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Abstract

The isotropy of a glass can be broken by the application of a mechanical stress giv-
ing rise to a phenomenon of birefringence. Some lead-containing glass compositions
are known to prevent this phenomenon and they are called zero-stress optic glass.
Mueller’s theory of photoelasticity attempts to explain the structural origin of the
photoelastic response in glass and crystal. Zwanziger’s empirical model is able to
predict the photoelastic response of a glass based on its composition and the crystal
structure of its constituents.

Lead-, tin-, antimony-, zinc-, and cadmium-containing glasses were investigated
in the binary silicate, borate, and phosphate systems. The stress optic coefficient of
these binary glasses was measured experimentally using the Sénarmont method or
found in the literature. Solid-state Nuclear Magnetic Resonance spectroscopy and
Moéssbauer spectroscopy were mainly used to investigate the local environment of the
cations. The photoelastic response of a glass and its structure were correlated, and
the results were compared with the expectations arising from Mueller’s theory and
Zwanziger’s empirical model. The theory and the model were both tested and their
reliability was discussed.

Zero-stress optic glasses are of technological interest, but new environmental reg-
ulations forbids the use of lead in materials, including glass. From experimental
results and literature, a global strategy to design new zero-stress optic glasses was
established. New lead-free zero-stress optic glasses were discovered with properties
similar to the lead-containing zero-stress optic glass (high index of refraction, trans-
parency, no coloration).

The study of the structural dependence of the photoelastic response of oxide
glass contributed to identify new parameters influencing the photoelasticity, such as

covalency, polarizability and natural deformation of the additive.
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CHAPTER 1

INTRODUCTION

Man’s evolution is closely related to its ability to master specific materials. It is not
surprising that the three-age system in archeology divides human prehistory in three
periods named after three materials successively discovered and used: the stone age,
the bronze age, and the iron age. Nowadays, many materials that surround us in
our daily life are derived from the metals, which were among the very first materials
exploited by men, up to the most recent discovery of carbon nanotubes in the early
1990s [1]. Among all these materials, glass remains one of the most fascinating on
account of its nature, its properties, and also its history. Glass is not a human inven-
tion, it has probably existed since the earliest times of Earth. It can be created in
nature from different methods, and it exists under different forms. The most famous
kind of natural glass is probably the fulgurite which is a tube of amorphous silica
formed by the impact of lightning on sand or silicate-rich soil [2]. The obsidian is
another common geological glass. It is an alumino-silicate volcanic glass created by
the rapid cooling of lava containing mainly Na, K, Ca, Fe and Mn oxides [3]. It was
one of the main “rocks” used in the stone age due to its ability to produce sharp

shards useful for making blades or arrowheads. The impactites and tektites are two



other types of geological glasses obtained by the shock of a meteorite impact. The
impactites are formed from crystalline materials rendered amorphous by the impact,
whereas the tektites are formed from the impacted melt [3]. Living organisms, mostly
marine creatures, can also synthesize glass as a constituent of their skeleton or to
create a shell. Radiolarians and diatoms are microscopic organisms (phytoplankton
and zooplankton) using amorphous silica as a cellular membrane [4]. On a bigger
scale, amorphous silica is synthesized by some species of sponge called hexactinellid
sponges, also known as glass sponges, living primarily in deep and cold water of the
arctic ocean [5]. In this species, the amorphous silica forms the skeleton of the living
entity.

The first glass synthesis carried out by man is estimated at 3000 B.C. in Mesopotamia
(area covering Iraq and parts of Syria, Turkey and Iran) and the oldest reference
about glass discovery comes from Pliny the Elder in his encyclopedic work Natu-
ralis Historia [6]. The story tells of merchants who were preparing their dinner on
a seashore and could not find any stones to support their cauldrons. They decided
to use lumps of nitre (Na,CO,) instead, which were a part of their merchandise.
The mixture of nitre with sand (SiO,) under the action of fire gave a new material
nobody had ever seen before [6].

The large amount of glass objects found in Egypt suggests that its use became
very popular around 1500 B.C. [7]. At this time glass blowing techniques did not
exist, and it seems that threads of melted glass were applied on sand and clay pot-
tery [3]. It should be noted that the first pieces of glass (bottles, flasks) were not
transparent. The colorful objects from this period show that egyptians already knew
a variety of pigments that could be added to the glass compositions. Some egyptian
glass pieces are shown in Figure 1.1.

Glass making knowledge spread to eastern territories, mostly Syria, Cyprus, and

along the south coast of the Mediterranean sea. Syrians and Palestinians became



Figure 1.1: Egyptian glass pieces displayed at the Corning Museum of Glass.

active glass makers initially by using techniques inherited from the egyptians, until
they discovered the glass blowing technique, that would become one of the most
important revolutions in the history of glass [3,7]. With this technique it became
possible to create highly symmetrical (spherical) glassware and complex shapes. This
glass blowing technique is still used today for traditional hand-made artisanal glass
pieces or in blow molding techniques for industrial production.

For centuries, the art of glass was exported into different regions mainly located
around the Mediterranean sea. Greece and Macedonia became major glass centers
around 400 B.C.. They perfected the techniques to create tableware, such as bowls
and glasses, and also improved the color of glass and surface grinding techniques. The
glass making knowledge which appeared in western Europe, mainly in Italy, with the
emergence of the Roman Empire between 300 and 200 B.C. probably had the most
important influence on the evolution of glass composition and techniques [3]. Glass
was a very popular material in Rome, and it was used for a wider range of objects

than at any other time in history, including the present day. At that time it was
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mostly appreciated for interior decorative purposes [7]. One of the most significant
symbol of roman culture is perhaps glass pieces made of cameo glass. The art of glass
became a strong part of the italian city’s culture, and persisted for centuries. The

status of the venetian master glass blowers in the XIII**

century is certainly the best
example of the strong ties connecting Italy and the art of glass. In order to avoid the
danger of fire induced by the use of high temperatures, venetian glass blowers were
obligated to move their workshop to Murano island. With its high concentration of
glass makers, the island became the epicenter of glass industry. It was here that ma-
jor innovations were developed, such as the addition of calcia (CaCO,) to give clear
transparent crystallo glass, and the addition of tin oxide to create glass that imitates
precious stones (calcedonio glass) [7]. Murano became the most famous glass making
place of western Europe, and where secret glass compositions and techniques were
developed. Murano glass was so famous and prestigious that glass blowers and their
families were considered equal to aristocrats. To protect the wealth and prestige of
this art, the glass blowers were forced to remain living on the Murano island. Those
who left the island to settle out of the Venetian area were subjected to the death
penalty [8].

Another important step in the development of glass is the discovery of lead-
containing glass, also called flint glass, attributed to Ravenscroft in 1674 [9] in Eng-
land. Ravenscroft was looking for a new glass composition able to compete with
the high quality Venetian glass when he heard about a patent of a glass of similar
appearence to the Venetian glass, but of different composition. Unfortunately the
high amount of alkaline salts in the composition gave a partially crystallized glass.
From this composition, Ravenscroft decided to substitute parts of the salts with lead
oxide, and he obtained a highly transparent and shiny glass, also known as crystal
glass. The introduction of lead oxide in the glass also brings interesting technical

properties which are detailed farther in this chapter.



More recent significant progress in terms of glass compositions are probably the
discovery of metallic glasses in 1960 by W. Klement al. [10] which gave rise to the
bulk metallic glasses considered as potential substitutes to plastic materials [11]; and
the discovery of heavy metal fluoride glasses in 1975 by Poulain et al. [12] mainly
used for optical applications and infra-red transmission.

Glass is one of the most used materials, it is suitable for many applications such
as packaging (bottles), construction (windows, see Figure 1.2), telecommunication
(optic fiber) and medical applications (emetic, biomaterial and bioactive materials).
Chemistry itself would not have known the development we know without glassware

made of borosilicate glass. In spite of its long and rich history and all the recent

Figure 1.2: The glass covered Purdy’s Wharf towers in Halifax are part of the city’s
identity.



advances in terms of research, production, and engineering, the structure of many
glasses remains unsolved. The technology based on crystals arises mostly from the
knowledge of their structure, such as their conductive properties used for semiconduc-
tors or their diffractive properties used in monochromators for diffraction techniques.
Crystalline materials are ordered structures, and all different types of crystals can
be classified according to their Bravais lattice for example. Such a classification is
not possible with amorphous materials like glass. Glass technology is mostly based
on experimental observations and empirical models such as Cauchy’s equation of the
dispersion of the refractive index [13]. The present work is no exception to this ten-
dency, and it focuses on the structural dependence of the photoelastic response of
oxide glass. The structure of glass was investigated with the help of Nuclear Magnetic
Resonance spectroscopy and Mossbauer spectroscopy to obtain information mostly
about the first sphere of coordination of the elements present in the glass. The pho-
toelasticity of a material is its ability to transform the light, or more specifically to
polarize it. It is characterized by a stress optic coefficient usually noted C, and its
unit is the Brewster (1 Brewster = 1 MPa~!). The great majority of glasses have a
positive stress optic coefficient. When they are subjected to a stress (mechanical or
thermal for example), the light emerging from the material is in a different state of
polarization than the entering light. The most common photoelastic phenomenon is
the double-refraction, also called birefringence, and it can be observed in transpar-
ent crystals with a non-cubic Bravais lattice such as the calcite (CaCOj;) [14]. The
phenomenon of birefringence is a problem for optical applications requiring glass sub-
jected to a stress such as Liquid Crystal on Silicon (LCoS) projection display where
the glass can expand due to the heat in the system, or optical fiber where mechanical
stresses are applied on the glass due to the bending of the fiber [15]. In the early

1900s, Pockels discovered the influence of lead oxide on the photoelastic response



of silicate glasses [16]. In general, silicate glasses have a positive stress optic coeffi-
cient, but the addition of lead oxide decreases this value until it turns negative. This
means that for a given composition the stress optic coefficient is equal to zero. These
glass compositions are called zero-stress optic glasses and they are of technological
interest because of their ability to prevent the phenomenon of birefringence under
stress. This kind of glass finds its application in LCoS projection display and optical
waveguide as previously mentioned but also in telescope [17] and ellipsometer [18] for
example. The most common commercial zero-stress optic glass is the Schott SF57.
Since July 2006, the Restriction of Hazardous Substances (RoHS) was introduced
in Europe. This environmental regulation forbade the use of six substances in new

materials [19]:

o Lead

e Cadmium

o Mercury

e Hexavalent chromium

e Polybrominated biphenyls

e Polybrominated diphenyl ether

This new regulation was first applied in Europe, but it is now extended to Asia,
Pacific area and North America. For over a century, only lead oxide was used to
reduce the stress optic coefficient in glass. Thallium dioxide and bismuth trioxide
were also known to decrease the stress optic coefficient, but their use was excluded
from any optical glass compositions because of the high toxicity of thallium and the
dark color of bismuth [20,21]. Therefore new substitutes have to be found to produce
lead-free zero-stress optic glass.

