 300 °C for Li;O*Cs,0+GeO; glasses
with 90 and 85 mol % GeO,. Lines added as aid to the eye.

Comparison of the effect of the cation identity on electrical conductivity yields
surprising results. Figure 6-69 shows the deviation from additivity of the log of the
electrical conductivity for glasses with 90 mol % GeO,. Note that the glasses with Li,O
and Cs,O (a larger size difference between ions) have a smaller deviation from additivity
than the glasses with Na,O and K,O (a smaller difference between ionic radii). In silicate
glasses, it is well established that, the greater the difference in alkali sizes, the greater the
deviation from additivity.® The deviation from conductivity is less ‘anomalous’ for
glasses containing 15 mol % alkali oxide (Figure 6-70). Where the Li,O/Cs,0O glasses
show a two order of magnitude greater deviation from additivity then the Na,O/K,O
glasses. It is important to recall, that the structure of the germanate glasses differs at
these two different concentrations of germania. Glasses containing 90 mol % GeO,
contain both four-coordinated and five-coordinated germanium with few NBO (Chapter
2). When the concentration of germania reaches 85 mol %, however, non-bridging

oxygen begin to form in significant quantities.

121



> S /
SN N
g \!\ II/
=l AN /
g \\\ I/
S 20 F ;
< \\\\ //
en SN //
[N /
30 -
® 90 GeO2 . -
B 85GeO2
4.0 | | | |
0.0 0.2 04 0.6 0.8 1.0

CSzO/(Li20+CS20) . GCOQ

Figure 6-66. Difference between the log ot the conductivity at 300 °C and the log of the
additive line for Li,0*Cs,0+GeO; glasses with 90 and 85 mol % GeO,. Lines
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Figure 6-67. Comparison of the DC conductivity at 300 °C for Na,O+*K,0+GeO, glasses
with 90 and 85 mol % GeO,. Lines added as aid to the eye.
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Figure 6-69. Difference between the log of the conductivity at 300 °C and the log of the
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6.5.1.2 Activation Energy

Glasses containing 10 mol % alkali oxide exhibit maxima in activation energy
when the alkali oxides are in a ratio 1:7 R,O:R’,0, where R’ is the larger alkali. This
effect is independent of cation identity (Figures 6-71 and 6-72). The addition of a small
amount of a smaller alkali ion to a glass primarily containing the larger alkali ion results
in an increase of approximately 13 to 17 % in the activation energy. A larger deviation
occurs for the glasses where the alkali ions are closer in size (Na,O*K,0+GeO,). When
the alkali oxide concentration in the glass is 15 mol %, the activation energies are smaller
and the maximum shifts toward a larger fraction of the smaller alkali ion. The overall
activation energy for electrical conductivity is ~ 13 % higher for the Na,O*K,0+GeO,
glasses than for the Li,0+Cs,0+GeO, glasses.

Activation energies are higher for alkali oxide additions of 10 mol % than for 15
mol %. In this composition region, the glass contains few NBO. Mixing of alkali ions
causes the activation energy to increases as the concentration of the larger ion increases.
Glasses containing 15 mol % alkali oxide are near the maximum in the germanate

anomaly, where it is believed that significant numbers of non-bridging oxygens are
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present. Increases in concentration of non-bridging oxygen in silicate glasses cause a
decrease in activation energy which suggest that alkali association with non-bridging

oxygens are more mobile than those associated with 5-fold coordinated of germanium.
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Figure 6-71. Comparison between activation energies of Li,O*Cs,0+GeO; glasses, with
90 and 85 mol % GeO,. Lines are added as an aid to the eye.
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Figure 6-72. Comparison between activation energies of Na,O+K,0+GeO, glasses, with
90 and 85 mol % GeO,. Lines are added as an aid to the eye.
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6.5.1.3 Pre-Exponential Factor

The pre-exponential factors for all but three of the glasses are approximately 1 to
2 orders of magnitude greater than 10, which is the value predicted by Nowick et al. for
glasses. For discussion purposes, this value will be referred to as Oger. The pre-
exponential factor for the mixed alkali glasses on the 90 and 85 mol % GeO, lines are
shown in Figure 6-73. Only binary K,O or Cs,0O glasses have a pre-exponential factor of
approximately 10.

As discussed in Section 6.2, Nowick et al. discuss three levels of value of the pre-

exponential (0p). When Oy = Ogrer, they suggest that all the charge carriers are free.

When 0y > oorer, Nowick et al. suggest that most of the charge carriers are bound at traps

and the charge carrier must be released from the trap contribute to conductivity. As the
temperature increases the number of charge carries increases exponentially. The
activation energy for conduction in these glasses can be written as

E=AH+H,, (6-27)
where AH is the contribution to the activation energy of the ion traps and Hy, is the
migration enthalpy. Using this approach to the pre-exponential factor leads to the
conclusion that, in mixed alkali germanate glasses, the alkali ions do not migrate freely
through the glass as in other glass systems. Lapp and Shelby™ studied the mixed alkali
effect in lithium sodium aluminosilicate glasses, where the number of non-bridging
oxygen is minimized when the Al,O3/R,0 to ratio is maintained at 1.1. They report that
0o is 2 to 3 order of magnitude greater than Ogr. In their glasses the increase in oy is not
related to non-bridging oxygen formation. A similar effect may occur here, such that the
role of the alkali ions in the coordination change of the germanium could create traps for

a portion of the alkali ions.
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Figure 6-73. Pre-exponential factor for all mixed alkali germanate glasses.

6.5.1.4 Comparison to Literature

The only literature data which the results of this study can be compared to is that
of Ivanov.* Figures 6-74 and 6-75 show the DC conductivity at 300 °C for glasses
containing 90 mol % GeO; and 85 mol % GeO,, respectively. The primary difference
between Ivanov’s results and those of this study occur for the 10 mol % alkali additions,
where the binary Na,O, and K,O glasses do not have the same conductivities as found

here. The conductivities of the mixed alkali glasses, however, are essentially identical.
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6.5.2  Germanate Anomaly

The effect of varying GeO, concentration on the electrical conductivity of mixed
alkali glasses will be discussed in three sections governed by the radius ratio of the
cations. The electrical conductivity and activation energy of conduction for all mixed
alkali glasses will be compared to the binary glasses. Since the largest difference
between alkali should yield the greatest deviations from additivity®**® Li,0:Cs,0+GeO,
glasses were examined along three different alkali ratios (3:1, 1:1, and 1:3 Li,0:Cs,0) to

observe both the germinate anomaly and the mixed alkali effect.

6.5.2.1 Alkali Ions with a Radius Ratio of About 1

Potassium and rubidium are the two alkali ions closest in size® and have a radius
ratio of 1.07 K":Rb". Figure 6-76 shows the electrical conductivity values at 300 °C for
the binary K;O*GeO, and Rb,O*GeO, glasses, and the mixed alkali glasses with a 1:1
ratio of K,O:Rb,0. All three curves lie within half an order of magnitude of each other.
The mixed alkali glasses have a slightly lower conductivity than the binary alkali
germinate glasses. Potassium germanate glasses with low concentrations of alkali oxide
are slightly less conductive than the rubidium germanate glasses.

The activation energies for the three glasses are shown in Figure 6-77. The
activation energies are about the same for the potassium and rubidium germanate glasses.
Small additions of alkali oxide cause activation energy for the mixed alkali glasses to
initially increase, followed by a minimum at 5 mol % addition of alkali oxide. The
activation energy for conductivity of the mixed alkali glasses is always lower than that of

the binary glasses, implying it is easier to move the ions through the glass.

129



Conductivity (S cm'l)

10
107
10°
10”7
10
10”
10-10

10"

O R=K",R'=0
L R=0,R=Rb’

| | A R=K",R'=Rb]

100

85 80 75 70
Mol % GeO2

Figure 6-76. DC conductivity for 0.5x K>0¢0.5x Rb,O+(100-x) GeO,, x K,O+(100-x)
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Figure 6-77. Comparison between activation energies of K,O+GeO,, Rb,0*GeO, and
K,0+Rb,0+GeO; glasses. Lines are added as an aid to the eye.
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6.5.2.2 Alkali Ions with a Radius Ratio of about 1.5

The electrical conductivity curves for x0.5 Na,O+x0.5 K,0+(100-x) GeO, glasses
(Figure 6-78) are very different from the xK;O¢y Rb,0+(100-x-y) GeO, glasses. In this
case, the binary alkali germanate glasses have very different electrical conductivities.
The conductivity of sodium germanate glasses initially increases (< 2 mol % alkali
oxide), followed by a region where the electrical conductivity remains constant with
alkali oxide concentration of 2 > x > 7 mol % after which the conductivity increases.
Binary K,0+GeO; glasses do not exhibit an initial increase in electrical conductivity.
The conductivity remains relatively constant until about 10 mol % K,O, after which
conductivity increases with increasing K,O concentration. The electrical conductivities
of the binary sodium and binary potassium glasses are about the same for glasses
containing ~ 20 mol % alkali oxide. The electrical conductivity behavior of the mixed

82669 ¢laim that the mixed

alkali glasses is surprising. Many reputable glass scientists
alkali effect always results in a negative deviation from additivity. However, germanates
do not follow this rule if the radius ratio of the migrating ions is > 1.5. Examination of
Figure 6-78 shows that the electrical conductivity of the mixed alkali glass for small
additions of alkali oxide (< 2 mol %) is approximately the same as that of the binary
NayO+GeO, glass. A mixed alkali glass with the same conductivity as one of the end
member glasses yields a positive deviation from additivity. This work is not the first to
show this anomaly in the electrical conductivity. Ivanov®' also reported a positive
deviation from additivity for his x Na,O+y K;0¢(100-x-y) GeO, glasses with 5 mol %
alkali oxide (Figure 6-79).

The activation energies of the glasses are shown in Figure 6-80. End member
glasses behave as expected. The mixed alkali glasses containing > 10 mol % exhibit a
simultaneous increase in conductivity and activation energy. This behavior can be
attributed to the larger scatter in the pre-exponential factor of these glasses. The
activation energy remains constant when the conductivity remains constant. As the glass

become more conductive, the activation energy decreases.
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Figure 6-78. DC conductivity for 0.5x NayO+0.5x K,0¢(100-x) GeO,, x Na,O+(100-x)
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aid to the eye, data from Ivanov.*
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6.5.2.3 Alkali Ions with a Radius Ratio of 2 to 2.5

Mixed alkali 0.5x Li,0¢0.5x Cs,O+(100-x) GeO; glasses behave similarly to 0.5x
Nay0+0.5x K,0+(100-x) GeO, glasses. As the size difference between the two alkali
increases, the anomalous behavior becomes more pronounced. Figure 6-81 shows the
electrical conductivities of the binary Li;O+GeO, and Cs,0+GeO; glasses (Shelby™*') and
mixed alkali 1:1 Li,0:Cs,0+GeO; glasses. Alkali oxide addition < 2 mol % result in an
increase in the electrical conductivity of both the Li,O*GeO, and the 1:1
Li,0:Cs,0°Ge0;, glasses. Continuing to increase the alkali oxide concentration beyond 2
mol % in the 1:1 Li,0:Cs,0+GeO, glasses causes the conductivity to decrease. Mixing
the Li,O and Cs,O alkali ions yields conductivities between those of the binary glasses
until approximately 13 mol % addition of alkali oxide, after which Li,0:Cs,0+GeO;
glasses with > 13 mol % alkali oxide have conductivities 2 to 3 orders of magnitude less
than the binary glasses.

Activation energies for this binary and 1:1 Li;0:Cs;0*GeO; glasses are shown in
Figure 6-82. The activation energy for the binary glasses behavior expected, i.e. the
electrical conductivity and activation energy are inversely related. The mixed alkali

glasses however, have unusual activation energies as will be discussed later.
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Mixed alkali x Li;O¢(1-x) Cs,0O+(100-2x) GeO; glasses with two ratios of Li,O
and Cs,O were made to observe the mixed alkali effect on the germanate anomaly.
Figure 6-83 shows the electrical conductivity curves, at 300 °C, for glasses with ratios of
1:1, 3:1 and 1:3 Li,0:Cs,0. The conductivity of the 3:1 mixed alkali glasses remains
constant with addition of alkali oxide > 5 mol %, yielding conductivities two orders of
magnitude lower than those of the binary Li,O*GeO, glasses. When there is more Cs,O
in the glass than Li,O the electrical conductivity initially increases, and then decreases
rapidly passing through a minimum around 15 to 20 mol % R,O. The 0.5x Li,O+0.5x
Cs,0°(100-x) GeO; glasses exhibit a max in conductivity at = 2 mol % R,0O followed by a
continual decrease in conductivity with addition of R,O.