The present work investigates the structural origin of the photoelastic response
of oxide glass and takes advantage of current knowledge in this field to design new
lead-free zero-stress optic glasses that could potentially substitute the SF57 glass.

To define the orientation of the work presented in this thesis, concepts about glass
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structure are explained in the second chapter. A brief definition of glass is provided
to clarify what distinguishes this particular material from other materials. Also,
the two main theories of glass structure are presented with some historical facts to
highlight the difficulties glass scientists have to establish a unique structural model.
Finally, the classification of the oxides in relation to their role in the glass structure
is provided. This last point is the basis of the formulation of new glass compositions.
It needs to be presented to understand the strategy adopted to make glass in the
various experiments exposed in the next chapters (chapter 5 to chapter 8), as well
as to find new zero-stress optic glass compositions.

The third chapter defines the nature of photoelasticity and its mathematical ex-
pressions. The occurrence of double-refraction is also explained and illustrated with
the help of the Snell-Descartes law of optics. This chapter introduces Mueller’s the-
ory of photoelasticity and the Zwanziger’s empirical model which both connect glass
structure and photoelastic response. These two concepts are the heart of the work
presented in this thesis. Both theories were tested and compared with experimental
results in the case of various binary glass systems. Their reliability and accuracy are
the subject of numerous discussions in the case of each glass system.

The experimental techniques used to analyze the glass structure and properties
are described in the fourth chapter. A brief description of Nuclear Magnetic Reso-
nance spectroscopy and Mossbauer spectroscopy is provided, however it is important
to note that only a general description of each techniques is presented. NMR and
Mossbauer techniques have been developed for decades, and they have reach state of
the art in solid-state analysis. Many textbooks are dedicated to each techniques and
can provide detailed information about a specific element or isotope analysis. These
techniques are valuable tools for glass analysis but they are not the main subject of
this thesis, therefore only information necessary to understand the experiments and
their results are provided. Conversely, the Sénarmont method [22], also known as the
Friedel’s method of compensation [23], used to determine the stress optic coefficient

is not as common. Therefore a detailed description of the experiment is given. The



purpose of each optics involved in the experimental set-up and the state of polariza-
tion of the light after each optics is derived mathematically. A few words are also
written about the density and refractive index measurements.

The glass systems prepared to test the Mueller’s theory and Zwanziger’s empiri-
cal model are binary systems made of the combination of one glass network former
(Si0,, B,04, P,O;) and a metallic oxide (PbO, SnO, Sb,04, ZnO, CdO). All glass
compositions are expressed using the molar fraction x of additive. Similar to lead,
cadmium is listed as an hazardous substance by the RoHS. The cadmium-containing
glasses were prepared only with the scientific purpose of correlating the structure
and photoelastic response. No lead-free glasses were prepared using CdO. Chapters
5 through 8 are dedicated to the structural correlation of the photoelastic response
of glass for different systems based on the metallic oxide introduced in the glass
composition. Results for lead-, tin-, antimony-, zinc- and cadmium-containing glass
are presented. Binary systems were prepared and analyzed in order to test Mueller’s
theory and the Zwanziger's model, whereas ternary systems presented in the end of
the tin and antimony chapters were designed with the objective to find new lead-
free zero-stress optic glass compositions. In addition to experimental results and
interpretation of the glass systems prepared, other binary glass systems, with data
available in the literature about their structure and photoelastic response, are pre-
sented and discussed. The purpose of this work was to regroup a maximum amount
of information about the correlation of the structure and photoelasticity, and to de-
termine a global behavior of the metallic oxide according to the value of the stress
optic coefficient.

In chapter 9, expectations from Mueller’s theory and experimental data are com-
pared, and the reliability of the theory is discussed based on previous observations
and conclusions. Also, from the experimental results obtained in this work and
derived from the literature, new concepts are developed to highlight the origin of
the structural dependence of the photoelasticity in glass. With the help of the ex-

perimental data and some important work found in the literature, a classification of



simple oxides entering the glass compositions is correlated with the influence of these
oxides on the stress optic coefficient. The comparison of several physical properties
of the simple oxides also provides more information about the origin of the photoe-
lastic response in glass. Finally, a general description of the role of each term in
Zwanziger’s empirical model is provided according to previous statements, in order
to explain qualitatively the physics behind this model.

Many new ideas to study the photoelastic response of glass and to design new
lead-free zero-stress optic glass compositions emerged from this work. Unfortunately
time is one of the worst enemies of the grad student and most of these projects were
not realized, therefore all these ideas are explained in the last chapter regrouping
potential future studies and the conclusion arising from the previous chapters.

All of the work presented in this thesis was carried out with the hope of bringing
a small but significant contribution to the understanding of the photoelasticity in
glass. Experiments and interpretations were inspired mainly by the previous works
of Mueller [24-26], Matusita [27-29], and many others.

I hope that anybody who will read this thesis will enjoy it as much as I enjoyed

working on this project.
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CHAPTER 2

(GLASS STRUCTURE

The present thesis intends to highlight the relationship between the glass structure
and the photoelastic response of glass, therefore it is important to expose and clarify
the point of view adopted in this work. Glass scientists are well aware of the ninety
year old “battle” between the two main theories that intend to describe the glass
structure: the “Crystallite hypothesis” and the “Random Network Theory”. Some
concepts about glass structure and brief descriptions of the two structural theories

are provided in this chapter.

2.1 DEFINITION OF GLASS

Glass is a common material used every day by billions of people and is commonly
known as a transparent and brittle material. However, these two properties are not
sufficient to properly define this material. The structure of a glass is often compared
to the structure of the crystal of the same composition. A liquid mixture cooled
below its melting point T,, usually gives a crystal. The volume of the mixture

decreases suddenly at T,, due to the ordered arrangement of the molecules giving
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Figure 2.1: Evolution of the volume for a glass and a crystal.

rise to a more compact structure than in the liquid (see Figure 2.1) [30]. For a glass,
the melt remains liquid below the melting point. It is called supercooled melt or
supercooled liquid, the volume continues to decrease at the same rate until its viscosity
progressively decreases to finally obtain a glass (amorphous solid). The progressive
transition from liquid to glass (solid) is the glass transition and it is characterized by
the glass transition temperature T, which corresponds to the temperature where the
melt has a specific viscosity of 10'3 poises (1 poise = 1 Pa.s). The volume of the glass
is higher than the volume of the crystal, but their variation with the temperature
remains the same. The glass is a metastable solid which will eventually crystallize
depending on its stability [31]. The glass transition is a unique property specific
to the glass, but a given glass composition cannot be associated with a single glass
transition temperature. The cooling rate of the melt affects the value of the Tg as
shown in Figure 2.2, therefore a same glass composition has a range of possible glass

transition temperatures [32].
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Figure 2.2: Glass transition temperatures for a same glass. Depending on the cooling
rate, a same glass can have a different glass transition temperature.

2.2 THEORIES OF GLASS STRUCTURE

2.2.1 CRYSTALLITE HYPOTHESIS

The birth of the Crystallite Hypothesis is attributed to Lebedev who suggested in
1921 that a glass is made of ‘tiny crystals” [33,34]. However, it should be noted that
a similar idea was already stated in 1835 by Frankenheim [35], who mentioned the
idea of “a gradual transition from the solid state to a softened and eventually a liquid
one to a first melting of the “lubricant” between aggregates of a larger size” [36]. By
this affirmation, Frankenheim was referring to the phenomenon of glass transition.
Lebedev’s theory originates mainly from the fact that silica-based glasses show an
abrupt change of the thermal expansion at temperatures in the range of 570°C to
580°C, which is close to the temperature corresponding to the crystalline quartz
a < (3 transition [37]. Nevertheless, this change is not observed in the case of fused
quartz (pure amorphous silicon dioxide) which invalidates Lebedev’s conclusion [38].

In the beginning of the 1970s, it has been stated that no contemporary method,
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including X-ray diffraction, was able to detect the presence of crystallite in glass [39].
This statement seemed to definitively reject the crystallite hypothesis, but in the
following decade many authors declared that they detected regions of ordered silica
sized from 11 to 66 A in glasses [40-43]. All these affirmations were also strongly

criticized based on the ambiguous nature of the results’ interpretations [44-46].

2.2.2 RANDOM NETWORK THEORY

The most famous and well accepted theory describing the structure of glass was
published by Zachariasen in 1932 [47]. According to this theory a glass is made of
the same polyhedron as the crystal of similar composition with the difference that
the repetition of a unique pattern found in a crystal does not exist in a glass. In this

last case the polyhedra are randomly distributed (Figure 2.3). From this theory the

@® Cation

O Oxygen

Figure 2.3: Representation of the crystalline structure (A) and glass structure (B)
of an oxide M303 according to the Random Network Theory.