The large initial increases in conductivity for the 1:1 and 1:3 Li,0:Cs,0 glasses,
containing 2 mol % alkali result in a positive deviation from additivity (Figure 6-84).
When small amounts of lithium oxide are added to cesium germanate glasses, the
structure of the glass allows the conductivity to increase significantly from that of the
binary glass. This is not surprising in this system, due to the large difference in size
between the lithium and the cesium ion and the high molar volume of the binary cesium
germanate. This positive deviation is also present in the mixed alkali sodium-potassium
germanate glasses, where the mobile ions and the molar volumes are much closer in size;
therefore the effect is more likely a result of a structural change that occurs when small
amounts of alkali are added to the germania glass. Examining the molar volume data for
these glasses (Figure 4-55) shows when small amounts of alkali oxide are added to the
germanate glasses; the molar volume is approximately the same (within 0.5 cm’ mol™)
for all glasses regardless of the cation identity. In contrast, alkali oxide concentration
exceeding 5 mol % in the binary alkali germanate glasses results in molar volume ranges
spanning over 2.5 cm’ mol”. Adding small amounts of mixed alkali oxides (< 5 mol %)
to germanate glasses results in glasses where the structure allows ions of different radii to

move though the glass network at similar rates.
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Activation energies for the mixed alkali Li,O+Cs,0*GeO, glasses are shown in
Figure 6-85. The electrical conductivities and activation energies for the 1:1, 3:1 and 1:3
Li,0+Cs,0°GeO; glasses are shown in Figures 6-86 through 6-88, respectively. Glasses
with a ratio of 1:1 Li,0:Cs;O exhibit odd behavior when the alkali oxide addition is < 2
mol %, in that the activation energy increases with increasing conductivity. The pre-
exponential factors for the mixed alkali glasses with varying GeO, concentration are
shown in Figure 6-89. All of the mixed alkali glasses except one, the 3:1 Li,O:Cs,0+98
GeO, glass, have pre-exponentials one to two orders of magnitude greater than 10. There

are no other trends in the pre-exponential except they are higher than expected.
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Figure 6-81. DC conductivity for 0.5x Li,0¢0.5x Cs,0+(100-x) GeO,, x Li,O+(100-x)
GeO; and x Cs;0+(100-x) GeO, glasses at 300 °C. Lines added to aid the eye.
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6.5.2.4 The Effect of the Radii Ratio

Electrical conductivities for glasses with an alkali oxide ratio of 1:1, in all three
ternary systems are shown in Figure 6-90. The 0.5x K;0¢0.5x RbyO+(100-x) GeO,
glasses with large amounts of alkali oxide are surprisingly conductive, with
conductivities approximately 3 orders of magnitude higher than the 0.5x Li;O<0.5x
Cs20+(100-x) GeO,. The 0.5x NayO+0.5x K,0+(100-x) GeO, glasses with small amounts
of alkali oxide (< 2 mol %) initially behave like the 0.5x Li,00.5x Cs;0¢(100-x) GeO»,
with an increase in conductivity. Intermediate amounts of alkali oxide in the glass (2 <x
< 10 mol %) results in the electrical conductivity falling between the other two systems
until the amount of alkali oxide is > 15 mol%, after which the conductivity is similar to
that of the 0.5x K,0¢0.5x Rb,O+(100-x) GeO, glasses.

Activation energies for the three systems are shown in Figure 6-91. The 0.5x
Li,0°0.5x Cs;0°+(100-x) GeO, glasses have the smallest range of activation energies,
approximately 10 kJ mol”'. As the radius ratio approaches 1, the range in the activation
energies increases, with a range of over 150 kJ mol™ for the 0.5x K,0+0.5x Rb,O+(100-x)
GeO, glasses.

The pre-exponential factors behave in a similar manner to the activation energies
(Figure 6-92). The pre-exponentials of the 0.5x Li,O+0.5x Cs;0¢(100-x) GeO, glasses
range over one order of magnitude. As the ions become closer in size the range of the
pre-exponential factors increase. For 0.5x K;0¢0.5x Rb,O+(100-x) GeO, glasses, the pre-
exponential factors span four orders of magnitude. The large spread in the values of the
pre-exponential factor, coupled with the abrupt changes in activation energy, suggest that
the electrical conductivity behavior of alkali germanate glasses is a result of different

mechanisms of electrical conduction.
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6.6 Conclusions

The electrical conductivity of mixed alkali germanate glasses is different from
that of other systems studied to date. The literature review indicates that binary alkali
germanate glasses exhibit two types of behaviors. Glasses containing the smaller Li" and
Na' ions exhibit larger initial increases in conductivity, where those containing larger
ions (K", Rb", Cs") initially decrease in conductivity and only begin to increase in
conductivity after the addition of approximately 10 mol % alkali oxide. When alkali ions
are mixed a few unexpected behaviors emerge.

Complex behavior is observed for the mixed alkali germanate glasses, as
summarized below.

(1) In the x Li;0°y Csy0+(100-x-y) GeO, glasses, glasses containing > 10 mol %
alkali oxide exhibit negative deviations from additivity, which increase with increasing
alkali oxide. Alkali germanate glasses exhibit unique conductivity behavior when the
alkali content is < 5 mol % alkali oxide; glasses with 2 mol % alkali exhibit a positive
deviation from additivity and glasses containing 5 mol% alkali oxide behave additively.
Ivanov observed similar results in x Na,Oe¢y K,O0+(100-x-y) GeO; glasses.

(2) It has been stated for many years that a larger difference between cation radii

results in a larger deviation from additivity for mixed alkali glasses. This study shows
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there is at least one exception to this rule. If mixed alkali germanate glasses contain 10
mol % alkali oxide, the greatest deviation from additivity occurs for the ions with the
closest radius ratio.  This behavior is probably due to structural changes in the glass.

(3) The low alkali oxide and high alkali oxide germanate anomalies are present in
the data for all of the mixed alkali glasses.

(4) Mixed alkali glasses with more of one cation (R > R’ or R” > R) exhibit
electrical conductivity curves with the same shape as those of the binary glass of the
majority cation. Figure 6-83 shows the conductivities for the 0.75x LiO0<0.25x
Cs20+(100-x) GeO,, 0.5x Liy0+0.5x Csy0+(100-x) GeO, and 0.25x Liy00.75x
Cs20+(100-x) GeO, glasses at 300 °C. The curves for the glasses with more lithium than
cesium resemble the binary Li,O*GeO, glasses. The curves for the glasses with more
cesium than lithium resemble the binary Cs,0O+GeO; glasses.

The findings of this study reiterate the caution needed when assuming models for
transport phenomena based on silicate glasses. Silicate glasses do not undergo changes in
network coordination. In some cases they are also phase separated, which prevents

observation of the effect of small amounts of the smaller alkali on conductivity.>
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CHAPTER 7: CRYSTALLIZATION

7.1 Introduction

Only a few studies'® have examined the crystallization behavior of binary alkali
germanate glasses. These studies are restricted to the smaller alkali ions lithium, sodium
and potassium. The crystallization behavior of mixed alkali glasses is not well
understood. Only two of the ten mixed alkali germanate systems have been studied.**
Laudisio and Catauro have examined the x Na,O+(20-x) K;,0+80 GeO, and x Li,O+(20-x)
K,0+80 GeO, ternaries.”™ This thesis will present new data for glasses in the x
Li,0¢(15-x) Cs,0°+85 GeO, ternary.

Crystallization in glass requires the formation of a nuclei followed by the growth
of a crystal. Each distinct glass composition has unique nucleation and growth
temperatures, determined by the kinetic and thermodynamic properties of the glass.
Nuclei are formed during thermal processing of the glass, usually achieved during a heat
treatment in the glass transition region. Fragile glasses can form nuclei in the short
amount of time it takes to remove the glass from a furnace and quench it; at the other
extreme are glasses that requires a long heat treatment time at a precise temperature to
grow nuclei. A more detailed explanation of crystallization will be presented in the
literature review of this chapter.

In this study, a Kissinger experiment is used to determine the activation energies
of crystallization for the mixed alkali glasses on the 85 mol % GeO, tie-line. A study
investigating the effect of particle size on bulk and/or surface crystallization was
performed using a DSC. The results are confirmed using scanning electron microscopy
(SEM). High temperature x-ray diffraction (HTXRD) is used to determine crystal

phases.
7.2 Literature Review

7.2.1  Crystallization Kinetics

Crystallization kinetics in glass can be studied using a differential thermal

analyzer (DTA) or a DSC in one of two ways: isothermally or non-isothermally. The
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isothermal approach involves holding the temperature of the sample constant and
measuring the exothermic reaction over time. The fundamental theory behind isothermal
crystallization studies was developed by Johnson and Mehl,” and Avrami,*' and is
commonly call the JMA approach. In a non-isothermal study, the heating rate is varied
(2 K/min to 30 K/min), and the exothermic reaction is measured over a temperature
range. Since Kissinger'"'? developed much of the theory behind non-isothermal
crystallization, this method is commonly referred to as the Kissinger approach. In this
section, the underlying assumptions and derivations for both the JMA and Kissinger
approaches will be discussed.

The crystallization of a melt has two stages. The formation of nuclei is the first

step of crystallization'>'*

and can be either homogenous—within the melt, or
heterogeneous—at a pre-existing surface. Crystals then grow on these nuclei.'*'"> The
presence of nuclei does not mean the glass will behave as if it is crystalline.'* These
nuclei are small and few, and are essentially just defects in the glass. If the
thermodynamics and kinetics allow, these nuclei serve as the foundation for crystal
growth. This section will briefly cover the necessary requirements in the glass system to
result in nucleation and growth of crystals. A discussion of the basic kinetics and

thermodynamics of nucleation and crystal growth in glasses will follow the discussion of

isothermal and non-isothermal crystallization kinetics.

7.2.1.1 Isothermal Crystallization Kinetics

The expression describing isothermal crystallization kinetics is shown in Equation
7-1. This Equation describes crystallization as a result of the volume percent crystallized,
x, over time, ¢, as a function of the crystal growth rate, u, and the frequency of nuclei per
unit volume, 7,,

x=1-exp —gjlv(fudr) ar'|. (7-1)

0 t

The geometric factor g depends on the shape of the growing crystal, while m is an integer
that is dependent upon the mechanism of growth. One of two mechanisms, interface-

controlled or diffusion-controlled, dominates the crystallization process. Interface-
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controlled diffusion® results in m being an integer 1, 2, or 3. The integer corresponds to
the dimensionality of crystal growth i.e., 1 is one-dimensional, etc. Diffusion-controlled
growth,” where the growth rate decreases according to t'?, is indicated by m values of
1/2, 1 and 3/2 for one-, two-, and three-dimensional growth, respectively.16

The Johnson-Mehl-Avrami (JMA) approach assumes the simplest case for

crystallization kinetics, where the reaction is isokinetic." "’ Equation 7-1 becomes
x = 1-exp|-(K1)"] (7-2)

where K is the overall reaction rate and defined by Equation 7-3, ¢ is time, and n = m+1.

n is also known as the Avrami parameter. The reaction rate, K, is given by

K=K, exp(—%) (7-3)

The overall reaction rate is dependent on the effective activation energy, E, the gas
constant, R, and the temperature, 7. K, is the frequency factor or the pre-exponential
factor.'®

An important specific case of isothermal crystallization occurs when the
nucleation frequency and growth rate are independent of time. Equation 7-1 then
becomes

x=1-exp(-g'lu"t"), (7-4)
where all constants are as previously defined in section 7.2.1.1 and g’ is the new shape
factor. By comparing Equation 7-2 to 7-4, it can be seen that K" o Lu", which is
important because it shows mathematically that the temperature dependence of the
effective overall reaction rate, K, is Arrhenian in nature when the temperature
dependences of /, and u are Arrhenian in nature.

Nucleation and growth rates that are independent of time do not occur in most real
systems. In most real cases, the temperature dependence of nucleation frequency is not
Arrhenian in nature. The growth rate of crystals is not Arrhenian over a broad range of

temperatures. However, over the small range of temperatures, for example the range of

¥ Interface diffusion is crystal growth that is independent of time.
" Diffusion controlled growth is crystal growth that is time dependent.
“* Isokinetic is when the rate of nucleation and growth remain constant throughout the
reaction.
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temperatures over which a crystallization peak occurs in a DSC or DTA, u and /, may be

described by the following zeroth-order approximations:'®

E
I =1_exp -—~ 7-5
v v0 Xp( RT) ( )
and
E;
~ u exp| - —< |. 7-6
"=t Xp( RT) (7-6)

The new terms in these Equations, Ey and Eg, are defined as the effective activation
energy for nucleation and the effective activation energy for growth, respectively.

To obtain an expression for the overall effective activation energy for isothermal
crystallization, where the nucleation and growth rates are independent of time, Equations
7-2 through 7-6 can be combined to yield

E,+mE;

E~ (7-7)

n
If the nucleation frequency is negligible over the experimental temperature range, then
E=Eg. The application of Equations 7-1 through 7-7 to other special cases such as bulk
crystallization and grain boundary crystallization are presented in detail in the work of

Johnson and Mehl’ and Avrami.>'°

7.2.1.2 Non-Isothermal Crystallization Kinetics

While isothermal crystallization studies are accurate and based on sound
mathematics, these studies are extremely time consuming. Consequently, many studies
have been performed to develop a faster method using non-isothermal crystallization
methods that are as accurate as the JMA approach.'"'>'"*” Yinnon and Uhlmann,'® in
their 1982 review article, compare the similarities and differences between the most

IL12 hhethod has been

highly developed approaches. Since, in this thesis, the Kissinger
employed, further discussion will be focused on his derivation. For more details on other
approaches, please refer to Yinnon and Uhlmann.'® In summary, a non-isothermal
crystallization study involves DSC or DTA experiments, where the heating rate (¢) is
varied, resulting in the following equation,

T=T,+9¢t, (7-8)
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where T is the temperature and 7 is the starting temperature. The desired outcome of
this approach is to find two parameters, which, when plotted, result in a straight line and
yield the activation energy of the reaction.

In the following derivation, Kissinger, shows that the kinetic constants can be
calculated by performing series of DTA experiments with different heating rates.'
Varying the heating rate causes the maximum point of the exothermic peak (T,) to shift
to higher temperatures and is an effect of the glasses intrinsic thermal properties. A
linear dependence is observed between ¢/(T")* and 1/T".

Beginning with the JMA Equation (7-2) and the Arrhenius Equation (7-3),
x=1- exp[—(Kt)"], (7-2)

and,
-E
K=K —|, 7-3
oexp( RT) (7-3)

one must differentiate Equation 7-2 with respect to time to describe the reaction when

temperature is changing with time,
% =0- exp[-([{t)n] *—nK"'t" CZ—K - exp[—(Kt)n] x—nK"t"”! (7-9)
1

Simplifying Equation 7-9 results in Equation 7-10:
id_K + 1)

ax_ exp[—(Kt)n]nK”t"‘l(K 5

P (7-10)

Rearranging Equation 7-2 and substituting it into Equation 7-10 yields Equations 7-11
and 7-12, respectively:

exp[—(Kr)”] —(1-x) (7-11)
ax = (l—x)nK"t"'l(id—K+1) (7-12)
dt K dt
The derivative of K with respect to time is obtained from Equations 7-8 and 7-3.
Performing the following mathematical manipulation, aK = dK dr , yields:
dt dT dt
dK -K,E -E
—_—= cXp| — . 7' 1 3
AT~ RT: P ( RT) (7-13)
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ar
=0 (7-14)

and thus,
dK -K,E¢ -E
—= exp| —|. 7-15
dt  RT? p( RT) (7-15)

. -E¢ e . .

Letting a = T and substituting it into Equation 7-15 yields,
aK _ ak. (7-16)
dt

Substituting Equation 7-16 into Equation 7-12 results in,

% =(1-x)nK"t""'(at +1). (7-17)

If the initial temperature 7} is much smaller than 7, the term at = E When E <<1

Equation 7-17 becomes

a_ (1-x)nK"t"" (7-18)
dt

Time can be represented in terms of temperature as in Equation 7-8 or x as in Equation 7-

19:

z=% (7-19)

Substituting Equation 7-19 into Equation 7-18,

_ _ (n-1)/n
dr_ g =01
dt K

(7-20)

Substituting in Equation 7-3 and assuming that near the maximum in the crystallization

reaction rate [-In(1-x)]""" is a constant (denoted as A4), yields:
dx -E
E = A(l - X)KO CXP(E) . (7-21)

Taking the second derivative of Equation 7-21 with respect to time and assuming the
maximum rate of crystallization occurs at the peak of the exotherm at time 7 (x) and

temperature 7°, allows the second derivative to be set equal to zero:

d’x E  AK, 5 =
?= KO W—Toelw )¢(1—XP)€RT =0. (7-22)
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Rearranging Equation 7-22 and taking the natural log of each side results in the Kissinger

equation,
dIn qu 2} £
( I 1 -——. (7-23)
d* R
TP

In the form of Equation 7-23, In[¢/(T")*] versus 1/T" yields a straight line where the
activation energy for crystallization can be calculated from the slope, as shown in Figure

7-1.

-10.0

-10.5
o
g
3 -110 |
3 -E

R
-11.5
y=39.402
-12. !
01.05 1.10 1.15 1.20
1000/Tp

Figure 7-1. Example Kissinger plot for a mixed alkali germanate glass. Line is a linear
fit.

7.2.1.3 Nucleation

All classical liquids, regardless of their chemical composition, will theoretically
form glasses, i.e. the kinetic theory of glasses is applicable to all materials. A
supercooled material will form if the cooling rate and the crystallization kinetic constants

28,29

are favorable to glass formation. The following section will address the effect of

nucleation on crystallization and give a brief review of nucleation theory. More detail
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concerning the basic assumptions and derivations of nucleation in glasses can be found in
the review articles by Uhlmann® and James.*

A crystalline solid has a lower free energy than a compound of the same
composition in the glassy state. Glasses theoretically could transform into crystalline
phases at temperatures below T, if the correct thermodynamic and kinetic conditions are

29,30

met The first requirement for crystallization is the formation of nuclei of the new

crystalline phase. Homogenous crystal nucleation, /, of a single component glass has a
steady state rate given

W *+AG
I= Aexp (;—T) (7-24)

where W* is the Gibbs free energy to form a critical nucleus, Gp is the kinetic barrier to
nucleation, £ is Boltzmann’s constant, and 7 is absolute temperature. The pre-
exponential factor, 4, is a function of the volume, V, the crystal-melt interfacial free
energy, ¥, and constants £ and /4, where /4 is Plank’s constant, yielding:

1/2
A=2nvv”3(k—T)(l) . (7-25)
n \kr

28,31-35
’ In other words, W*

The derivation of this equation can be found in many locations.
is the thermodynamic barrier to nucleation involving the change in the free energy of the
system when a nucleus is formed, and Gp is the kinetic barrier and describes the systems
ability to rearrange the mass to allow the growth of a crystal out of the liquid. Over the
temperature range used for nucleation measurements, 4 is assumed to be constant,’’

resulting in Equation 7-25 becoming

kT
A= n(T) (7-26)

Closer examination (specifically, the case of a spherical particle with a radius of
r) of the thermodynamic barrier to nucleation, W*, will expose the complexity of the

nucleation process.

W= %mzAGv + 4ar’y (7-27)

. : . : 4 :
This equation contains two competing terms. The first term, Em”zAGv, describes the

decrease in volume free energy that occurs because the crystalline state has a lower free
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energy than the glassy state. The second term, 4sr°y, describes the increase in surface
energy resulting from the formation of the new surface between the crystal and the glass.
It follows that every nucleus formed results in both a decrease in free energy and an
increase in surface energy. Since nuclei are small, the surface energy term will dominate
in the beginning of the nucleation processes, resulting in a very small value of W*. As
the radius of the crystal begins to increase, the value of W* will become large and result
in an unstable particle, but if this particle can continue to grow, the volume free energy
term will begin to dominate and decrease W * and lead to a large stable particle on which
a crystal can later grow.

The other barrier to nucleation™ is the kinetic term, AGp. The kinetics of the
reaction can be approached in terms of the effective diffusion coefficient, D,

kTA? -AG
D= D 7-28
( P eXP( T ) (7-28)

where A is the atomic jump distance. The effective diffusion coefficient is sometimes

assumed to be related to the viscosity of the melt, 1), through the Stokes-Einstein relation

=%. (7-29)
In other words, a glass with a low viscosity will have a higher effective diffusion
coefficient and will therefore be easier to crystallize.

To apply the effective diffusion coefficient to the original expression for
nucleation, Equation 7-24, we can use the relationship between Equation 7-28 and

Equation 7-29,

exp(—AGD) _ th _ h2 ’ (7-30)
kT kTA  3ak'n
and substitute Equations 7-26 and 7-30 into Equation 7-24 to yield:
- k
I= ”ka exp( W ) (7-31)
3nAk'n kT

The equations for heterogeneous nucleation, as shown by James,”’ describe the
nucleation that occurs at the surface of a foreign material, such as the crucible wall, or a

nucleating agent. The nucleation rate is then

" in this specific case homogenous nucleation
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_(Wh*et + AGD)

- (7-32)

Ihet = Aher eXp

where the subscript ‘het’ refers to the specific case of heterogeneous nucleation and
where W, is a function of the contact angle between the crystal nucleus and the

substrate. A, can be written similarly to Equation 7-26
kT
Ahet = ns(?)’ (7-33)

where 7, is the number of formula units of the melt in contact with to substrate per unit
area.

Equations 7-30 and 7-31 can be used to predict the shape of a glass nucleation
curve; an illustration of the nucleation curve is shown in Figure 7-2. As you cool the
glass from 7, there is a region where the AG, is very small and the very small nucleus is
not stable. Since the critical radius (#*) of the nucleus required for crystal growth is
much larger than the size of the nuclei in this region, the glass is essentially nuclei free,

this is called the metastable zone of undercooling. The equation for the critical radius is

i (7-34)
AG,

As the glass is further cooled, the free energy, AG,, becomes larger, therefore decreasing
the critical radius of the nuclei and allowing stable nuclei to form. The extent of the
metastable zone of undercooling can range from less than a degree to hundreds of
degrees."* As the temperature continues to decrease, the nucleation rate increases
because the thermodynamic barrier decreases with increasing temperature. The
nucleation rate continues to increase until the viscosity of the glass becomes too high*
and the kinetics become too slow and begin to dominate the nucleation process, after

which point nucleation ceases.

¥ viscosity increases with increasing temperature
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Figure 7-2. Illustration showing the effect of temperature on the rate of nucleation and
crystal growth in glasses.

7.2.1.4 Crystal Growth

Arguments concerning crystal growth are similar to those for nucleation. There
are many growth equations in the literature, however, most are unique to the system
being studies.”*”® A general form of the nucleation equation is
AG
=1, 7-35

z -

U=ay exp(_l?—f)[l - exp(

where q, is the interatomic separation distance, v is the vibrational frequency, and AE

and AG are the kinetic and thermodynamic barriers to crystal growth, respectively. Using
Equations 7-28 and 7-29, along with the same mathematics shown in the nucleation

section, Equation 7-35 becomes

kT AG
ot

The Gibbs free energy can be written in terms of the heat of fusion (AHy)® using the

following approximation of Gibbs free energy

AG=—AHf(T’”T—_T).

m

(7-37)

There is no temperature region where growth is unstable, therefore as long as a nucleus is
present, crystal growth can begin immediately below 7, as illustrated in Figure 7-2.

Glasses that crystallize heterogeneously are very likely to begin immediate crystallization
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upon cooling from 7, because the nucleation site is present in the melt or on the surface

of the glass. Growth eventually slows due to the decrease in viscosity as the melt cools.'
7.2.2  Previous Work

7.2.2.1 Devitrification of Binary and Ternary Alkali Germanate Glasses

The most pertinent literature to this study is found in the three studies by Pernice
and Catauro and co-workers who have extensively studied the devitrification of binary

lithium tetra-germanate glasses.***

In addition to the lithium germanate system,
Vergano and Uhlmann®' examined the crystallization of vitreous GeO,. There is no
literature dealing with crystallization in the cesium germanate binary or in the lithium-
cesium germanate ternary systems. However, a few studies concerned with other alkali
ions (sodium and/or potassium) in germanate glasses are present in the literature.' > A
small amount of work on the binary phase diagrams, performed by Murthy, Angelone

42,43

and Ip, ™ will be presented in the following section.

Vergano and Uhlmann found that GeO, crystallizes heterogeneously, with no
need for seeding to initiate crystallization.  When Li,O is added to germania, in
amounts as small as 5 mol %, the crystallization in altered from heterogeneous surface
crystallization to homogeneous crystallization in the bulk of the glass. Lithia germanate
glasses with 12 mol% or less alkali oxide devitrify into Li,Ge;O,s and crystalline GeO»,
as predicted by the phase diagram, shown in Figure 7-3.***® The DTA curves show two
distinct crystallization peaks, one at about 575 °C and the other around 600 °C. Pernice®
suggests that this is a three step process: (1) at 555 °C, metastable crystals grow, (2) At
622 °C, the metastable crystals convert into Li,Ge;O;s crystals, (3) at 819 °C, the
Li,Ge;0;5 crystals act as nucleating sites for GeO, crystal formation. His argument is
based XRD patterns, where peaks due to the low temperature phase are barely
identifiable under the amorphous hump, while a clear pattern occurs for the high
temperature phase.® Laudisio and Catauro studied the mixed lithium and potassium tetra-
germanate glasses. Phase identification, using XRD data, shows that compositions with 0
to 25 % of the alkali being the potassium ion, crystallize into compounds of lithia-
germania. When the ratio of Li,0 to K,O is 1:1 or if this melt contains more of the larger

potassium ion, the crystallized compounds are no longer lithium-germanium oxides, but
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are potassium-germanium oxides, with no trace of compounds containing the smaller
ion.” This finding differs from results for the x Na,O+(20-x) K,0+80 GeO, system, where
the K" and Na' ions are close in size, resulting in the formation of solid solutions when

the alkali ions are mixed.’

7.2.2.2 Phase Diagrams

The phase diagrams for the Li,O*GeO, and Cs,O+GeO; binaries, developed by

2% are shown below in Figures 7-3 and 7-4, respectively. This study is keeping

Murthy,
the mol% GeO, constant at 85 mol%. Since the phase diagrams are shown in wt% the
equivalent mol% are calculated to be about 95 wt% GeO, for the Li,O+*GeO; system, and
about 67 wt% GeO, for the Cs;0*GeO, system; these compositions are marked in

Figures 7-3 and 7-4 at their approximate locations with an*symbol.
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Figure 7-3. Phase diagram for Li,0+GeO,, taken from Murthy (1971).*
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7.3 Experimental Procedure

7.3.1  Sample Preparation

Glass samples were crushed with glass mortar and pestles. The crushed glass was
sifted through sieves ranging from 20 to 270 mesh. To confirm that the samples were
initially glass, XRD was performed on samples of two different particle sizes (500 to 850

um and < 53 um).