(A)

glass transition is explained by the existence of different bond angles and different

bond lengths which imply a range of energy to break the cation-oxygen bonds. To
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achieve a glass network, an oxide has to satisfy to four main rules:

1. The cation’s coordination number has to be small (bonded to two or three
oxygens).

2. An oxygen atom cannot be shared by more than two cations.

3. The polyhedra do not share their edges or faces; they are linked only by their
vertices.

4. A polyhedron shares at least three vertices.

These conditions are fulfilled by some oxides of the formula MO,, M,0;, and M,04
and they are able to give a glass on their own. These oxides are called glass network
formers, or more commonly, glass formers. The most common glass formers are
5i0,, B,0,, P,0O, and GeO,.

A few years after the publication of the random network theory, Warren et al.
published numerous studies about the atomic density radial distributions function of
mono-component (SiO, and B,0; and multicomponent glasses) [48-52]. The results
were interpreted according to Zacahriasen’s theory, contributing to its popularity
[38]. Nevertheless the random network theory was also subject to criticisms [53],
and Zachariasen and Warren recognized the possible presence of small clusters or
crystallites in glass. But they also mentioned that the clusters are of negligible
size (7-10 A) [50, 51, 54] which represents one or two unit cells. One of the main
consequences of a random network should be an homogeneous structure of the glass
with no phase separation [30]. But Porai-Koshits et al. had shown by transmission
electron microscopy (TEM) that heterogeneity (i.e. phase separation) exists in many

glass compositions and probably exists in many others [55, 56].

2.2.3 DOMINANCE OF THE RANDOM NETWORK THEORY

Both theories have numerous supporters and disparagers who published various stud-
ies to defend their points of view. However, the random network theory dominates the

world of glass science, and the reason does not come only from scientific facts. The
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crystallite hypothesis officially started with Lebedev in the early 1920s, and it was
mainly supported by German and Russian authors including Weyl, Zernike, Prins,
Porai-Koshits [57]. The random network theory on the other hand was developed and
supported by american authors such as Zachariasen, Warren, and Cooper [57, 58].
With the domination of the United States in the scientific literature during the Cold
War, adherents of the random network theories published many studies supporting

it, and then this theory was accepted as the main theory of glass structure [57].

2.3 ROLE OF THE OXIDES

Only few oxides are able to give a glass on their own (mono-component glass). These
oxides are called glass network formers and they fulfill the four rules given by Zachari-
asen. The most common glass former is the silicon dioxide. In this oxide, the silicon
atom is in the center of a tetrahedron surrounded by four oxygen atoms. In its
amorphous form the tetrahedra are randomly distributed according to Zachariasen’s
theory. All the oxygen atoms are shared between two tetrahedra.

Other oxides can be added into a glass to modify its properties without destroy-
ing the glass network. These oxides do not participate in the glass network but
they modify its structure. They are called glass network modifiers or simply glass
modifiers. Their use is as old as the discovery of glass by the fortuitous heating of a
mixture of sand (silicon dioxide) with nitre (sodium carbonate) [6]. The addition of
NayO in the SiO, glass network breaks the —O — St — O — Si — O— chain into two
smaller —O — S7 — O~ Na™ chains (see Figure 2.4). The sodium oxide transforms
two bridging oxygens into two non-bridging oxygens. It breaks the long silicon-
oxygen chains into shorter ones, which gives rise to a decrease of the viscosity [30].
A second effect of the addition of sodium oxide into a silicate glass is to reduce the
temperature of the liquidus: pure silicon dioxide melts at 1710°C but a SiO,-NaO

mixture of ratio 3:1 melts at only 800°C [32]. The maximum and minimum amounts
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Figure 2.4: Action sodium oxide on a silicate chain. The Na™ cation breaks the
Si — O — Si chains creating non-bridging oxygens

of modifier allowed in a glass without giving rise to a phenomenon of devitrification
(crystallization) depend on the interactions between the elements constituent of the
glass.

A third category regroups the oxides which can either participate in the glass
network or act as an oxide modifier depending on their concentration or the presence
of other compounds in the glass. These oxides are defined as intermediate oxides. A
first example is the case of lead oxide which acts ionically at low concentration; and
then enters into the glass network by creating covalent bonds when its concentration
increases [59-61]. Another example is the case of BeO, MgO and ZnO which creates
non-bridging oxygens when they are added into a glass; however, they can adopt
a tetrahedral configuration and form covalent bonds if the glass already contains
enough alkaline ions [30].

Sun’s Single Bond Strength uses the cation-oxygen bond strength as an indicator

of the inability of the atom to rearrange during the vitrification process [62]. From
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this value, it is possible to assign each oxide into one of the three categories men-
tioned above (glass former, glass modifier, or intermediate oxide). The concept of
intermediate oxide was originally introduced from this criterion [58], and they cor-
respond to the oxide with a single bond strength in the range 250 - 330 kJ.mol!.
Oxides with a higher bond strength are classified as glass formers, and oxides with
a lower bond strength are classified as glass modifiers. However, Sun’s criterion is
limited to several oxides and it does not fit the case of chalcogenide glasses. These
glasses have a single bond strength at values around 160 kJ.mol~!. Some oxides are
also exceptions to Sun’s criterion such as CO, which cannot give a glass on its own,
but it has a high single bond strength (about 500 kJ.mol™!) [58]. Another criterion
used to classify the oxides is Dietzel’s Field Strength Criterion based on the electro-
static interaction between the cation and the oxygen [63]. The field strength F' is
given by:

F = _Ze (2.1)

(re + 752 )?

with Z. as the cation’s valence, r. and r,2- the ionic radius of the cation and oxygen
respectively. According to this criterion, the glass network formers have a high
field strength (from ~1.3 to 2) and the glass network modifiers have a low field
strength (from 0.1 to ~0.4). Oxides with field strengths between these two ranges

are considered as intermediates.

2.4 GLASS NETWORK FORMERS

In order to obtain a glass, at least one glass network former has to enter the composi-
tion. This oxide creates a network or a matrix in which other oxides will be integrated
to modify the structure and properties of the glass and eventually also participate
in the network. According to the random network theory, a glass is a random dis-
tribution of the unit polyhedron that forms the crystal of the same composition. In

the next section of this chapter, theories of photoelasticity are described (section 3

18



Photoelasticity) and their relationship with crystalline structure are also explained.
Both theories are based on crystalline structures, and then they are extended to the
case of glasses. Brief descriptions of the crystalline and glass structures of three
common glass network formers (SiO,, B,O;, and P,0;) are described in the follow-
ing paragraphs with the aim to highlight the differences and similarities between the

ordered and amorphous materials.

2.4.1 SILICON DIOXIDE

Eleven polymorphs of silica SiOy are known (quartz, tridymite, cristobalite, coesite,
stishovite for example), and they are all made of interconnected [SiOy4] tetrahedra
[64]. The most common polymorph is the a-quartz and its structure was solved
in the early 1920s with the emergence of X-ray diffraction techniques [65,66]. The
silicon atoms are in the center of a tetrahedron site and they are bonded to four
oxygens at the vertices of the tetrahedron forming [SiO4] units. Each oxygen is
shared between two silicon atoms. The arrangement of the [SiOy,] units is different
for each polymorph, but the unit itself remains unchanged. In a large majority of
textbooks the structure of silica glass or amorphous silica (a-SiO;) is taught as a
random distribution of [SiO,4] units sharing at least three vertices, according to the
random network theory. However, the exact structure of a-SiOs is still not solved and
this remains a subject of active research mainly related to the emission of visible light
by electroluminescence and photoluminescence discovered in the early 1990s [67].
Nevertheless, the S7 — O bond length, the oxygen - oxygen distance, and silicon -
silicon distance have been determined at 1.61 A, 2.62 A, and 3.08 A respectively
[68,69] The properties of amorphous silica revealed the existence of a medium range
order, interpreted as a non-random correlation between neighboring [SiO4] units in
region of 5 to 50 A [67]. Advances in theoretical and computational techniques also
revealed the presence of four and three membered rings in a very small fraction (~1

at% Si) in the a-SiO network [70,71].
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2.4.2 BORON TRIOXIDE

At normal pressure, crystalline boron trioxide ByOj3 is made of plane [BO3] triangles:
three oxygen atoms form a triangle with a boron atom standing on its center [72-75].
The [BOj3| units are linked by their corners to create infinite chains oriented in three
directions. The resulting structure corresponds to an hexagonal Bravais lattice [76].
In this BO3 structural unit, the mean B-O bond length is 1.37 A and the mean B-
O-B bond angle is 120° [75]. In spite of this specific bond angle, [BO3] units are not
equilateral triangles, all three angles and bond lengths are slightly different. Also,
the bond lengths and bond angles are not similar in all triangle units: two different

[BO;3] units can be distinguished [75]. These differences are listed in Table 2.1. In

Bond Lengths (A)
BO;(I) | BOs(1I)

B -0, 1.404 1.401
B — 0, 1.337 1.336
B — 04 1.366 1.380

Bond Angles (°)
BO;(I' | BOs(1I)

O, —B—-0,| 1147 121.5
O, —B—-0;| 119.0 113.8
O, —B—-05| 126.1 124.6

Table 2.1: Bond lengths and bond angles in [BOj] triangles according to G.E. Gurr
et al. [75]

its amorphous form, B,Oj3 is simply a random distribution of the planar [BOj] units
through a three-dimensional network [77]. Nevertheless, many structural units are
found to be forming boroxol rings [78] which can contain up to six [BOs] triangles [79].
Contrary to the silica glass, a large fraction of boron atoms are trapped in these
rings (~ 80 at%) [80-83|. The discovery of these rings gave rise to intense discussion
between supporters of the glass structure theories, but it was finally stated that these

boroxol rings could not be termed crystallites and do not contribute to the creation
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of order in the glass [84]. It should be mentioned that in pure amorphous ByOj
the boron atoms are found only in a planar triangle configuration, but the addition
of cations in the glass network gives rise to the appearance of [BO4]™ tetrahedra,
as in lead borate glass for example [59]. The boron atoms also adopt this tetra-
coordinated configuration in pure boron trioxide glass under high pressure [85] with
the tetrahedra sharing their edges. This configuration breaks the third rule given by

Zachariasen (see section 2.2.2).