7.3.2  Differential Scanning Calorimetry

A TA Instruments® DSC 2910 Differential Scanning Calorimeter was used to
perform all DSC runs. TA Instruments” Universal Analysis software was used to analyze
the DSC curves. T, and Ty were found using the intercept method shown in Figure 7-5.
T, was measured seven times, the maximum variance of the Ty is + 2 °C.  Aluminum
pans were used for all measurements with a maximum temperature under 600 °C and
platinum pans were used for measurements with a maximum temperature > 600 °C.

Measurements were made under a flowing N, atmosphere.
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Figure 7-5. Glass transition temperature (a) and onset of crystallization (b), found using
the intercept method.

7.3.2.1 Kissinger Study
Six different ramp rates were used to study the effect of heating rate on

crystallization: 5, 10, 15, 20, 25, and 30 K/min. Sample sizes ranged from 7 to 12 mg. A

particle size range of 63 to 75 um was used in the study.

7.3.2.2 Particle Size Study

Seven different particle size ranges were used to study the effect of particle size
on crystallization behavior. The particle sizes are listed in Table 7-I, along with their
U.S. sieve size number. Sample sizes ranged from 7 to 12 mg. The ramp rate was held
constant at 20 K/min. Particle sizes were confirmed by measuring the diameters of

sieved glasses particles using scanning electron microscopy.
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Table 7-1. Table Showing the Different Particle Size Ranges Used in the DSC

Experiment
Particle Size Range (wm) | US Sieve Number of | US Sieve Number of
Smaller Particle Sieve | Larger Particle Sieve
500-850 20 35
425-500 35 40
250-500 40 60
150-250 60 100
106-150 100 140
63-75 200 230
<353 270 -

7.3.3  X-Ray Diffraction

X-ray diffraction studies were performed using high temperature x-ray diffraction
(HTXRD), with a cobalt X-ray and a Bragg-Brentano detector. The scan range was 5 to
75 °20. The scan rate was 5 °20/minute. The sample chamber was filled with N, and the
sample holder was polycrystalline alumina in the corundum phase. An initial room
temperature scan was recorded, then the furnace was ramped at 0.33 K/sec (20 K/min) to
the composition’s unique Ty, found using the DSC. The sample was held at the
crystallization temperature for 24 scans totaling a time of 336 minutes (5.6 hours), then
cooled to 50 °C, where a final scan was taken to eliminate the shift in the peak positions
that occur due to thermal expansion. The peaks were identified with powder diffraction

file (pdf) cards using Jade 6.0 software.

7.3.4  Environmental Scanning Electron Microscopy

Each composition studied was heat treated according to the times listed in Table
7-11. Following heat treatment, each sample was sliced, ground and epoxy mounted on
its edge, to examine the interior and edge of the sample. The epoxy mounted samples
were polished with 320, 600, 800 and 1000 SiC paper, and 15, 6 and 1 um diamond
paste. Following polishing, the samples were sputter coated with a 200 to 300 A coating
of Au-Pd. Samples were examined in a Phillips Environmental Scanning Electron

Microscope (ESEM), under high vacuum, with an accelerating potential of 20 keV.
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Table 7-11. Heat Treatment Times and Temperatures for All Glasses

Composition Heat Treatment Time (min) Heat Treatment Temperature (°C)
15 Li,0+85 GeO, 30 540
15 Li;0+85 GeO, 15 635
7:1 Li0:Cs;0°85 GeO, | 15 540
3:1 Li,0:Cs,085 GeO, | 15 540
1:1 Li;0:Cs;0+85 GeO,, | 15 605
1:3 Li;0:Cs;0+85 GeO, | 15 510
1:7 Li0:Cs;0°85 GeO, | 15 485
15 Cs,0°85 GeO, 15 580

7.4 Results
7.4.1 DSC Studies

7.4.1.1 Kissinger Study

The binary alkali-germanate glasses will be discussed first, beginning with the
lithium-germanate binary. Figure 7-6 shows the DSC curves for the glasses containing
15 mol% Li,0O. The glass transition temperature (T,) shifts from 504 °C when the ramp
rate is 5 K/min to 514 °C when the ramp rate is 30 K/min. The shift in T, decreases as
the ramp rate increases. There are two crystallization peaks present below 700 °C. The
onset of crystallization (Tx) of the low temperature peak occurs from 551 to 573 °C for
ramp rates 5 and 30 K/min, respectively. The onset of crystallization for the high
temperature peak ranges from 616 to 648°C, again for the ramp rates 5 and 30 K/min,
respectively. The peak crystallization temperature (T,) for peak one ranges from 605 to
639 °C and 616 to 648 °C for peak two, with ramp rates 5 and 30 K/min respectively.
Table 7-III list the shift in T,, Ty, and T, for the 15 Li,0+85 GeO, glass. The effect of

ramp rate on these values is shown in Figure 7-7.

Table 7-1II. T, Ty, and T, Values for 15 Li,0+85 GeO, Glasses

Ramp Rate (K/min) | T4 (°C) | Tx (°C)-I | T, (°C)-I | Ty (°C)-II | T, (°C)-II
5 504 551 557 605 616
10 506 558 566 616 629
15 509 563 569 624 636
20 512 568 574 629 641
25 512 571 576 634 645
30 514 573 579 639 648
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Figure 7-6. DSC curves with ramp rates ranging from 5 to 30 K/min curve for 15
Li,0+85 GeO; glasses.
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Figure 7-7. T, Ty, and T}, values for 15 Li,O*85 GeO, glasses as a result of varying ramp
rate. Lines added to aid the eye.

A Kissinger plot for both the low temperature crystalline phase and the high

temperature crystalline phase of the 15 Li,0+85 GeO, glasses is shown in Figure 7-8.
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The activation energy of crystallization of the low temperature phase is 472 kJ/mol. The
difference between T, and T, (T,-T,) can be used as an indication of glass forming
ability. A large value for T,-T, is characteristic of a strong glass. The T,-T, for 15
Li,0+85 GeO; ranges from 53 to 65 K.
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Figure 7-8. Kissinger plot for 15 Li,O*85 GeO; glass. Lines are linear fits.

The DSC curves for glasses containing 15 mol% Cs,O have only one peak at
temperatures below 700 °C, as shown in Figure 7-9. The peak is broad in comparison to
the 15 Li,0+85 GeO; glass. The T, shifts from 527 °C when the ramp rate is 5 K/min to
552 °C when the ramp rate is 30 K/min. Ty is undetectable for the 5 K/min ramp rate, as
the crystallization peak appears to begin immediately following the T,. Ramp rates of 10
K/min and higher show a shift in the Tx from 594 °C for the 10 K/min ramp rate to 613
°C for the 30 K/min rate. T, shifts from 597 to 627 °C for ramp rates 5 and 30 K/min,
respectively. Table 7-1V lists the values of Ty, Ty, and T, for the 15 Cs,0+85 GeO, glass.

The shifts of T, Tx and T}, to higher temperature are shown in Figure 7-10.
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Table 7-1V. T, T, and T, Values for 15 Cs,0+85 GeO, Glasses

Ramp Rate (K/min) | T, (°C) Tx (°C) T, (°C)
5 527 - 597
10 545 594 608
15 549 600 616
20 550 606 620
25 551 609 624
30 552 613 627

Using the values of Tj, a Kissinger plot for the 15 Cs,O+85 GeO, glasses is shown
in Figure 7-11. The activation energy of crystallization is 371 kJ/mol. The difference
between T, and T, ranges from 63 to 75 K.

The mixed alkali glasses will be discussed in the order of increasing mol% Cs;O.
Each glass composition has unique crystallization behavior; differences are obvious in
the shape of the crystallization peaks, and the temperature of Ty and T,. As CsO
concentration increases, the formability of the glass decreases and analysis becomes less

obvious.
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Figure 7-9. DSC curves with ramp rates ranging from 5 to 30 K/min curve for 15
Cs,0°85 GeO; glasses.
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The DSC curves for glasses containing a ratio of 7:1 Li,0:Cs,O have one narrow

peak at temperatures below 700 °C, as shown in Figure 7-12. The peak is extremely
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narrow and leans towards higher temperature. Curves of this shape are characteristic of
strong exothermic reactions that cause the sample chamber to overheat, therefore causing
the temperature of the cell to be greater than the temperature of the furnace is ramping.
The peak height becomes greater with a faster ramp rate. T, shifts smoothly from 502 °C
when the ramp rate is 5 K/min to 516 °C when the ramp rate is 30 K/min. Ty is 550 °C
for the 5 K/min ramp rate and shifts to 569 °C for the 30 K/min rate. T, shifts from 555
to 580 °C for ramp rates 5 and 30 K/min, respectively. Table 7-V lists T,, Ty, and T, for
the 7:1 L1,0:Cs,0+85 GeO, glass. The shift of Ty, Tx and T, to higher temperatures is

shown in Figure 7-13.
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Figure 7-12. DSC curves with ramp rates ranging from 5 to 30 K/min curve for 7:1
Li,0:Cs,0+85 GeO, glasses.

Table 7-V. T, Ty, and T}, Values for 7:1 Li,0:Cs,0+85 GeO, Glasses

Ramp Rate (K/min) | T, (°C) Tx (°C) T, (°C)
5 502 550 555
10 507 556 562
15 510 561 568
20 512 566 573
25 514 568 577
30 516 569 580
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Figure 7-14 shows the Kissinger plot for the 7:1 Li,0:Cs,0+85 GeO; glass. The
activation energy of crystallization is 395 kJ/mol. The difference between T, and T, for
all of the glasses fall between 53 and 61 K.

Figure 7-15 shows the DSC curves for glasses with an alkali ratio of 3:1
Li,0:Cs,0. The spectra show one broad peak at temperatures below 700 °C. The T,
shifts linearly from 495 °C when the ramp rate is 5 K/min to 508 °C when the ramp rate
is 30 K/min. The Ty is 559 °C for the 5 K/min ramp rate and shifts to 569 °C for the 30
K/min rate. The T, shifts from 557 to 579 °C for ramp rates 5 and 30 K/min,
respectively. Table 7-VI lists the values of T,, Ty, and T, for the 3:1 Li,0:Cs,0+85 GeO,
glass. The shift of Ty, Tx and T}, to higher temperature is shown in Figure 7-16.

The activation energy for crystallization of the 3:1 Li,O:Cs,0+85 GeO, glass is
459 kJ/mol. Activation energy was calculated using the Kissinger method, which is

shown below in Figure 7-17. The T, minus T, values ranged from 62 to 71 K.
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Figure 7-13. T,, Ty, and T}, values for 7:1 Li,0:Cs,0+85 GeO, glasses as a result of
varying ramp rate. Lines added to aid the eye.
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Figure 7-15. DSC curves with ramp rates ranging from 5 to 30 K/min curve for 3:1

Li,0:Cs,0+85 GeO, glasses.
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Table 7- VI. Tg, Ty, and T, Values for 3:1 Li,0:Cs,0+85 GeO, Glasses

Ramp Rate (K/min) | T, (°C) Tx (°C) T, (°C)
5 495 549 557
10 499 556 565
15 502 561 570
20 505 564 574
25 507 567 577
30 508 569 579

Glasses with alkali in one to one ratio are the best glass formers of all the glasses
studied in this section. Figure 7-18 shows the DSC curves for glasses with a ratio of 1:1
Li,0:Cs;0. The spectra show one broad peak, at temperatures below 700 °C, more than
100 K above the T,. The Ty shifts linearly from 489 °C when the ramp rate is 5 K/min to
501 °C when the ramp rate is 30 K/min. T and T, shift from 605 to 638 °C for ramp
rates 5 and 30 K/min, and 621 °C for the 5 K/min ramp rate and shifts to 657 °C for the
30 K/min rate, respectively. Ty and T, shift for ramp rates of 5 through 20 K/min, with
very little change in T or T, beyond 20 K/min. Table 7-VII lists the values of T, Ty, and

T,, they are shown in Figure 7-19.

600
[ ] Tg
0 Tx
580 I A Tp ................ A
A P A ‘
o 560 - 0 e A— ________ o -
o 560 | e -
8 ,—”
2 540 |
)
QL
E» 520 L
500 - ./‘/./'./‘._—"
480 | ‘ | ‘

\ \
0 5 10 15 20
Ramp Rate (K/min)

25 30

35

Figure 7-16. T,, Tx, and T}, values for 3:1 Li,0:Cs,0+85 GeO, glasses as a result of

varying ramp rate. Lines added to aid the eye.
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Figure 7-17. Kissinger plot for 3:1 Li,0:Cs,0+85 GeO, glass. Line is a linear fit.
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Figure 7-18. DSC curves with ramp rates ranging from 5 to 30 K/min curve for 1:1
Li,0:Cs,0+85 GeO, glasses.
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Table 7-VII. T, Ty, and T, Values for 1:1 Li,0:Cs,0+85 GeO, Glasses

Ramp Rate (K/min) | T, (°C) Tx (°C) T, (°C)
5 489 605 621
10 492 620 635
15 496 628 646
20 498 635 653
25 500 637 658
30 501 638 657

The activation energy for crystallization is 281 kJ/mol, calculated from Figure 7-
20. The difference between T, and T, ranged from 132 to 158 K making it the best glass
former on the x Li,O:(15-x) Cs,0+85 GeO; tie line.