2.4.3 PHOSPHORUS PENTOXIDE

At least three forms of phosphorus pentoxide PoOy are known: h-P5,0s5, 0-P2O5 and
0’-P505. Similarly to SiOs and ByOg, all these oxides are made of the same POy
tetrahedra [86-88]. For the three forms of phosphorus pentoxide, the bond lengths
and bond angles inside the PO, unit are equivalent, only the arrangement of the
tetrahedron is different. The values of the bond lengths and bond angles are listed
in Table 2.2. In the h-form the PO, tetrahedron are associated in discrete P,Oqq
molecules [86]. These molecules are made of four PO, and they can be described as
tetrahedra of tetrahedra: each PO, share one bridging oxygen with the three other
POy. The o-form has an orthorhombic lattice, it is made of helices of PO, tetrahedra,
and each tetrahedra shares three corners with three adjacent helices [87,89]. In this
compound, the P — O bonds are the less consistent with length varying from 1.562 A
to 1.583 A. The third form of phosphorus pentoxide is the o’-form which consists
of infinite layers built from six-membered rings of PO, tetrahedra linked by three
corners [90]. It also has an orthorhombic lattice. Phosphorus pentoxide is often
considered as the best glass network former due to its high field strength comparing
to the other oxides [32,58]. However its high hygroscopy makes it difficult to prepare
and even more challenging to keep water-free during experiments and for long term
storage. Similarly to silica and boron glasses, amorphous P;05 (a-P20Oj5) and all

phosphate glasses in general are made of a random distribution of POy tetrahedra
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P-Or <P-0Op> <O-P-0> P—-0p-P

(A) (A) (degree) (degree) References
h-form  1.43 1.59 113.05 123 [86]
135.72
oform 145 1.58 109.02 19901 [87]
o-form 144 1.57 109.64 143.7 [88]

Table 2.2: Bond lengths and bond angles in three different forms of P,O,

similar to the ones found in the crystal structures described above [91-95]. In a-P5Oj
the tetrahedra share 3 corners, the P — O bond lengths remains very similar to the
bonds lengths found in the crystal structures. Bond lengths of the terminal oxygen
and bond lengths the bridging oxygens remains very consistent in all three forms as
shown in Table 2.2. An interesting characteristic of phosphate is the stability of the
PO, tetrahedra with the addition of modifiers: no matter the amount and nature of
modifier added to the glass, the phosphorus keeps a coordination four and the bond
lengths and bond angles remain unchanged [96,97].
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CHAPTER 3

PHOTOELASTICITY

3.1 MATHEMATICAL NATURE OF PHOTOELASTICITY

The photoelasticity, also called photoelastic effect or piezo-optic effect, refers to an
experimental method to determine the stress and strain distribution in transparent

materials. The stress distribution can be observed using a polariscope that reveals
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Figure 3.1: Stress distribution in a plastic ruler observed under polarized light.
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the interferences of the light through the material which gives rise to fringes pat-
terns [23]. From these patterns, a direct localization, and eventually quantification,
of the stress in the material is possible as shown in Figure 3.1 and Appendix A. Dif-
ferent configurations of polariscopes were designed for different experiments, but they
are all made essentially of linear polarizers and quarter-wave plates. The simplest
configuration to measure the stress optic coefficient of a glass is to apply a uniaxial
mechanical stress on a parallelepiped sample according to the Sénarmont method of
compensation [22] (see section 4.1 for a complete description of this method). The

mechanical stress is a second-rank tensor which in an arbitrary coordinate system is:

011 012 013
Oij = | 021 022 023 (N-m_Q) (3.1)

031 032 033

Z3

Z;

Figure 3.2: Stress components on a cubic piece of glass in a cartesian system of
coordinates.

The first subscript refers to the direction of the strength and the second subscript

refers to the axis normal to the face where the force is applied. The sample is not in
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motion therefore the matrix has to be symmetrical (0;; = 0;;) to satisfy the static
equilibrium [98]. In the cartesian system of coordinates shown in Figure 3.2 the

matrix can be simplified and the tensor form can be written with only six terms:

011 = 01
029 = 02
011 012 013
033 = 03
012 022 023 | — (32)
0923 = 04
013 023 033
013 = 05
012 = O¢

In the case of a uniaxial mechanical stress parallel to the Zsz-axis as shown in Figure

3.3, the matrix and tensor are greatly simplified:

0
00 0 !
00 0= (;3 (3.3)
0 0 o33 0

0

The randomness of the glass structure induces the isotropy of the material: its phys-
ical properties, including the refractive index n, are the same in all directions. The
application of an uniaxal mechanical stress o33 on the glass breaks the isotropy which
gives rise to the appearance of two different refractive indices: ns in the extraordi-
nary direction (parallel to the stress) and n; in the ordinary direction (perpendicular
to the stress) (see Figure 3.3). In a case where the refractive indices are different
in the three directions Z, Zs and Z3, they form an ellipsoid in the cartesian space

called the indicatrix. The indicatrix is defined by:

2 2 2
Tz1 , Tzo | Tgg
St st 5 =1 (3.4)
ny ny n3



Light
propagation

Figure 3.3: The application of a uniaxial mechanical stress gives rise to the appear-
ance of an extraordinary refractive index ns in the direction of the stress and an
ordinary refractive index n; in the direction normal to the stress.

Defining B; = 1/n?, Equation 3.4 can be written:
B1x%, + Baty + Baag, =1 (3.5)

and more generally:

In an unstressed homogenous glass, the value B;; is the same in all directions, but
the application of a stress changes the shape, size, and orientation of the indicatrix.
This variation is given by:

AB;; = ¢ijui0m (3.7)

where g;;; is a fourth-rank tensor called the stress optic coefficient, it is given in
Brewster which is an unit equivalent to 1072 Pa~! (or 1 MPa™'). This coefficient
quantifies the photoelastic effect and it is specific to each material. In the case of an
homogenous glass, the isotropy induces a high symmetry and then the stress optic

tensor can be simplified with only two independent stress optic coefficients ¢;;. [23]:
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qi11 = 422 = (33

12 = 421 = q13 = 431 = {23 = (32

Qua = @55 = Ge6 = (qu1 — q12)

With these two independent stress optic coefficients and only one stress component,
Equation 3.7 can be solved to give the results [58]:

3

n
ng —n= —?%1033 (3-8)
3
n
ny —n= —?%2033 (3'9>

The birefringence An is defined as the difference between the extraordinary and
ordinary refractive indices, here it is given by:

n3

An=ns3—n; = —7((]11 — (12)033 (3.10)

By definition, the birefringence is also equal to the product of the mechanical stress

with the stress optic coefficient [30]:
An = 00'33 (311)

A relationship between the stress optic coefficient and the refractive index of the

unstressed material is obtained by comparing 3.10 with 3.11:

3
n
C= —5(q11 — ¢12) (3.12)

The refractive index is wavelength dependent and this phenomenon is named disper-

sion, therefore the value of the stress optic coefficient also varies with the wavelength.

3.2 BIREFRINGENCE

The phenomenon of birefringence exists in crystals with different lattice parame-
ters. The most famous birefringent crystal is the calcite CaCOj (rhombohedral,

a = 4.990 A, ¢ = 17.068 A) [99]. This phenomenon comes from the existence of
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Figure 3.4: Optical path of the ordinary and extraordinary polarizations

two different refractive indices in the material, along the a- and c-axis in the crys-
tal, and along the extraordinary and ordinary directions in the stressed glass. If an
unpolarized light enters into the material, it is polarized along the two directions
with different refractive indices n; and n3. The two polarized waves travel through
the material with two different velocities v according to the definition of the refrac-
tive index n = ¢/v (with ¢ the velocity of light in vacuum) and with two different

refractive angles according to the Snell-Descartes Law of Optics.

NgSin 6, = nysin Gy (3.13)

The ordinary and extraordinary beams start to travel trough the material at the
same point but emerge from it at two different positions as shown in Figure 3.4. The

result is a double picture of the original object.
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3.3 THEORIES OF PHOTOELASTICITY

3.3.1 MUELLER’S THEORY OF PHOTOELASTICITY

The main theory relating the structure and the photoelastic response of glass and
crystals was published by Mueller in 1938 [26]. Before him, many authors at-
tempted to explain the relationship between crystal structures and photoelasticity
based mainly on the cases of two cubic crystals: KCl and NaCl [100-105]. Mueller
worked on the structural origin of the photoelasticity in both cubic crystals [24]
and amorphous materials [25] before writing a common theory for the two types of
solids. In this last theory, known as the theory of photoelasticity, Mueller identified
two effects contributing to the photoelastic response when a stress is applied to the

material:

it
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Figure 3.5: Lattice and atomic effects as described by Mueller [26].
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1. The lattice effect which corresponds to the displacement of the atom in the
structure.

2. The atomic effect which is the deformation of the electronic cloud.

According to Mueller, the lattice effect contributes to a negative value of the stress
optic coefficient, whereas the atomic effect has a contribution to a positive value of
the same coefficient. Furthermore the amplitude of the electronic effect is greater
than the amplitude of the lattice effect. These two effects are illustrated in Fig-

ure 3.5. The case of a cation—oxygen chain is illustrated in Figure 3.6. Generally,

Tensile
stress

Cation

Bridging Oxygen

Non-Bridging Oxygen

Figure 3.6: Effect of a tensile stress on a cation-oxygen chain. The bridging oxygen
suffers a greater deformation than the non-bridging oxygens. Therefore, the bridging
oxygens contribute to a positive stress-optic coefficient whereas the non-bridging
oxygen’s contribution is minimized according to Mueller’s theory of photoelasticity.

the polarizability of the anions is greater than the polarizability of the cations, there-
fore the cations are assumed to be rigid. They are also considered to be bonded to
only two oxygens for the purpose of the demonstration. The chain presented in the

example contains a bridging and a non-bridging oxygen. When a tensile stress is
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applied on the solid, the chain extends in the direction of the stress because of the
high polarizability of the oxygen atoms. However, a bridging oxygen suffers a much
greater deformation than a non-bridging oxygen [27]. According to Mueller’s the-
ory of photoelasticity, bridging oxygens greatly contribute to a positive stress optic
coefficient whereas it is minimized in the case of non-bridging oxygens. Therefore,
to decrease the value of the stress optic coefficient and to achieve a zero-stress optic
glass, the number of non-bridging oxygens has to be maximized. These non-bridging
oxygens carry a negative charge which has to be compensated by the cation brought
by the oxide modifiers added to the glass composition. It can be concluded that, ac-
cording to Mueller’s theory of photoelasticity, the value of the stress optic coefficient
decreases when the cation added to the glass acts ionically (i.e. addition of cations

that does not integrate the glass network).