Glasses containing a greater concentration of Cs,O than Li;O have more
complicated crystallization curves. Figure 7-21 shows the DSC curves for glasses with a
ratio of 1:3 Li,0:Cs;0. The curves contain two peaks at temperatures below 700 °C.
When the ramp rate is slow (5 and 10 K/min), these two peaks blend into a simple peak.
When the ramp rate is fast, the peaks clearly separate into two distinct broad peaks. The
T, shifts from 501 °C when the ramp rate is 5 K/min to 515 °C when the ramp rate is 30
K/min. Ty for peak I shifts from 520 to 561 °C for ramp rates 5 and 30 K/min,
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respectively. Ty for peak II shifts from 570 °C for the 10 K/min ramp rate to 605 °C for
the 30 K/min rate. The onset of crystallization begins in the glass transition region for
the sample when using a ramp rate of 5 K/min, so a Ty could not be measured. T, for
peak I shift from 547 to 576 K/min for the 5 and 30 K/min ramp rates, respectively. T,
for peak II shifts from 561 to 617 °C for ramp rates of 5 to 30 K/min, respectively. Table
7-VIII lists the values of Ty, Ty, and T, for the 1:3 Li,0:Cs,0+85 GeO, glass. T,, Ty and

T, trend for all five series and are shown in Figure 7-22.
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Figure 7-20. Kissinger plot for 1:1 Li,0:Cs;0+85 GeO; glass. Line is a linear fit.

The Kissinger data shown in Figure 7-23 shows the Kissinger plots for both peak
I and peak II. The activation energy for the low temperature peak (peak I) is calculated to
be 347 kJ/mol. The maximum difference between T, and T, is 61 K and the minimum

difference is 46 K.

Table 7-VIII. T,, Ty, and T, Values for 1:3 Li,0:Cs,0+85 GeO, Glasses

Ramp Rate (K/min) | Tg(°C) | Tx (°C)-I | T, (°C)-I | Ty (°C)-II | T, (°C)-II
5 501 520 547 - 561
10 506 538 557 570 577
15 509 545 563 580 588
20 511 547 568 587 599
25 512 558 572 597 608
30 515 561 576 605 617
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Figure 7-21. DSC curves with ramp rates ranging from 5 to 30 K/min curve for 1:3
Li,0:Cs,0+85 GeO, glasses.
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Figure 7-22. T,, Ty, and T, values for 1:3 Li,0:Cs,0+85 GeO, glasses as a result of
varying ramp rate. Lines added to aid the eye.
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Figure 7-23. Kissinger plot for 1:3 Li,0:Cs,0+85 GeO, glass. Lines are a linear fit.

Glasses with a 1:7 ratio of Li,0:Cs,0 are very hard to form, crystallizing readily
during cooling. To make a glass, the melt must be quenched quickly. The tendency for
these glasses to crystallize is shown through the immediate crystallization peak following
the T, (Figure 7-24). The T, shifts from 493 °C when the ramp rate is 5 K/min to 517 °C
when the ramp rate is 30 K/min. The spectra show one large crystallization band with
three major peaks at temperatures below 700 °C. Ty could not be calculated because the
onset of crystallization begins within the glass transition region for all ramp rates. When
the ramp rate is slow (5, 10 and 15 K/min), the crystallization peak occurs at a lower
temperature. When the ramp rate is fast, the peaks within the band shift to higher
temperatures, which explains the discontinuity in the T, data shown in Figure 7-25.

Table 7-IX lists the values of T, and T, for the 1:7 Li,0:Cs,0+85 GeO, glass. T, and T,

values are shown in Figure 7-25.
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Figure 7-24. DSC curves with ramp rates ranging from 5 to 30 K/min curve for 1:7

Li,0:Cs,0+85 GeO, glasses.

Table 7-IX. T,, Ty, and T, Values for 1:7 Li,0:Cs,0+85 GeO, Glasses

Ramp Rate (K/min) | T, (°C) Tx (°C) T, (°C)
5 493 - 520
10 497 - 529
15 506 - 537
20 509 - 568
25 516 - 574
30 517 - 578

The data shown in Figure 7-26 were used to calculate the activation energy. The
activation energy for this glass is only a rough estimate due to the large discontinuities
between the slow and fast ramp rates. The best estimate for the activation energy is 333
kJ/mol, but it is almost surely greater than that, because the slope of the fit is
compromised by the discontinuity. The maximum difference between T, and T, is 75 K

and the minimum difference is 63 K.
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7.4.1.2 Particle Size Study

Results of the particle size study will be presented in the same order as the
previous results. First, the 15 Li,0+85 GeO, data will be addressed, followed by the 15
Cs,0°85 GeO; and concluding with the data for the mixed alkali glasses.

The DSC curves for the 15 Li;0+85 GeO; glass show two crystallization peaks
when the particle size is smaller than 250 um. The low temperature phase is not affected
by the particle size as shown in Figure 7-27 where Ty is constant at 566.7 + 2.3 °C and T,
is constant at 574.1 £ 1.3 °C. The Ty for the high temperature phase is 627.9 = 1.6 °C,
however the curve evolves from one peak into two distinct peaks as the particle size is
increased from 250 to 800 um. T, of peak II for glasses with particle sizes < 250 um is
640.5 £ 0.5 °C. The values of Ty, T, and T, are listed in Table 7-X. It is also worth
mentioning that the T, of the glass does not change with particle size; the T, obtained

from the seven DSC curves is 510.7 + 1.4 °C.

Table 7-X. T,, Ty, and T, Values for Different Particle Sizes of 15 Li,0+85 GeO,

Glasses
Particle Size (wm) T, (°C) | Tx (°O)-1| T, (°C)-1 | Tx (°O)-11 | T, (°C)-11
500-800 512 568 574 627 632/641
425-500 509 565 573 628 640
250-425 509 564 573 626 637
150-250 510 566 574 629 640
106-150 511 566 573 626 640
63-75 512 571 576 629 641
<53 512 567 576 630 641

The shape of the DSC curves for the 15 Cs;085 GeO, changes noticeably with
varying particle size, as shown in Figure 7-28. Again, when the particle size is below
250 wm, there is only one peak in the curve. Unlike the 15 Li,O*85 GeO, glass,
however, the Ty and T, shift to lower temperature with decreasing particle size, where Ty
shifts from 604 °C for particles < 56 pm and 618 °C for particle sizes 150 to 250 pm and
T, shifts from 619 to 631 °C for the < 56 pm and 150 to 250 pum particle sizes,
respectively. The T, of the 15 Cs,0+85 GeO; has a larger standard deviation than the 15
Li,0+85 GeO,, glass and is 543.4 = 7.3 °C. This variation is at least partially due to the
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Ty beginning in the glass transition region of the curve. The values of Ty, T, and T, are

listed in Table 7-XI.
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Figure 7-27. DSC curves of glasses with different particle sizes for 15 Li,0+85 GeO,
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Figure 7-28. DSC curves of glasses with different particle sizes for 15 Cs,0+85 GeO,
glasses.
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Table 7-XI. Tg, T, and T, Values for Different Particle Sizes of 15 Cs,0+85 GeO,

Glasses
Particle Size (um) T, (°C) | Tx (°O)-1 | T, (°C)-1

500-800 550 618 646
425-500 536 625 645
250-425 540 623 639
150-250 536 618 631
106-150 539 613 630

63-75 550 606 620

<53 553 604 619

The shapes of the DSC curves for the 7:1 Li,0:Cs,0+85 GeO, glass and the 3:1
Li;0:Cs,0°85 GeO, glass will be discussed simultaneously. The curves for the 7:1
Li;0:Cs,0+85 GeO, glass are shown in Figure 7-29 and for the 3:1 Li;0:Cs;0°85 GeO,
glass in Figure 7-30. The Ty for both glasses is the same value of 565 + 2 °C (specifically
Ty is 565.3 = 0.6 °C for the 7:1 Li;0:Cs,O glass and 565.0 = 1.0 °C for the 3:1
Li,0:Cs,0 glass). There was no effect on the crystallization curves due to particles size,
as shown by the fact that the glasses with a particle size of < 53 um and a particle size of
500 to 800 pum have the same Ty and T,. The only difference between the two
compositions is the T,, which is 512 + 0.0 °C for the 7:1 Li,0:Cs,0 glass and 505 + 0.0
°C for the 3:1 Li,0:Cs;0 glass. The values of Ty, T, and T, are listed in Table 7-XII for
the 7:1 Li,0:Cs,0 glass and Table 7-XIII for the 3:1 Li,0:Cs,0 glass.

Table 7-XII. T, Ty, and T, Values for Different Particle Sizes of 7:1 Li,0:Cs,0*85

GeO; Glasses
Particle Size (um) T, (°C) Tx (°C) | T, (°C)
500-800 512 565 573
63-75 512 566 573
<53 512 565 571

Table 7-XIII. T, Tk, and T, Values for Different Particle Sizes of 3:1 Li,0:Csy0+85

GeO;, Glasses
Particle Size (um) T, (°C) T« (°C) | T, (°C)
500-800 505 566 572
63-75 505 564 574
<53 505 565 574
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Figure 7-29. DSC curves of glasses with different particle sizes for 7:1 Li,0:Cs,O*85
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Figure 7-30. DSC curves of glasses with different particle sizes for 3:1 Li,0:Cs,O*85
GeO, glasses.
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The crystallization curves for the 1:1 Li;0:Cs;0+85 GeO; glass are shown in
Figure 7-31. When the particle size is below 425 um there is only one peak, and the Tx
and T, shift to higher temperatures with increasing particle sizes. Ty shifts from 631 °C
for particles < 56 um to 643 °C for particle sizes 106 to 150 um and then decreases back
to 638 °C for 250 to 425 pm. T, is 653 °C and constant for the two smallest particle
sizes, then shifts to 660 °C for the 250 to 425 um particle sizes. The T, remains constant
at 496.6 = 1.4 °C. The values of Ty, T, and T, are listed in Table 7-XIV.
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Figure 7-31. DSC curves of glasses with different particle sizes for 1:1 Li;0:Cs,0¢85
GeO, glasses.

Table 7-XIV. Tg, Ty, and T, Values for Different Particle Sizes of 1:1 Li,0:Cs;0+85

GeO; Glasses
Particle Size (um) T, (°C) Tx (°C) | T, (°C)

500-800 497 642 663
425-500 498 644 661
250-425 496 638 660
150-250 497 640 658
106-150 496 643 655

63-75 498 635 653

<53 494 631 653
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Unlike the previously discussed glass, where one peak developed into two peaks
with increasing particle size, the spectra of the smaller particle size 1:3 Li;0:Cs,0+85
GeO, glasses contain two distinct peaks which merge into a single broad band as the
particle size increases, as shown in Figure 7-32. As observed for the previously
discussed glasses, as the particle size increases, the Ty increases. When the particle size
is < 53 pm, the Ty is difficult to distinguish from the glass transition region, Ty is 545 for
this particle size. The Ty shifts to 570 °C for the largest particle size range of 500 to 800
pm. T, for the low temperature peak (I) shifts from 563 °C for the < 53 pm particle size
to 610 °C for the particle size range 500 to 800 um. The high temperature peak (II) has a
T, of 600 °C for the < 53 pm particles and shifts to 595 °C for the 106 to 150 pm
particles. The onset of crystallization for peak II is only distinguishable for the two
smallest particle sizes where Ty is estimated to be 590 °C and 587 °C for particle ranges <
53 pm, and 63 to 75 um, respectively. The T, for this glass is 510.0 £ 1.4 °C. T, Ty and
T, are listed in Table 7-XV.

Table 7-XV. T,, T, and T, Values for Different Particle Sizes of 1:3 Li,0:Csy0*85

GeO; Glasses
Particle Size (um) T, (°C) | Tx (°C)-1 | T, (°C)-1 | Tx (°C)-1I | T, (°C)-11
500-800 512 570 610 - -
425-500 508 559 599 - -
250-425 510 555 593 - -
150-250 509 554 578 - -
106-150 509 551 569 - 595
63-75 511 547 568 587 599
<53 511 545 563 590 600

The DSC curves for the 1:7 Li;0:Cs,085 GeO, glasses are very different for
each different particle size. Tx begins in the glass transition region for each glass so it
cannot be determined from Figure 7-33. Many peaks occur after T,; each particle size
has a different peak that results in T,. Therefore there is no trend in T,, and the
temperatures over which T, occurs range from 568 to 589 °C. The T, is 511.6 + 2.1 °C.
T, and T, are listed in Table 7-XVI.
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Table 7-XVI. Tg, Ty, and T, Values for Different Particle Sizes of 1:7 Li1,0:Cs,0+85

GeO, Glasses
Particle Size (wm) Tg(°C) | Tx(°C) | Tp (°C)
500-800 512 - 576
425-500 512 - 589
250-425 513 - 583
150-250 509 - 581
106-150 511 - 570
63-75 509 - 568
<53 512 - 568
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Figure 7-32. DSC curves of glasses with different particle sizes for 1:3 Li;0:Cs,0¢85
GeO, glasses.
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Figure 7-33. DSC curves of glasses with different particle sizes for 1:7 Li;0:Cs,0*85
GeO, glasses.