3.3.2 THE ZWANZIGER’S EMPIRICAL MODEL

More recently, an empirical model that can predict the photoelastic response of a
glass was discovered by Zwanziger et al. [106]. This model is based on the glass

composition and the crystalline structure of its constituents:

> (Ni> ~054 (3.14)

In this equation z; is the molar fraction of the oxide ¢ constituent of the glass, d
is the cation-oxygen bond length and N, the coordination number of the cation in
compound 4. If the sum over all components is equal to 0.5 A the glass should have a
stress optic coefficient C equal to 0 Brewster. A value less than 0.5 A yields a positive
stress optic coefficient and a value greater than 0.5 A yields a negative stress optic
coefficient. This model reveals that the d/N, ratio brings valuable information about
the contribution of each oxide to the photoelastic response of the glass. Thanks to

this simple model, the zero-stress optic property of some binary glass systems were

discovered such as (SnO),-(P205)1_,, (SnO),~(Si02)1_s, (Sh203),-(B203)1_, and
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(TeOs),-(BaO);_, [106,107]. From the work of Zwanziger et al., it appears that
even if this model can predict the possibility for a glass composition to present a
zero-stress optic property, the prediction of the composition for a binary system is

given with an accuracy of about 15% [106].

3.4 PHOTOELASTIC RESPONSE OF GLASS FORMERS AND

EFFECT OF SOME ADDITIVES

All glass made of pure network formers has a positive stress optic coefficient such as:

o SiOy: 3.47 Brewsters [27]
e B,03: 11 Brewsters [28]
e TeO,: 0.64 Brewsters [107]

The stress optic coefficient for pure PoO5 can not be determined directly because of
its high hygroscopic nature and its mechanical properties. Its tendency to absorb
water makes its preparation and use for experiment quite challenging. P,O; is a very
soft glass and the application of a mechanical stress results in a plastic deformation
which makes the measurement of the stress optic coefficient impossible. Other glass
formers such has SboO3 and V,05 are extremely difficult to prepare. Both can be
synthesized by fast and ultra fast quenching methods, but only small pellets of glass
can be obtained [108,109]. No sample big enough for stress optic measurements can
be prepared. To obtain a zero-stress optic glass, the stress optic coefficient can be
decreased by the addition of glass network modifiers. In the early 1980s Matusita et
al. published a list of stress optic coefficients for binary silicate, borate and phosphate
systems [27-29]. From this work it appears that alkaline oxides MoO (M = Li, Na,
and K) and alkaline-earth oxides MO (M = Mg, Ca, Sr, and Ba) are able to decrease
significantly the stress optic coefficients of any glass. However, their effect is not
sufficient to turn the coefficient into negative values and their ionic nature degrades

the glass network, therefore they can be added only in small amounts to avoid a
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devitrification of the glass.

So far, only five oxides are known to give negative stress optic properties to a
glass. The best and most famous oxide is the lead oxide PbO. Its effect on the
photoelastic response was discovered by Pockels in lead containing silicate glasses
[16]. PbO provides high transparency in the visible range and a high refractive
index. It also has the property of being a pseudo-glass network former. It cannot
give a glass on its own, but the addition of a small amount of SiOy (~8 wt%) is
sufficient to form a glass network [32]. A new European environmental regulation,
the Restriction of Hazardous Substances [19], forbids the use of six substances in
material including Hexavalent chromium (Cr"), Polybrominated biphenyls (PBB),
Polybrominated diphenyl ether (PBDE), lead, cadmium, and mercury. Lead oxide
is broadly used to produce Pockels’ glasses, the challenge is now to find new glass
compositions combining the same properties as the lead-containing glass: zero-stress
optic, high index of refraction, high transparency in the visible range, good chemical
durability, and no coloration.

As a rule of thumb, it is known that heavy elements bring high refractive indices
in glass, therefore the best chance to obtain a zero-stress optic glass with a similar
refraction as lead-containing glasses is to use the elements close to it in the periodic
table. Its direct neighbors are thallium and bismuth, their d/N, ratios are 0.84 A
for Tl,O and 0.55 A for Bi,O3. This ratio is much greater than the ratio for lead
oxide (0.58 A) in the case of thallium oxide, and similar to the ratio for the bismuth
oxide which makes them good candidates to substitute lead oxide. Rabukhin et al.
demonstrated experimentally that BioO3 can achieve zero-stress optic glass [21], but
its addition in a small quantity greatly degrades the transparency of the glass which
becomes dark brown. Thallium oxide T1,0 seems to have some potential to generate
zero-stress optic properties [20], but its high toxicity, like all thallium compounds,
makes it a dangerous product that has to be handled with extreme care. Also in
the binary lead silicate glass, the zero-stress optic composition is found at about 75

wt-% PbO. It can be expected that the need in T1,O for the same result would be
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in this range of composition. The substitution of a hazardous compound by another
with an extremely high toxicity does not seem to be the optimal solution to solve
the problem. However, the synthesis of thallium-containing glasses could be of great
scientific interest to understand the origin of the photoelastic response. No such
glasses were prepared and presented in this thesis, but it remains an eventual field
of investigation for future projects.

Antimony trioxide Sh,O3 and tin oxide SnO are both oxides containing cations
from the fifth period of the periodic table. Zwanziger et al. [106] demonstrated that
antimony trioxide can turn the stress optic coefficient into negative values in the case
of the binary borate glass system (SbeO3),-(B2O3)1_. This new family of zero-stress
optic glass was discovered with the help of the empirical model, but the compositions
of the zero-stress optic glass predicted by the model and the experimental results are
quite different: = = 0.20 and x = 0.43 respectively. An hypothesis to explain this
difference is the oxidation of antimony: the samples were prepared in air, but the
antimony (III) trioxide is partially oxidized into antimony(V) pentoxide ShoO5 when
heated over 800°C [110]. The contribution to a negative stress optic coefficient for
some antimony (Sb(ITI) d/N, = 0.63 A) changes for a contribution to a positive stress
optic coefficient (Sb(V) d/N, = 0.30 A). Therefore, the overall effect of the antimony
is lowered and more ShyOj3 is required. This can be an explanation to the difference
between the experiment and the theoretical prediction, but a deeper investigation
has to be done to know exactly the reason of this difference. In order to avoid the
antimony (I11)’s oxidation, its use should be performed under Oq-free atmosphere. At
high content, SbyO3 brings a yellow color to the glass, therefore it cannot pretend
to completely substitute PbO. Nevertheless, pure amorphous SboO3 has a refractive
index of 2.09 [108]. An addition of antimony to the glass composition in moderate
amount can help to decrease the stress optic coefficient and increase the refractive
index. It is interesting to note that the addition of SbyO3 decreases the stress optic
coefficient in the antimony borate glass [106]. Pure amorphous antimony trioxide

can be assumed to be the only glass network former to have a negative stress optic
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coefficient.

Tin oxide is probably the best additive suitable to substitute lead oxide. Its
effect on the photoelastic response was observed in the case of binary silicate and
phosphate glasses [106]. This oxide does not generate any absorption in the visible
range and it also increases the refractive index. However, at high temperature SnO
is oxidized into SnOy which contributes to increase the stress optic coefficient and
degrades the absorption in the visible range. Therefore, all tin-containing glasses
have to be prepared under Os-free atmosphere.

One more oxide has a contribution strong enough to decrease the stress optic
coefficient into negative values. Barium oxide has been used in the case of the binary
system (BaO),-(TeO3);_, to achieve a zero-stress optic glass for = 0.17 [107].
Previous works by Matusita clearly demonstrated that barium oxide added to borate
or phosphate glass decreases the stress optic coefficient, but the limit of the vitreous
compositions in these two cases was not established [28,29]. An extrapolation of
the data obtained by Matusita et al. suggests that a zero-stress optic glass could
be achieved for xg,0 &~ 0.56 in the borate glass and xg,0 &~ 0.63 in the phosphate
glass. A barium borate glass with a content of BaO of 60 mol-% can be prepared
which means a zero-stress optic glass might be possible for this system. The limit
in BaO in the barium phosphate glass seems to also be 60 mol-% [112]. Therefore,
a zero-stress optic glass might not be possible. In the case of the barium tellurate
glass, the low amount of BaO required might come from the fact that TeO, is a glass
former with a stress optic coefficient already close to zero (0.64 Brewsters). This
glass system provides a good example of the additivity property of the photoelastic
effect suggested by the empirical model (Equation 3.14).
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CHAPTER 4

EXPERIMENTAL TECHNIQUES

4.1 STRESS OPTIC MEASUREMENT

The stress optic coefficients for all glass samples presented in this work was measured
using the Sénarmont method [22], also known as the Friedel’s method of compen-
sation [23]. This experimental method is illustrated in Figure 4.1. The Sénarmont
method actually measures the phase difference induced by the application of a stress
on a glass sample, then this phase difference is used among other parameters to

calculate the stress optic coefficient unique to the sample.

4.1.1 DESCRIPTION OF THE POLARISCOPE

The following section describes the different states of polarization of the light after
each optic of the polariscope. This experiment is used to determine the phase dif-
ference induced by the stress applied on the glass sample. The derivation of each
equation presented in this section is detailed in appendix A. First, an unpolarized

light is sent through a linear polarizer whose polarizing axis is oriented at 45° with
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Figure 4.1: Representation of the experimental set-up used to measure the stress
optic coefficient in glass according to the Sénarmont method.

respect to the direction of the uniaxial mechanical stress applied on the glass sam-
ple. The linearly polarized light emerging from the polarizer can be described by the

following equation:

Ap = asin(wt) (4.1)

The light emerging from the polarizer is linearly polarized at 45° and passes
through the glass sample. The uniaxial mechanical stress applied perpendicularly to
the surface of the parallelepiped piece of glass breaks the isotropy of the glass, and
creates two new refractive indices: one in the direction of the stress (extraordinary
direction) and one in the direction perpendicular to the stress (ordinary directions).
The existence of these different refractive indices has two effects on the light passing

through the stressed sample:

1. The linearly polarized light is decomposed in two new linearly polarized light

in the ordinary and extraordinary directions. At this stage, the two waves are
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described by A; and A, in Figure 4.2. Their equations are:

Ay = Agcos T = L sin(wt)

V2 (4.2)
Ay = Agcos ] = 5 sin(wt)

. The two new linearly polarized light waves have the same frequency, but they
are traveling through the glass sample with two different speeds because of the
two different refractive indices. This difference of speed induces an angular
phase difference o between the ordinary and extraordinary polarized waves
emerging from the sample. The expressions A; and A, can now be described

by Az and Ay respectively:

Az = % sin(wt)

(4.3)
— 4 g _
Ay = Fsin(wt — a)
Stressed sample Quarter-wave plate
A
« Ay ; A As * Ag
| | \/ N wA
%« 5 » « : > £ D >
A A e
i < Ae ¥ 1
Phase v Phase A
retardation retardation 10
a /2

Figure 4.2: The different states of polarization along the polariscope

Here only A, suffers an angular phase retardation, but in an absolute way Az

should also suffers an angular phase retardation. However, as said previously, « is

the angular phase difference between the ordinary wave and the extraordinary wave,

therefore « is required to appear only in one of the two equations. The two lin-

early polarized light emerging from the sample have the same amplitude but are not

in phase. Their combination gives rise to an elliptical polarization as explained in

appendix A, but in the special case of a = 7/2, their combination gives rise to a

circular polarization. This new elliptical polarization passes through a quarter-wave
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plate. The quarter-wave plate’s slow and fast axis are oriented at 45° with respect

to direction of the stress. Once again two phenomena occur:

1. The two waves described by the Equations A.3 are both polarized along the

fast and slow axis. The new waves are now described by:

As = §[sin(wt) + sin(wt + o

(4.4)
Ag = §[sin(wt) — sin(wt — a)]
But Aj and Ag can be written in a more convenient way.
As = acos(wt — £)sin(&
5 ( 2 ) ( 2 ) (4'5)

Ag = asin(wt — §) cos(5)

(note: in appendiz A, Equations 4.5 are called A7 and Ag to be able to differ-

entiate the two states of polarization at this stage.)

2. A quarter wave plate is designed to create a phase difference of 7/2 between
the two waves polarized along the slow and fast axis. In the case presented
here, the retardation is applied on the wave described by As. The new states

of polarization A5 and Ag are now described by Ag and Ajq:

Ag = acos(wt — § — F)sin(§)
Ay = asin(wt — §) cos(§)

Ay = asin(wt — §)sin(§)

2
Ay = asin(wt — §) cos(§)
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The common part of Ag and Ay can be named A:

A = asin(wt — %) (4.8)

and

(4.9)

A is a linear polarized light whose amplitude depends on the stress applied on
the sample. Ag and Ay are its projections in the cartesian system defined along the
directions corresponding to the slow and fast axis of the quarter-wave plate.

A second linear polarizer placed after the quarter-wave plate is set up on a ro-
tating stage. It is used as an analyzer. The intensity of the light is measured after
this analyzer for different angles. When the polarizing axis of the analyzer is per-
pendicular to the direction of the linear polarized light A, the intensity is equal to
zero (extinction). The orientation of the polarized light changes with the intensity of
the stress, therefore the angle 6 corresponding to the extinction for different amount
of stress is recorded. This angle # is equal to half the value of the angular phase
difference o induced by the stress:

g=2

3 (4.10)

This angle is used to calculate the stress optic coefficient unique to the sample.

4.1.2 EXPERIMENT

The stress optic coefficient was measured using two different devices both set up for
the Sénarmont method of compensation. The simplest device is a PS-100 Polariscope
(Strainoptics) operated manually (Figure 4.3 (a)). For this device the experiment is
set up vertically. The polariscope is made of a light table equipped with a linear po-
larizer, and the quarter-wave plate and analyzer are both set up in an optics holder.

The holder attached to a pole which allows the quarter wave plate and analyzer to
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stand on top of the sample. The stressed sample is placed directly on top of the
light table, between the first linear polarizer and the quarter-wave plate. With this
polariscope the analyzer is rotated by hand, and the extinction in the stressed sample
and corresponding angle are evaluated by eye.

The second device is a Varian Cary 5000 Spectrometer operated through a com-
puter (Figure 4.3 (b)). The spectrometer measures the intensity of light for a full
range of wavelength from near-UV (200 nm) to mid-IR (3300 nm). In this case the
experiment is set up horizontally. All optics (linear polarizer, sample, quarter-wave
plate, analyzer) are aligned in the dark chamber of the spectrometer. The analyzer
is installed in a rotating stage controlled using a computer, its accuracy is estimated

to be 0.1°. In both cases, spectrometer and light table, the stress is applied on the

sample using a homemade loading stage equipped with a miniature load cell (model

LC703-200, Omegadyne Inc.).

(a) PS-100 Polariscope, com- (b) Varian Cary 5000 Spectrometer. The optics and loading
monly called light table stage are installed in the chamber of the spectrometer. They
are not visible on the picture.

Figure 4.3: Light Table and Varian Spectrometer used to measured the stress optic
coefficient according to the Sénarmont method.
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4.1.3 DETERMINATION OF THE STRESS OPTIC COEFFICIENT

The stress optic coefficient can be calculated with the equation:
6PL = Col (411)

Where dpy, is the effective path length difference (in nm), C' is the stress optic
coefficient (Brewsters), o is the stress applied on the glass sample (Pa) and [ is
the optical path length or sample thickness (mm). The equation can be written as:

(SP;L:CU

: (4.12)

The plot of 0/ versus o gives a line, and the slope corresponds to the stress optic
coefficient. The parameters dpy, 0 and [ can be determined experimentally. The ef-
fective path length difference dp;, can be calculated from the angular phase difference
o:

aA

b1 = 5 (4.13)

In this expression « should be expressed in radian and A is the wavelength of the
light. The angular phase difference is measured by the Sénarmont method (Equation

4.10), the effective path length difference is then obtained according to the equation:

o\
Opp, = — (4.14)
T
The load cell used to apply the stress of the glass sample gives the weight applied
on the sample in kilograms. The value of the stress can be obtained according to:

_ Py
A

g

(4.15)

P is the weight (kg), g is the gravitational acceleration (9.8 m.s™2) and A is the
surface of the sample on which the stress is applied (m?). Finally the optical path
length, which corresponds to the sample thickness, can be directly measured on the

sample.
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Experimentally, the angle 6 corresponding to the extinction is measured for differ-
ent pressures applied on the sample. The effective path length difference dp; and
the corresponding stress ¢ are calculated, and then the stress optic coefficient C' is

calculated from the plot of Equation 4.12.

4.2 NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

In this section, a brief and simple description of the main mechanism of Nuclear
Magnetic Resonance spectroscopy is presented. The purpose is not to detail all the
experimental mechanisms or to derive the mathematical equations relative to NMR
theory, but to provide the basic knowledge required to understand the experiments

and results presented in this thesis.

4.2.1 FUNDAMENTAL PRINCIPLES OF NUCLEAR MAGNETIC

RESONANCE

The spin properties of protons and neutrons in the nuclei combine to define the
overall spin of the nucleus. If the atomic number (number of proton) and the atomic
mass (sum of protons and neutrons) are even, the nucleus’ spin quantum number I
is equal to 0 and the nucleus has no magnetic properties. In this case it is invisible
to NMR spectroscopy. For all other cases (the atomic number and/or atomic mass
are odd) the nucleus has a quantum spin number I different from 0 and therefore has
magnetic properties. The nucleus is then said to be spinning. Carbon 12 (*2C) and
oxygen 16 (*0) are common atoms in organic compounds, but both have an even
atomic number and atomic mass. Substances containing non-active NMR, elements
can be doped with active isotopes such as **C or 7O which have a much lower natural
abundance (1.1% and 0.04% respectively) [113]. Some of the most common isotopes
with a spherical nuclei are *H, 3C, N, 19F 29Si and 3!'P. They have a spin of 1/2.

Non-spherical nuclei (ellipsoid shape) have a spin number I greater than 1/2 and are
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called quadrupolar nuclei, they include 2H, 'B, ¥N, 170, 33S and *°Cl.
A spinning nucleus has a magnetic moment p whose amplitude is given by the
following equation:

= ~yhl (4.16)

The value « is called the magnetogyric (or gyromagnetic) ratio and is specific to a
given isotope and h is the reduced Planck’s constant. In the absence of a magnetic
field, all the same isotopes of a substance have a similar energy. If a strong external
magnetic field E)O is applied along the z-axis in a cartesian coordinate system, the
energy of the nuclei is splitted by the Zeeman effect. In the case of a spin 1/2,
the magnetic moments slightly align in the direction of the field E; (parallel) or
in the opposite direction (anti-parallel). However, the magnetic moments p are not
perfectly aligned along the z-axis, they also have components along the x- and y-axis.
The existence of these components generates a precessional motion of the magnetic
moment around the z-axis with a specific angle to ES and a specific angular frequency
wo called the Larmor frequency (rad.s™'). This frequency wy is proportional to the

intensity of the applied magnetic field E)o :

The Larmor frequency is preferably given in Hertz:

_ 15

= 4.18
Vo o ( )

For a spin number I = 1/2 the two possible values of the directional quantum number
my are +1/2 and —1/2 therefore only two precession motions are possible: with the
field (oriented in the direction of ES or +z corresponding to m; = +1/2) or against
the field (oriented in the direction -z corresponding to m; = —1/2). The difference
of energy AFE between the two states +1/2 and —1/2 is given by the Boltzmann’s
distribution:

+3) A

o er (4.19)
2
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The n values are the population of each state, k the Boltzmann’s constant, and T the
temperature (Kelvin). This energy difference can be related to the Larmor Frequency

according to [114]:

AE = vhBy (4.20)

The two states +1/2 and —1/2 of energy are not equally populated, the state of
lower energy is slightly more populated than the higher state. Therefore, a part of
the magnetic moment of the lower state is not compensated. This gives rise to a
resulting magnetic moment or net magnetization M. The magnetic moment of the
nuclei of the same isotope do not spin all together in a unique direction but they
are distributed on a conical surface. As a result the net magnetization M is aligned
along the z-axis.