7.4.2  High Temperature X-Ray Diffraction

7.4.2.1 Binary Glasses

High temperature X-ray diffraction (HTXRD) was used to identify the phases
formed during crystallization. Figure 7-34 shows the diffraction patterns for the
formation of the phase causing the low temperature crystallization peak of the 15 Li,O+85
GeO, glass. The first curve just shows the amorphous hump of the glass. The heat
treatment temperature required to result only in the low temperature phase is 550 °C, just
below the onset of crystallization temperature found using the DSC experiments. Each
scan represents an additional 15 minutes of isothermal heat treatment. The experiment
was performed for 24 scans (5.6 hours). For clarity only a third of the curves are shown,
i.e. 30 minutes elapses between each scan in Figure 7-34. After 90 minutes, there is no
further change in the number of peaks in the pattern, only narrowing of each peak with
increasing heat treatment time. The identity of the crystalline phases, their powder
diffraction file (pdf) number, crystal system, and space group are listed in Table 7-XVII
and shown in Figure 7-35, with each peak identified with the corresponding phase.

According to the phase diagram (Figure 7-3), the crystalline phases present at this
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composition should be Li;Ge;O;5 and LigGesOo.

The peak at 31.5 °20 is due to

chromium contamination in the furnace, from previous, unrelated experiments. This was

confirmed by repeating the experiment, scanning from 28 to 33 °26, no peak appeared at

31.5 °260.

Table 7-XVII. Crystal Phases Resulting from the Low and High Temperature Heat
Treatments of 15 Li,0+85 GeO, Glass

Symbol [Phase Name df Number Crystal System | Space Group
o Li,GesOy | Lithium Germanium Oxide [00-037-1363 Orthorhombic Pcca
| | Li,Ge;0;5 | Lithium Heptagermanate  [00-049-0523 Orthorhombic Pbcn

The HTXRD patterns for an isothermal treatment at 645 °C, corresponding to the
high temperature crystallization peak are shown in Figure 7-36. The higher heat
treatment did not result in any new phases forming. The only difference from the
treatment at 550 °C is a narrowing of the diffractions peaks (Figure 7-37), indicating
crystal growth. Analysis of the XRD pattern shows two lithium germanate phases,
Li,Ge;0,5 and LixGesOq. The first phase, Li,Ge;0;s, agrees with the phase diagram
shown in Figure 7-3; the later phase LiyGesOo, is not present on the phase diagram. At
this temperature, the diffraction pattern does not develop slowly. The peaks that form
during the first 30 minutes continue unchanged throughout the entire 336 min (5.6 hours).
Comparison between the low and high temperature diffraction patterns are shown in
Figure 7-38.

The HTXRD patterns for the 15 Cs;085 GeO, glass is shown in Figure 7-39.
The DSC curve shows only one peak, so only one heat treatment temperature was used.
The crystallization temperature for the HTXRD experiment was 590 °C. Analysis of the
XRD pattern shows two cesium germanate phases, Cs,GesO13, and Cs4Ge;1024, shown in
Figure 7-40. The phase diagram in Figure 7-4 predicts a composition of 15 CsyO+85
GeO; should form crystalline phases of Cs,GesO;3 and CssGe;015. Unfortunately, there
is no pattern in the pdf library for the later phase. Table 7-XVIII lists the crystal

information for this composition.

Table 7-XVIII. Crystal Phases Resulting from the Low Temperature Heat Treatment of
15 Cs20+85 GeO, Glass

Symbol [Phase Name df Number Crystal System | Space Group
a Cs,Ge 1044 | Cesium Germanium Oxide  00-020-0277 Cubic -
O Cs,GegOp5 | Cesium Germanium Oxide® [00-024-0251 Unknown -

¥ Quality of the pattern in the PDF database is doubtful
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Figure 7-34. HTXRD scans for isothermal heat treatment at 550 °C for the 15 Li,O+85

GeO, glass.
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Figure 7-35. Diffraction pattern of the room temperature crystals, following the HTXRD
experiment and heat treatment at 550 °C, for thel5 Li,0+85 GeO; glass.
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Figure 7-36. HTXRD scans for isothermal heat treatment at 645 °C for the 15 Li,0O+85
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Figure 7-37. Diffraction pattern of the room temperature crystals, following the HTXRD
experiment and heat treatment at 645 °C, for the 15 Li,0+85 GeO, glass.
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Figure 7-38. Diffraction patterns of 15 Li,0+85 GeO, glass powder, following HTXRD
with isothermal heat treatments at 550 °C and 645 °C.

Figure 7-39. HTXRD scans for isothermal heat treatment at 590 °C for the 15 Cs,O*85
GeO, glass.
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Figure 7-40. Diffraction pattern of the room temperature crystals, following the HTXRD
experiment and heat treatment at 590 °C, for thel5 Cs,0+85 GeO, glass.

7.4.2.2 Mixed Alkali Glasses
The behavior of the 7:1 Li0:Cs,0+85 GeO, and 3:1 Li,0:Cs,0+85 GeO; glasses

are simlar and will be discussed concurrently in this section. The DSC curves for both
glasses show one crystallization peak at the same temperature, so only one heat treatment
temperature was used. The crystallization temperature for these HTXRD experiments
was 550 °C for both glasses. Figure 7-41 shows the HTXRD pattern for 7:1
Li,0:Cs,0°85 GeO,, while the final scan at 50 °C is shown in Figure 7-42. The 3:1
Li,0:Cs,0°85 GeO, glass has a similar HTXRD patterns, as shown in Figures 7-43 and
7-44. Analysis of the XRD patterns does not lead conclusively to any known crystal.
The similarities in the two patterns can be seen in Figure 7-45 where the two diffraction
patterns are overlaid. The most outstanding difference between the two patterns is the
narrowing of some of the broad bands into more defined peaks. To show the difference
between this pattern and those of the binary phases, all three patterns are shown in Figure

7-46.
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Figure 7-41. HTXRD scans for isothermal heat treatment at 590 °C for the 7:1
Li,0:Cs,0°85 GeO, glass.
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Figure 7-42. Diffraction pattern of the room temperature crystals, following the HTXRD
experiment and heat treatment at 550 °C, for the 7:1 Li,0:Cs,0+85 GeO,

glass.
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Figure 7-43. HTXRD scans for isothermal heat treatment at 550 °C for the 3:1
Li,0:Cs,0+85 GeO, glass.
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Figure 7-44. Diffraction pattern of the room temperature crystals, following the HTXRD
experiment and heat treatment at 550 °C, for the 3:1 Li,0:Cs,0+85 GeO,

glass.
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Figure 7-45. Comparison between diffraction patterns of 7:1 Li;0:Cs,085 GeO, and
3:1 Li,0:Cs,0°+85 GeO,, following isothermal heat treatment at 550 °C.
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Figure 7-46. Comparison between the diffraction patterns of the crystallized binary
glasses and 3:1 Li,0:Cs,0 85 GeO, glasses, following isothermal heat

treatment.
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The remaining mixed alkali glasses, 1:1 Li;O:Cs;085 GeO, and 1:3
Li,0:Cs,0°85 GeO,, and 1:7 Li,0:Cs,085 GeO, glasses behave similarly, and
therefore, they will be discussed together. While the DSC curves for all of these glasses
contain multiple crystallization peaks, the peaks are so close together that a return to the
base line in not achieved, implying both bulk and surface crystallization, so only one heat
treatment temperature for each glass was used. The treatment temperature for the
HTXRD was 605 °C for 1:1 Li;0:Cs,0+85 GeO, glass, 520 °C for 1:3 Li,0:Csy085
GeO, glass and 495 °C for 1:7 Li,0:Cs;0+85 GeO, glass. Figure 7-47 shows the
HTXRD pattern for the 1:1 Li;0:Cs,085 GeO; glass. Analysis of the XRD pattern
(Figure 7-48) shows the four phases present are a blend of the binary lithium germanate
and cesium germanate crystals identified in the previous section on the binary glasses.
The crystal data for this system is listed in Tables 7-17 and 7-18. As the composition
becomes richer in cesium oxide, the lithium phases become less visible in the pattern.
The 1:3 Liy0:Cs,0+85 GeO, glass (Figure 7-49) forms three phases: a new lithium phase
(Li4GesOy) and the same two cesium germanate phases, as shown in Figure 7-50. The
1:7 Li0:Cs;0°85 GeO, (Figure 7-51) glass yields crystals of just the CsyGeqO;3 and
Cs4Ge10,4 compositions (Figure 7-52).
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Figure 7-47. HTXRD scans for isothermal heat treatment at 605 °C for the 1:1

Li,0:Cs,0+85 GeO, glass.
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Figure 7-48. Diffraction pattern of the room temperature crystals, following the HTXRD

experiment and heat treatment at 605 °C, for the 1:1 Li,0:Cs,0+85 GeO,

glass.
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Figure 7-49. HTXRD scans for isothermal heat treatment at 520 °C for the 1:3
Li,0:Cs,0+85 GeO, glass.
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Figure 7-50. Diffraction pattern of the room temperature crystals, following the HTXRD
experiment and heat treatment at 520 °C, for the 1:3 Li,0:Cs,0+85 GeO,

glass.
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Figure 7-51. HTXRD scans for isothermal heat treatment at 495 °C for the 1:7

Li,0:Cs,0+85 GeO, glass.
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Figure 7-52. Diffraction pattern of the room temperature crystals, following the HTXRD

experiment and heat treatment at 495 °C, for the 1:7 Li,0:Cs,0+85 GeO,

glass.
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7.5 Discussion

7.5.1  Kissinger Study

The DSC curves for each glass composition at a heating rate of 20 K/min exhibit
different crystallization peak position and glass transitions as shown in Figure 7-53.
There is no simple correlation between the T, and T, shown in Figure 7-54. The glass
transition temperature yields the expected mixed alkali effect, with a minimum occurring
when the alkali ratio is 1:1. There is no identifiable trend in the peak crystallization
temperature. Glasses with the highest amounts of lithia exhibited the largest exothermal
peaks. Comparing the shape of the DSC curve to the crystal formed for each composition
does not add insight into the shape of the DSC curve. Each glass exhibits its own unique
crystallization reaction, which is reasonable due to the complexity of nucleation and
growth behavior discussed in sections 7.2.1.3-7.2.1.4.

The activation energy for crystallization of the glasses is shown in Figure 7-55 as
a function of composition. If there is more than one crystallization peak, the activation
energy for the lowest temperature peak is shown. There is no obvious trend along the
line; therefore, a mixed alkali effect does not occur in the activation energy for
crystallization of x Li,0+(15-x) Cs,0+85 GeO, glasses. The activation energies occur in
two groups on this line. Glasses with more Li,O than Cs,O have distinctly higher
activation energy of crystallization than glasses where the ratio of Li,O to Cs;0 is equal
or which contain more Cs,O than Li,O. The T, T, and activation energies are listed in

Table 7-XIX.
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Figure 7-53. DSC curves for glasses on the x Li;O¢ (15-x) Cs;0+85 GeO; line, with a 20
K/min heating rate.

Table 7-XIX. Peak Crystallization Temperature and Activation Energies for
Crystallization for All x Li;O¢(15-x) Cs,0+85 GeO, Glasses (20 K/min, 63 to

75 um)
Glass T, (°C) T, (°C) Activation E (kJ/mol)
15 L1,0-85Ge0, 512 576 472
7:1 Li;0°Cs,0°85 GeO, | 512 573 395
3:1 Li;0°Cs,0+85 GeO, | 505 574 459
1:1 Li;0+Cs,0°85 GeO, | 498 635 281
1:3 Li,0°Cs,0°85 GeO, | 511 568 347
1:7 Li,0+Cs,0+85 GeO, | 509 568 333
15 Cs20+85 GeOy 550 620 371
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Figure 7-54. T, and T, for all glasses along x Li,0O¢ (15-x) Cs,0+85 GeO,, with a 20
K/min heating rate. Lines added to aid the eye.
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Figure 7-55. Activation energy of crystallization for x Li;O¢(15-x) Cs,085 GeO,
glasses.
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7.5.2  Effect of Particle Size

Changing the particle size of the samples used in the DSC did not change the
glass transition temperature of the glasses. However, changing the particle size did result
in some peaks evolving from one peak into doublets, or the merging of two peaks into a
single peak. A good example of this is shown in Figure 7-27. In many cases, evolution
of a single peak into two separate peaks when the heating rate is changed results from the
presence of both surface and bulk crystallization in the glass. If the resolution of these
peaks is a function of particle size, then the glass must be able to crystallize by growth of
both bulk and surface nuclei.'* Since many of the glasses studied here develop (all but
the 7:1 and 3:1 Li,0:Cs;0°85 GeO, compositions) both surface and bulk phases,
scanning electron microscopy (SEM) images were taken of all of the glasses following
crystallization.

The 15 Li,0+GeO, glasses form the same two phases for both the low temperature
and high temperature heat treatments. The low temperature heat treatment, Figure 7-56,
results in two distinct phases. Crystallization also results in formation of obvious voids
in the samples, since crystals are denser than glass of the equivalent composition, growth
of those crystals depletes the surrounding glass of much of the network former and the
structure develops voids. The lighter colored phase is Li;Ge;014. The second phase is
Li;GesO9, which appears darker in the micrograph due to the higher relative
concentration of lithium ions. The crystals formed at the lower heat treatment
temperature are very small, on the order of 100 to 200 nm. As a result, the crystallized
sample is transparent. Since the crystals are too small to scatter visible light. High
temperature heat treatment results in growth of these two phases, as shown in Figure 7-57
(a) and (b). The crystals are no longer invisible to the human eye, and the sample appears
white.