This net magnetization exists only when an external magnetic field is applied.
When this magnetic field is turned off, the magnetic moments p of every nuclei pro-
gressively recover their initial orientation in a process of relaxation. The random
distribution of these magnetic moments at the equilibrium reduces the net magne-
tization to zero. The time required for the net magnetization to disappear is called
the spin-lattice relaxation time and is commonly written T}.

The main purpose of the Nuclear Magnetic Resonance is to take advantage of this
phenomenon of relaxation. An additional magnetic field E can be applied in a direc-
tion perpendicular to E). It will affect the position of the net magnetization which
will make an angle 6 with the z-axis. According to ? = ]\_/_; X E; , the application
of a magnetic field E; perpendicular to the net magnetization M induces a strength
perpendicular to both M and E) . If this field remains static, i.e. always applied in
the same direction, the angle between the z-axis and the magnetic momentum p of
each nuclei will alternatively increase and decrease. To be effective, the field a has
to rotate with an angular frequency w. According to Equation 4.17 and Equation
4.20, a phenomenon of resonant absorption occurs when the frequency w is equal to

the Larmor Frequency wy, the energy provided by the field E matches the energy
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difference AE between the two nuclear spin levels:
AFE = hwy (4.21)

At the resonance, under the effect of § spinning with the Larmor frequency, the
net magnetization M deviates from its original position along the z-axis. The vector
]\_/.; has now x and y coordinates and also spin around the z-axis with a precessional
motion. When the field 51) is turned off, the net magnetization comes back to its
initial position along the z-axis. Because of its precessional motion, it describes a
spiral in the (xy) plane. The oscillations of the magnetization along the x- and y-axis
are recorded, and the NMR signal, or free induction decay (FID), is plotted (Figure
4.4). The time Ty required for the net magnetization to come back along the z-axis is
called transverse relazation time. From the FID signal a Fourier transform generates

an absorption Lorentzian function with the mathematical form [113]:

1

S(w) = B Jjw = (4.22)

The maximum of the peak generated occurs when w = wy and the peakwidth at
half-height is equal to 2/T5 (rad.s™!). Therefore a fast transverse relaxation gives
rise to a broad peak and vice versa. NMR spectra can also be presented using a
frequency scale v (v = w/(27)) in Hertz, in this case the peakwidth at half-height is
given by 1/(7T3) (Hz).

4.2.2 CHEMICAL SHIELDING AND CHEMICAL SHIFT

The electrons surrounding the nucleus are charged particles in motion, they create
a local magnetic field that affects the field “seen” by the nucleus. Depending on
the shape and density of the electron cloud around the nucleus, the local magnetic
field ﬁloml affecting this nucleus can be expressed as By(1 — o) where o is the

electronic modulation of Fo called “shielding”. Taking into account this shielding,

46



AY AY

Free-induction decay

time

o
v

—>
T2

Figure 4.4: The Free Induction Decay (FID) is given by the oscillation of the com-

ponents of the magnetization M along the x- or y-axis

the expression for the resonance frequency from Equation 4.18 becomes [115]:

Vo = ’}/B()(l — O')

o (4.23)

However, in most of cases, the electron distribution around a nucleus in a molecule is
not spherically symmetric. The intensity of the current, and therefore the intensity
of the magnetic field induced by the electrons, is not uniformly distributed in space,
and depends on the orientation of the molecule with respect to the applied field E; :
Because of this spatial dependence, the shelding o cannot be expressed as a single

number, but as a Cartesian tensor represented by a 3 x 3 matrix:

Ogx Ogzy Ogz
0= |0y Oy Oy (4.24)

Oze Ozy Oz

In this matrix x, y and z correspond to the axis of the laboratory frame defined with
H
the applied field By along the z-axis. It is also convenient to express the shielding

tensor in a frame such as the matrix becomes diagonal. This frame is the principal
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azis system (PAS), the terms of the tensor in this frame are expressed with the

“PAS” superscript and the numbers along the diagonal o£45 ¢PAS and oFAS

w L. are

the principal values of the shielding tensor. From the expression of the chemical
shielding in the principal frame, three main values can be defined: the isotropic

value 0;5,, the anisotropy A and the asymmetry n [116].

1
Ciso = g(foAS + UZJAS + oPA%) (4.25)
A =04 _ gy, (4.26)
(0TAS — gPAS)
= g PAS » (4.27)

NMR spectra are more often presented with results expressed in term of a chem-
ical shift 6 instead of chemical shielding. A substance of known structure is used as
a reference to calibrate the spectrometer for a specific isotope. For example, tetram-
ethylsilane Si(CHsz), (TMS) is used as a reference for 'H, 1*C and #Si NMR. H3PO,
can be used as a reference for 3'P NMR, and BF3.Et,O for 1'B NMR. The resonance
frequency v, for the reference is considered as the zero on the frequency scale and

the frequency of the sample v; is measured with respect to this relative zero.

_ vBo(1 - 0)

. - (4.28)
Bo(1 — o
v — % (4.29)

The relative resonance frequency of the sample with respect to the reference can be
calculated:

(4.30)

Uy
The difference of frequency is expressed in Hertz whereas the frequency of the ref-

erence is expressed in megahertz, therefore the chemical shift § is expressed in ppm.
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According to Equations 4.23 and 4.30, the chemical shift is related to the chemical
shielding.

Oy — 0;

6:

4.31
s (4.31)

Therefore the chemical shift can also be written as a tensor whose elements are

expressed with respect to the chemical shielding tensor:

O_(?fef) . O_(gample)
__v 2
0ij = 7 (4.32)

Although, the principal values of the chemical shift tensor are known, the orientation
of the principal axis frame is not. The principal values are then labelled 6545, 6A°

and (53{3545 with 5{?‘5 > 5%45 > 6:%45 . The isotropic chemical shift, chemical shift

Y

anisotropy A, and the asymmetry 7., are then defined by the following expressions
[116]:

1
Oiso = 5(6{?‘5 + 655 4 §3A) (4.33)
Acs = 61" = biso (4.34)
5PAS _ 5PAS
e = % (4.35)

4.2.3 BASIS OF SOLID-STATE NMR

The chemical shift anisotropy contributes to line broadening in the NMR spectra and
it depends on the orientation of the molecules. In solutions, the molecules are free to
move, and, as a result of this molecular tumbling, the measured chemical shift is the
average of the shielding of a nucleus over all directions. In a solid, the orientation
of a specific nucleus remains constant due to the rigid structure. As mentioned
previously, in most cases the chemical shielding is not spherically distributed around

ﬁ
the nucleus, therefore its effect on the local field B, depends on the orientation
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of the nucleus with respect to the field ES. As a result, a specific nucleus in a
solid always experiences the same shielding. If the solid is a perfect crystal with all
molecules oriented in the same direction, the chemical shift is the same for all nuclei
in a given orientation, it is then possible to vary the chemical shift by rotating the
crystal. In the case of a powder, each grain has a different orientation which implies
that all nuclei does not see the same shielding. The result is a broad signal covering
the range of possible chemical shifts in function of the orientation. The broadening of
the peaks makes the determination of a specific chemical shift impossible. However,
the shape of the spectrum depends on the principal values of the chemical shielding
tensor and it can provide information about the overall geometry of the nuclei’s sites.

The chemical shift anisotropy can be cancelled using the Magic Angle Spinning
method (MAS). No derivation will be provided here but the chemical shift anisotropy
depends on the mathematical term 3 cos?6, — 1 [113]. This term is equal to zero for
the special angle 6, = 54.74°, called the magic angle. Spinning the sample around an
axis at an angle #, from the applied field E(; will average the orientation of all nucleus
similarly to the tumbling present in solution. The broad peak described above splits
into narrow sidebands, but if the spinning frequency is high enough the spinning
sidebands disappear to give a spectrum with well resolved peaks [113]. The case of

P,0; is illustrated in Figure 4.5.

4.3 MOSSBAUER SPECTROSCOPY

Recoilless nuclear resonant absorption was accidentally observed for the first time in
1957 by Rudolph L. Mossbauer who gave his name to the experimental method [117].
This technique provides information about the local environment of specific isotopes
in a solid which makes it perfectly suitable for the study of glass. Based on the
absorption resonance of the nuclei, the nature of the data obtained by Mossbauer
spectroscopy are very similar to the data obtained by NMR spectroscopy. Since the

discovery of the Mdssbauer effect, it became one of the most popular techniques in
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Figure 4.5: Static and MAS *'P NMR spectra of P,Ox

solid-state analysis. Its principle is briefly described in this section.

4.3.1 ISOLATED ATOM

In a first approach, an isolated atom of mass m in a gas phase is considered. This
—

atom is in motion with a speed V, along a unique direction x. Its kinetic energy is

%me. Similar to electrons, nuclei can be on different levels of energy. The difference

of energy between the ground state and the excited state of the nucleus is noted F.
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It is now possible to write the total energy of the system in motion with the nucleus
in its excited state as £ + %me

When it comes back to its ground state, the nucleus emits a photon in the range
of energy corresponding to the y-ray emission (around 10 Hz). In an ideal case, the
emitted photon carries the exact amount of energy E corresponding to the nuclear
transition between the ground state and the first excited state. If the photon is
absorbed by a similar nucleus, it gives rise to another transition from the ground
state to the excited state. A photon of energy E is emitted again when the newly
excited nucleus comes back to its ground state, and the phenomenon of resonance
should occur indefinitely.