The particle size DSC study of the 7:1 and 3:1 Li,O:Cs;085 GeO, glasses
suggests that only one phase forms, which is confirmed by the XRD data. A potential
surface phase is indicated by the light gray edge and a bulk phase (the darker interior)
phase seen in Figure 7-58. This surface phase appears to be residual glass with a high

concentration of cesium. Figure 7-59 shows an ESEM image of the crystallized 3:1
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Li,0:Cs,0°85 GeO, glass. The bright gray edge is obvious in the image and careful

observation shows the beginning formation of lines similar to the ones in Figure 7-58.

00.0pm
15 Li20 GeO2

Figure 7-56. ESEM image, in backscatter electron mode, of crystals formed in 15
Li,0+85 GeO, glass after the low temperature heat treatment (485 °C).

Figure 7-57. ESEM image of crystals formed in 15 Li,085 GeO, glass after the high
temperature heat treatment (635 °C) (a) is a low magnification image showing

both phases, (b) is a higher magnification showing the detailed morphology of
both phases.
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Figure 7-58. ESEM image of crystals formed in 7:1 Li,0:Cs,0+85 GeO, glass.

The particle size study for 1:1 Li,O:Cs,0+85 GeO, glasses shows two peaks that
merge with increasing particle size, implying both surface and bulk crystallization.
Glasses with the composition 1:1 Li;O:Cs;085 GeO;, have the most complex and
numerous crystals of all. Figure 7-59 (a-d) shows the large variety of crystals formed, as
many as six different phases are present.

The particle size studies for 1:3 and 1:7 Li,0:Cs,0+85 GeO, glasses are difficult
to interpret. The DSC curves for varying particle sizes of the 15 Cs,0+85 GeO; glasses
show that both surface and bulk crystals should be present. XRD data shows that the 1:3,
1:7 Li,0:Cs,0°85 GeO; and 15 Cs;0°85 GeO; glasses predominantly contain the same
two major crystalline phases, but the ESEM images reveal very different crystal
morphologies. The 1:3 Li,0:Cs,0+85 GeO, crystals are predominantly in the bulk of the
glass with a very small layer at the surface, as shown in Figure 7-61. The 1:7
Li,0:Cs,0+85 GeO; samples have the opposite morphology (Figure 7-62), with a thick
surface layer and very fine crystals in the bulk of the glass. The binary 15 Cs,0+85 GeO,

glass, shown in Figure 7-62, has similar amounts of surface and bulk crystals.
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Figure 7-59. ESEM image of crystals formed in 3:1 Li,0:Cs,0+85 GeO, glass.

Figure 7-60. ESEM image of crystals formed in 1:1 Li,0:Cs,0+85 GeO, glass.
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Figure 7-62. ESEM image of crystals formed in 1:7 Li,0:Cs,0+85 GeO, glass.
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Figure 7-63. ESEM image of crystals formed in 15 Cs,0+85 GeO, glass.

7.5.3  X-ray Diffraction

The DSC crystallization curves for the binary 15 Li,O*85 GeO, glass suggest that
two different crystal phases are formed, one corresponding to each of the crystallization
peaks. This however is not the case. The crystal’s formed at the low temperature heat
treatment are very small. The initial DSC sample produced when the experiment ended
at 600 °C (prior to the second crystallization peak) is transparent. The DSC sample was
ground into a fine powder and XRD was performed to identify the phase. The crystallites
are so small and at such a low concentration that the X-ray pattern appears to be that of
an amorphous sample. ESEM images (Figure 7-56) confirm the presence of crystals. A
longer heat treatment time at 550 °C allows the crystals to grow larger, as shown in the
HTXRD study, where the growth of the low temperature phase eventually results in a
crystal pattern. At the higher heat treatment temperature, the crystallites are much larger
and are the same phase, as confirmed by the diffraction patterns. To confirm these XRD
results, a second high temperature study was performed to replicate the heat treatment the
glasses received in the DSC. The temperature of the glass powder was increased at a rate
of 20 K/min. A small scan range of 28 to 33 °26, and fast scan rate (5 °20/min) was used

to eliminate a dwell time at any particular temperature while the diffraction measurement
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was performed, decreasing the diffraction measurement time from 15 minutes to 1 minute
and reasonably recreating the conditions of the DSC experiment. This study confirmed
that the unidentifiable peaks at 30.0 to 31.5 °20 resulted from contamination.

Adding a small amount of Cs;O into the Li;O+85 GeO, glass results in the
formation of a phase that has not been identified. Figure 7-64 shows all seven XRD
patterns. Examination of the patterns (Figure 7-46) show that the most intense peaks
from the cesium germanium oxide and lithium germanate oxide binary crystals are non-

existent, implying that the new crystalline phase is not a solid solution of the two crystals.

(

1:7
1:3

1:1

15 L120

15 20 25 40 45 50

0 35
28 (°)

Figure 7-64. X-ray diffraction patterns for all seven x Li;O¢(15-x) Cs,0+85 GeO,
compositions following isothermal heat treatment.

Once the glass contains a 1:1 ratio of Li;0:Cs,O or more Cs,0, the dominant
crystalline phases are binary cesium germanate phases. Figure 7-65 shows the diffraction
patterns for the 1:1, 1:3, 1:7 Lip0:Cs,0+85 GeO; and 15 Cs;0+85 GeO, glasses.
Analysis of the 1:1 Li,0:Cs,0+85 GeO; pattern reveals a small amount of binary lithium
germanate crystals, which decrease in concentration as the amount of lithia in the glass is

reduced. These results are confirmed by the ESEM images.
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Figure 7-65. X-ray diffraction patterns for glasses where the predominate crystal phases
are binary cesium germanium oxides.

7.5.4  Comparison to Literature Data

Only one study in the literature relates directly to this study. Pernice and co-
authors studied the non-isothermal devitrification of lithium germanate glasses,
containing 80 mol% GeO.® The current study agrees with the work of Pernice et al.
Revisiting the phase diagram (Figure 7-3) shows that the binary lithium germania
composition studied in this chapter lies in the lithium tetragermanate phase field. The
same phases should have formed in both studies; XRD confirmed the existence of
Li,Ge;0,5 and LiyGesOy crystals in both studies. Similarly, both studies found that the
formation of the low temperature phase resulted in an amorphous XRD pattern.

The two studies concerning the crystallization of mixed alkali germanate glasses
can be compared to this study. Laudisio and Catauro® found sodium and potassium ions
are close enough in size that a solid solution forms in the Na;O*K;04 GeO, system.
This result was not found in the Li;O*K,04 GeO, system.” In that case, instead of

forming a solid solution upon crystallization, these glasses form only lithium compounds
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when the amount of lithium is greater than potassium in the glass. When the Li,O and
K,0 are in a ratio of 1:1, or when the glass contains more K,O, then only potassium
germanium oxides form. This finding is similar to the results found in this study, where
lithium germanium oxides formed when the concentration of lithia was greater than cesia,
but when the concentration of Cs,O and Li,O are equal or the glass contains more Cs,O

than Li,0, the cesium germanates dominated.

7.6 Conclusion

This is the first study examining the crystallization behavior of x Li,O<(15-x)
Cs,0°+85 GeO; glasses. There is no preexisting phase diagram for the system. When the
Li,0 and Cs,0 are mixed in a ratio of 1:1 or contain more Cs,O than Li,0, all the phases
can be identified. The samples consist of mixtures of crystals of binary phases.
However, when small amounts of cesium oxide are added to the binary 15 Li,0+85 GeO;
glasses, a new phase that has yet to be identified forms. This result is the same in both
the 7:1 Li,0:Cs;0°85 GeO, and the 3:1 Li;0:Cs;0+85 GeO, glasses. This is shown
through the XRD pattern, the ESEM images, similar crystallization curves (both the
Kissinger study and the particle size study), and the similar activation energy for
crystallization. Similarly, glasses with a greater amount of Li,O to Cs,O have similar

activation energies.
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CHAPTER 8: CONCLUSIONS

The properties of mixed alkali germanate glasses have been extensively studied.
While many of the results were expected, there are a few unanticipated results that will be
highlighted here.

(1) Additions of < 5 mol % alkali oxide result in similar molar volumes between
the Li,0*Cs,0+GeO; glasses and the Na,O*K,0+GeO; glasses.

(2) The long assumed idea that when two mobile ions are mixed in a glass, the
larger the radius ratio of the two cations, the greater the deviation from additivity does
not hold true for the glass transition temperatures of mixed alkali germanate glasses.
Li;0+Cs,0+GeO; glasses have approximately the same negative deviation from additivity
as the Na,O+*K,0+GeO; glasses.

(3) A positive deviation from additivity in conductivity is observed in glasses with
< 5 mol % alkali oxide. As the amount of alkali oxide is increased beyond 5 mol % the
deviation from additivity becomes negative and increases with increasing concentration
of alkali oxide.

(4) The greatest deviation from additivity in conductivity is observed when the
radius ratio of the alkali is close to 1.

This study has shown properties, which respond with only slightest disruption to
the connectivity of the glass network, i.e. the glass transition temperature and electrical
conductivity. There exists both a low alkali germanate anomaly and a high germanate
anomaly. Both the glass transition temperature and the DC electrical conductivity show
minima occurring at approximately 2 mol % addition of alkali oxide. Therefore, it can be
concluded that small additions of alkali oxide weaken the bonding of the network. The
most likely cause of the disruption is the formation of non-bridging oxygen.

The literature has stated the cause of the high alkali germanate anomaly is a result
instead of a non-bridging oxygen from the presence of alkali results in an increase in
coordination of the germanium ion. The lack of non-bridging oxygens results in a strong
glass network, which exhibits properties such as a maximum in the glass transition
temperature and density and a minimum in the electrical conductivity. The alkali

concentration leading to a maximum or minimum is not the same for every property and
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is greatly effected by the cation identity. The mystery surrounding the alkali germanate
is far from being solved. However, this study has contributed property data that will be

required for modelers to properly describe the system.
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APPENDIX A

Table A-I. Authors, Symbols and References for T, of Li,0+GeO, Glasses (Figure 4-1).

Author Symbol | Reference

Kiczinski o J. Non Cryst. Solids, 272 [1] 57 (2000)

Mochida O J. Cerm. Soc. Jpn. 94 [12]1225 (1986)

Marotta A Proc. 2™ Int. Conf. Fundamentals of Glass Science and
Technology, Venice, 1993, 427

Radhakrishnan v Mater. Sci. Eng. B14 [1] 17 (1992)

Shelby JAN Phys. Chem. Glasses 28 [6] 262 (1987)

Marotta-2 a Phys. Chem. Glasses 37 [4] 134 (1996)

Table A-II. Authors, Symbols and References for T, of Na,O*GeO, Glasses (Figures 4-2
and 4-3).

Author Symbol | Reference

Di Martino ° Phys. Chem. Glasses 43C 85 (2002)

Shelby O J. Am. Ceram. Soc. 57 [10] 436 (1974)

Kiczinski A J. Non Cryst. Solids, 272 [1] 57 (2000)

Marofta v Proc. 2™ Int. Conf. Fundamentals of Glass Science and
Technology, Venice, 1993, 427

Laudisio JAN Mater. Chem. Phys. 51 [1] 54 (1997)

Mundy a Solid State Ionics 21 [4] 305 (1986)

Akopyan u Arm. Khim. Zh. 31 [2-3] 120 (1978)

Shelby-2 4 J. Appl. Phys. 46 [1] 193 (1975)

Ruller + Phy. Chem. Glasses 33 [5] 161 (1992)

Gangopadhyay & Am. Ceram. Soc. Bull. 56 [11] 1008 (1977)

Lee * Phy. Chem. Glasses 36 [5] 225 (1995)

Hanada V J. Ceram. SSC. Jpn. 81 [11] 481 (1973)
Proc. XVIII" Inter. Congr. On Glass CD-ROM San Francisco,

Marotta-2 T | 1998, p. D5, 116 ¢

Gee [H Phys. Chem. Glasses 41 [4] 175 (2000)

Catauro 4] Thermochim. Acta 404 55 (2003)

Table A-III. Authors, Symbols and References for T, of K,O*GeO, Glasses (Figures 4-4

and 4-5).
Author Symbol | Reference
Shelby ® J. Am. Ceram. Soc. 57 [10] 436 (1974)
Shelby-2 O J. Appl. Phys. 46 [1] 193 (1975)
Kiczinski A J. Non Cryst. Solids, 272 [1] 57 (2000)
Mochida v J. Cerm. Soc. Jpn. 94 [12]1225 (1986)
Marotta A Proc. XVIII™ Inter. Congr. On Glass CD-ROM San Fancisco,
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Hall u Phy. Chem. Glasses 45 [4] 283 (2004)
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Table A-IV. Authors, Symbols and References for T, of Rb,O+GeO, Glasses (Figures 4-6

and 4-7).
Author Symbol | Reference
Shelby o J. Am. Ceram. Soc. 57 [10] 436 (1974)
Nassau O J. Am. Ceram. Soc. 65 [4] 197 (1982)
Shelby-2 A J. Appl. Phys. 46 [1] 193 (1975)
Huang v J. Non Cryst. Solids, 255 [1] 103 (1999)
Kiczinski A J. Non Cryst. Solids, 272 [1] 57 (2000)

Table A-V. Authors, Symbols and References for T, of Cs,0+GeO, Glasses Figure 4-8.

Author Symbol | Reference

Shelby ® J. Am. Ceram. Soc. 57 [10] 436 (1974)
Nassau O J. Am. Ceram. Soc. 65 [4] 197 (1982)
Di Martino A Phys. Chem. Glasses 43C 85 (2002)
Shelby-2 v J. Appl. Phys. 46 [1] 193 (1975)

Table A-VI. Authors, Symbols and References for Density of Li,0O*GeO, Glasses

(Figures 4-11 and 4-12).

Author Symbol | Reference

Henderson ® Eur. J. Mineral. 14 [4] 733 (2002)
Verweij I J. Mater. Sci. 14 [4] 931 (1979)

Sakka A J. Non Cryst. Solids 49 [1-3] 103 (1982)
Radhakrishnan v Mater. Sci. Eng. B14 [1] 17 (1992)
Yoshimira JAN Yogyo Kyokaishi 79 [915] 428 (1971)
Shelby V Phys. Chem. Glasses 28 [6] 262 (1987)

Table A-VII. Authors, Symbols and References for Density of Na,O+GeO, Glasses

(Figures 4-13 and 4-14).

Author Symbol | Reference
Di Martino i Phys. Chem. Glasses 43C 85 (2002)
Shelby ® J. Appl. Phys. 50 [1]276 (1979)
Henderson A Eur. J. Mineral. 14 [4] 733 (2002)

, Advances in Glass Technology, Plenum Press, NY 1962, vol. 2,
Evstrop’ev A $.79
Kiczinski u J. Non Cryst. Solids, 272 [1] 57 (2000)
Mundy v Solid State Ionics 21 [4] 305 (1986)
Shmatok V Fizika i Khimiya Stkla 12 [1] 81 (1986)
Efimov ©) Fizika i Khimiya Stkla 2 [2] 151 (1976)
Ivanov ¢ Fizika Tverdogo Tella 9 [5] 2647 (1963)
Sakka + J. Non Cryst. Solids 49 [1-3] 103 (1982)
Murthy O J. Am. Ceram. Soc. 47 [9] 444 (1964)
Hanada Vv J. Ceram. Soc. Jpn. 81 [11] 481 (1973)
Livshits 4 Fizika i Khimiya Stkla 2 [2] 151 (1976)
Henderson-2 a J. Non Cryst. Solids 134 [3] 259 (1991)
Secco aF J. Non Cryst. Solids 238 [3] 244 (1998)
Ruller EH | Phy. Chem. Glasses 33 [5] 161 (1992)
Akopyan 4 Arm. Khim. Zh. 31 [2-3] 120 (1978)

239




Table A-VIII. Authors, Symbols and References for Density of K,O+GeO, Glasses
(Figure 4-15 and 4-16).

Author Symbol | Reference
Mayer o Glastech. Ber. 54 [9] 279 (1981)
Shelby a J. Appl. Phys. 50 [1] 276 (1979)
Murthy A J. Am. Ceram. Soc. 47 [9] 444 (1964)
Henderson v Eur. J. Mineral. 14 [4] 733 (2002)
Krupkin A Negro. Mater. 7 [9] 1591 (1971)
Verweij 0 J. Mater. Sci. 14 [4] 931 (1979)

s Advances in Glass Technology, Plenum Press, NY 1962, vol. 2,
Evstrop’ev O $.79
Efimov + Fizika i Khimiya Stkla 2 [2] 151 (1976)
Sakka * J. Non Cryst. Solids 49 [1-3] 103 (1982)
Ivanov O Fizika Tverdogo Tella 5 [9] 2647 (1963)
Kamiya 4] Res. Rep. Fac. Eng. Mie. 7 107 (1982)
Murthy V Nature 201 [4916] 285 (1964)

Table A-IX. Authors, Symbols and References for Density of Rb,O*GeO, Glasses
(Figures 4-17 and 4-18).

Author Symbol | Reference
Nassau ® J. Am. Ceram. 65 [4] 197 (1982)
Mayer I Glastech. Ber. 54 [9] 279 (1981)
Shelby A J. Appl. Phys. 46 [1] 193 (1975)
Murthy v Nature 201 [4916] 285 (1964)
Henderson A Eur. J. Mineral. 14 [4] 733 (2002)
Mundy V Solid State Ionics 21 [4] 305 (1986)
5 Advances in Glass Technology, Plenum Press, NY 1962, vol. 2,
Evstrop’ev O $.79
Huang + J. Non Cryst. Solids, 255 [1] 103 (1999)

Table A-X. Authors, Symbols and References for Density of Cs;0*GeO, Glasses
(Figures 4-19 and 4-20).

Author Symbol | Reference

Nassau o J. Am. Ceram. 65 [4] 197 (1982)
Mayer 0 Glastech. Ber. 54 [9] 279 (1981)
Shelby A J. Appl. Phys. 46 [1] 193 (1975)
Murthy v Nature 201 [4916] 285 (1964)

Di Martino A Phys. Chem. Glasses 43C 85 (2002)
Henderson Vv Eur. J. Mineral. 14 [4] 733 (2002)
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Table A-XI. Authors, Symbols and References for T, of Li,0*GeO, Glasses (Figure 4-

1).
Author Symbol | Reference
Kiczinski ® J. Non Cryst. Solids, 272 [1] 57 (2000)
Mochida O J. Cerm. Soc. Jpn. 94 [12]1225 (1986)
Marofta A Proc. 2" Int. Conf. Fundamentals of Glass Science and
Technology, Venice, 1993, 427
Radhakrishnan v Mater. Sci. Eng. B14 [1] 17 (1992)
Shelby A Phys. Chem. Glasses 28 [6] 262 (1987)
Marotta-2 a Phys. Chem. Glasses 37 [4] 134 (1996)

Table A-XII. Authors, Symbols and References for T, of Na,O+*GeO, Glasses (Figures

4-2 and 4-3).

Author Symbol | Reference

Di Martino ° Phys. Chem. Glasses 43C 85 (2002)

Shelby O J. Am. Ceram. Soc. 57 [10] 436 (1974)

Kiczinski A J. Non Cryst. Solids, 272 [1] 57 (2000)

Marofta v Proc. 2™ Int. Conf. Fundamentals of Glass Science and
Technology, Venice, 1993, 427

Laudisio A Mater. Chem. Phys. 51 [1] 54 (1997)

Mundy i Solid State Ionics 21 [4] 305 (1986)

Akopyan u Arm. Khim. Zh. 31 [2-3] 120 (1978)

Shelby-2 4 J. Appl. Phys. 46 [1] 193 (1975)

Ruller + Phy. Chem. Glasses 33 [5] 161 (1992)

Gangopadhyay & Am. Ceram. Soc. Bull. 56 [11] 1008 (1977)

Lee * Phy. Chem. Glasses 36 [5] 225 (1995)

Hanada Vv J. Ceram. SSC. Jpn. 81 [11] 481 (1973)
Proc. XVIII" Inter. Congr. On Glass CD-ROM San Francisco,

Marotta-2 T | 1998, p.Ds, 116 :

Gee [H Phys. Chem. Glasses 41 [4] 175 (2000)

Catauro 4l Thermochim. Acta 404 55 (2003)

Table A-XIII. Authors, Symbols and References for T, of K,O+GeO, Glasses (Figures 4-

4 and 4-5).
Author Symbol | Reference
Shelby ® J. Am. Ceram. Soc. 57 [10] 436 (1974)
Shelby-2 O J. Appl. Phys. 46 [1] 193 (1975)
Kiczinski A J. Non Cryst. Solids, 272 [1] 57 (2000)
Mochida v J. Cerm. Soc. Jpn. 94 [12]1225 (1986)
Marotta A Proc. XVIII™ Inter. Congr. On Glass CD-ROM San Fancisco,
1998, p. D5, 116
Laudisio 0 Phy. Chem. Glasses 38 [5] 244 (1997)
Hall u Phy. Chem. Glasses 45 [4] 283 (2004)
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Table A-XIV. Authors, Symbols and References for T, of Rb,O+GeO, Glasses (Figures

4-6 and 4-7).
Author Symbol | Reference
Shelby o J. Am. Ceram. Soc. 57 [10] 436 (1974)
Nassau O J. Am. Ceram. Soc. 65 [4] 197 (1982)
Shelby-2 A J. Appl. Phys. 46 [1] 193 (1975)
Huang v J. Non Cryst. Solids, 255 [1] 103 (1999)
Kiczinski A J. Non Cryst. Solids, 272 [1] 57 (2000)

Table A-XV. Authors, Symbols and References for T, of Cs,0+GeO, Glasses Figure 4-8.

Author Symbol | Reference

Shelby ® J. Am. Ceram. Soc. 57 [10] 436 (1974)
Nassau O J. Am. Ceram. Soc. 65 [4] 197 (1982)
Di Martino A Phys. Chem. Glasses 43C 85 (2002)
Shelby-2 v J. Appl. Phys. 46 [1] 193 (1975)

Table A-XVI. Authors, Symbols and References for Density of Li,O+*GeO, Glasses

(Figures 4-11 and 4-12).

Author Symbol | Reference

Henderson ® Eur. J. Mineral. 14 [4] 733 (2002)
Verweij I J. Mater. Sci. 14 [4] 931 (1979)

Sakka A J. Non Cryst. Solids 49 [1-3] 103 (1982)
Radhakrishnan v Mater. Sci. Eng. B14 [1] 17 (1992)
Yoshimira JAN Yogyo Kyokaishi 79 [915] 428 (1971)
Shelby V Phys. Chem. Glasses 28 [6] 262 (1987)

Table A-XVII. Authors, Symbols and References for Density of Na,O+GeO, Glasses

(Figures 4-13 and 4-14).

Author Symbol | Reference
Di Martino i Phys. Chem. Glasses 43C 85 (2002)
Shelby ® J. Appl. Phys. 50 [1] 276 (1979)
Henderson A Eur. J. Mineral. 14 [4] 733 (2002)

R Advances in Glass Technology, Plenum Press, NY 1962, vol. 2,
Evstrop’ev A $.79
Kiczinski u J. Non Cryst. Solids, 272 [1] 57 (2000)
Mundy v Solid State Ionics 21 [4] 305 (1986)
Shmatok V Fizika i Khimiya Stkla 12 [1] 81 (1986)
Efimov ©) Fizika i Khimiya Stkla 2 [2] 151 (1976)
Ivanov ¢ Fizika Tverdogo Tella 9 [5] 2647 (1963)
Sakka + J. Non Cryst. Solids 49 [1-3] 103 (1982)
Murthy O J. Am. Ceram. Soc. 47 [9] 444 (1964)
Hanada Vv J. Ceram. Soc. Jpn. 81 [11] 481 (1973)
Livshits 4 Fizika i Khimiya Stkla 2 [2] 151 (1976)
Henderson-2 a J. Non Cryst. Solids 134 [3] 259 (1991)
Secco aF J. Non Cryst. Solids 238 [3] 244 (1998)
Ruller EH | Phy. Chem. Glasses 33 [5] 161 (1992)
Akopyan 4 Arm. Khim. Zh. 31 [2-3] 120 (1978)
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Table A-XVIII. Authors, Symbols and References for Density of K,O+GeO, Glasses
(Figure 4-15 and 4-16).

Author Symbol | Reference
Mayer o Glastech. Ber. 54 [9] 279 (1981)
Shelby a J. Appl. Phys. 50 [1] 276 (1979)
Murthy A J. Am. Ceram. Soc. 47 [9] 444 (1964)
Henderson v Eur. J. Mineral. 14 [4] 733 (2002)
Krupkin A Negro. Mater. 7 [9] 1591 (1971)
Verweij 0 J. Mater. Sci. 14 [4] 931 (1979)

s Advances in Glass Technology, Plenum Press, NY 1962, vol. 2,
Evstrop’ev O $.79
Efimov + Fizika i Khimiya Stkla 2 [2] 151 (1976)
Sakka * J. Non Cryst. Solids 49 [1-3] 103 (1982)
Ivanov O Fizika Tverdogo Tella 5 [9] 2647 (1963)
Kamiya 4] Res. Rep. Fac. Eng. Mie. 7 107 (1982)
Murthy V Nature 201 [4916] 285 (1964)

Table A-XIX. Authors, Symbols and References for Density of Rb,O+GeO, Glasses
(Figures 4-17 and 4-18).

Author Symbol | Reference
Nassau ® J. Am. Ceram. 65 [4] 197 (1982)
Mayer I Glastech. Ber. 54 [9] 279 (1981)
Shelby A J. Appl. Phys. 46 [1] 193 (1975)
Murthy v Nature 201 [4916] 285 (1964)
Henderson A Eur. J. Mineral. 14 [4] 733 (2002)
Mundy V Solid State Ionics 21 [4] 305 (1986)
5 Advances in Glass Technology, Plenum Press, NY 1962, vol. 2,
Evstrop’ev O $.79
Huang + J. Non Cryst. Solids, 255 [1] 103 (1999)

Table A-XX. Authors, Symbols and References for Density of Cs;0+*GeO; Glasses
(Figures 4-19 and 4-20).

Author Symbol | Reference

Nassau o J. Am. Ceram. 65 [4] 197 (1982)
Mayer 0 Glastech. Ber. 54 [9] 279 (1981)
Shelby A J. Appl. Phys. 46 [1] 193 (1975)
Murthy v Nature 201 [4916] 285 (1964)

Di Martino A Phys. Chem. Glasses 43C 85 (2002)
Henderson Vv Eur. J. Mineral. 14 [4] 733 (2002)
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