However, the emission of the photon gives rise to a recoil of the emitting atom
similar to the recoil of a gun. To simplify the problem the emission of the photon is
considered to be in the same direction z as the motion of the atom, and the speed
o of the recoil is also along this direction. It should be mentioned that the value
of ¥ can be positive or negative depending on its orientation. After emission of the
~-ray the total energy of the system becomes E., + %m(Vx +v)2

By conservation of the energy, it is possible to write [118]:
1 1
E + §m‘/;j2 =E, + im(‘/; + v)? (4.36)
The energy of the photon emitted is given by:

1
E,=E— -mv* —mvV,

—E—Ep—Ep (4.37)

Equation 4.37 shows that the energy of the photon emitted is degraded by a recoil
energy Er and by a thermal (or Doppler) energy Ep. Because of these two phe-
nomenon the energy of the emitted photon is too low to allow the phenomenon of
resonant absorption in another nucleus. Similarly to the recoil at the emission, an-
other recoil occurs when the atom absorbs a photon. As a consequence, to give rise

to a resonant absorption, the absorbed photon needs to provide the energy E for
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the nuclear transition but also additional energy to compensate the recoil energy Er

and the Doppler energy Ep. The statistical energy distribution of the emited pho-

E

Emission Absorption

'ER +EIR Ey

Figure 4.6: Gaussian distributions for the emission and the absorption of a photon.

ton and the statistical energy distribution of the absorbed photon both correspond
to a gaussian distribution as shown in Figure 4.6. The emission energy is shifted
by a value of —FEg with respect to the transition energy E, whereas the absorption
energy requires an additional energy +FEg. Both shifts are related to the recoil. The
full-width at half height is proportional to the mean thermal energy Ep. Nuclear
resonant absorption has a significant probability to occur if the emission and absorp-
tion energy are close to each other, that is to say when the gaussian distributions for

emission and absorption presented in Figure 4.6 strongly overlap.

4.3.2 THE MOSSBAUER EFFECT

The recoil due to absorption or emission of a photon can be greatly reduced in the
case of an atom in a rigid lattice. If the atom is part of a rigid lattice, the recoil
energy can be transferred to the vibrational energy, in this case the y-ray energy is

still degraded. However, phonon energies are quantified and the energy transfer can
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only take place in the case of integral multiples of Aiw, with A the reduced Planck’s
constant and w a vibrational frequency in an Einstein solid. If the recoil energy Fr
is less than Aw, then either zero or one unit of vibrationnal energy can be transferred
to the lattice. It is possible to determine a fraction f of v-photons emitted with no
transfer of recoil energy to the vibrational states of the lattice. This fraction f is
called the recoilless fraction or recoil-free fraction, and it is given by the following
equation [119]:
Er

f=1-32 (4.38)

In the case of a recoil-free emission or absorption, the whole lattice (i.e. single crystal)
recoils rather than the single nucleus. The recoil energy Er and the mean thermal

energy Ep can be calculated according to the equations [119]:

E2
Epr=_—2_ 4.
B ome? (4.39)
_ kT
Ep~E, e (4.40)

where k is the Boltzmann’s constant, and T is the absolute temperature. Both
energies depend on the reciprocal mass 1/M, therefore, in the case of a recoil-free
phenomenon (recoil of the whole crystal), the energy distributions for emission and
absorption are narrowed and centered on the transition state energy F, and they are

strongly overlapping.

4.3.3 MOSSBAUER EXPERIMENT

The energy for the resonant absorption depends on the local environment of the
nucleus. If a nucleus of a given isotope emits a «-photon, this photon has a specific
energy, and it can be absorbed by the same isotope in an equivalent environment.
Experimentally, a radioactive source containing the Mdossbauer isotope is excited in
order to produce y-rays. An absorber (i.e. the sample) contains the same isotope

as in the source. If the source and the absorber are made of the same material, the
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Figure 4.7: Energy level diagrams associated to the isomer shift (a) and to the
quadrupole splitting (b)

Moéssbauer nuclei are in the same environment and they emit and absord y-rays of the
same energy. If the environment of the Mdssbauer nuclei is different in the absorber
and in the source, the nuclei in the absorber do not absorb the y-photons emitted by
the source. The energy of the v-rays emitted by the source needs to be modulated to
correspond to the resonant energy of the absorber. This can be achieved by Doppler
effect: a motion is applied on the source with a Doppler velocity vp giving rise to an

energy shift e [119]:
— == (4.41)

A spectrum giving the intensity of the y-energy (in counts) versus the Doppler veloc-
ity (in mm.s™') is recorded. To be able to compare data from different absorbers, the
origin of the velocity axis is usually determined using a standard absorber which de-
pends on the Mossbauer isotope. In '9Sn Mossbauer spectroscopy, BaSnO,, CaSnO;,
or SnO, are usually used as a reference. The position of the absorption peak, and
its eventual splitting, result from hyperfine interactions such as isomer shift and

quadrupole splitting which are detailed in the next section.
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4.3.4 HYPERFINE INTERACTIONS

ISOMER SHIFT

For the same isotope, the resonance absorption can be shifted depending on the actual
environment of the nucleus. This shift results from two factors: the difference in the
nuclear volume of the ground state and the excited state, and the difference between
the electron densities at the Mdssbauer nuclei in different materials [118]. It is known
as isomer shift, centre shift or chemical isomer shift and is noted IS (mm.s™!). In
a system where the isomer shift is the only hyperfine interaction (spherical charge
distribution, I = 1/2), the peak at the resonance absorption is a singlet as shown
in Figure 4.7.a. However, because of the difference in the interactions occurring
at the nucleus between the source and the absorber, the absorption in the sample
takes place at a different energy then in the source. The emitted energy needs to
be modulated by Doppler effect, as explained previously, and then the isomer shift
corresponds to the Doppler velocity required to match the resonance energy of the
absorber (see Figure 4.7.a). It should be kept in mind that the isomer shift is not an
absolute value since the origin of the x-axis (Doppler velocity) is calibrated using a
standard absorber specific for each isotope [118]. The isomer shift can be calculated

according to [119]:

IS

R
< ZBQRQ_(‘\Pabsorber‘Q

- - \Ijsource 2 442
STl Vo) (442)

with £, and c from Equation 4.41, €, the permittivity of vacuum, Z the atomic
number, e the elementary charge, R the radius of the nucleus and |¥|? is the electron

density.

QUADRUPOLE SPLITTING

Nuclear states with a nuclear angular momentum quantum number / > 1/2 (non-

spherical charge distributions) are characterized by a nuclear quadrupole moment.
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If the nucleus is surrounded by an asymmetric electronic charge distribution, an
electric quadrupole interaction occurs between this electronic charge distribution and
the nuclear quadrupole moment. This gives rise to a splitting of the nuclear energy
levels as shown in Figure 4.7.b. The quadrupole splitting QS (mm.s™!) reflects
the symmetry of the bonding environment in the vicinity of the Mdssbauer atom
[118,120]. Information can be obtained by comparing the quadrupole splitting and
isomer shift from different related materials. For example, values of both parameters
obtained in glass can be compared to the values from crystalline compounds of known
structure to determine structural information such as coordination number, geometry

and bond length.

4.4 DENSITY

The densities were obtained using the Archimedes’ method. A density kit, made of
a scoop and a scoop holder, is installed on a precision balance as shown in Figure
4.8. The holder is attached to the plate of the balance, and the piece made of two
scoops is placed on top of it. The bottom scoop is low enough to be immersed in
a liquid of known density pjiquia- The zero is made on the balance, then the sample
is placed in the scoop A, the mass is recorded, and the zero on the balance is made
again with the sample still in the scoop. Then the sample is placed in the scoop
B, and the weight indicated by the balance is the buoyancy (negative value on the

balance). The density of the sample is calculated according to the formula:

mass
= ————— Dligui 4.43
P “buoyancy Pliquid ( )
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Figure 4.8: Sketch of the density measurement set-up.

4.5 REFRACTIVE INDEX

The refractive index was measured on an Abbe refractometer (Atago DR-M4/1550)
at 589 nm. In some cases, the refractive index was also measured at 486 nm and
656 nm. The optimal and maximum dimensions of a glass sample are 40 mm long
and 8 mm wide. The smallest size acceptable for a sample is 15 mm long and 6 mm
wide. Measurements on an Abbe refractometer are very accurate and the results can

usually be given with four decimal places.
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CHAPTER 5

LEAD-CONTAINING GLASSES

5.1 LEAD BORATE SYSTEM (PbO), - (B203)1_,

(The content of this section was published in the Journal of Non-Crystalline Solids
[121])

The structure of lead borate glasses has been extensively studied over the last few
decades using Raman spectroscopy [122-125], 1'B and 2"Pb NMR [59,126,127] and
X-Ray diffraction [127]. It is well known that the surrounding environments of boron
and lead atoms undergo several modifications as the glass composition changes. This
system also shows a large variation in photoelastic response as assessed through
the stress optic coefficient. The purpose of the present contribution is to provide a
rigorous test of Mueller’s theory and Zwanziger’s empirical model. The system chosen
for study is lead borate glass, (PbO),-(B203)1_,, in the range 0.35 < z < 0.65.
This range in sample composition exhibits a large variation in the environment and

behavior of both the lead and boron cations.
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5.1.1 EXPERIMENT

(GLASS PREPARATION

All glass samples were prepared in platinum crucibles. Samples were synthesized
from lead (II) oxide (litharge, 99+%, Strem Chemicals) and boron oxide (B3Os,
99%, Sigma-Aldrich). The powders were mixed in the crucibles and placed in a oven
preheated to 300°C. The temperature was increased by 300°C every 15 min up to
900°C, and then increased by 200°C up to a maximum temperature of 1100°C for
15 minutes. The melts were quenched at room temperature on an aluminum plate
and then immediately transferred over to another oven that was held at a temper-
ature between 200°C and 450°C, depending on the composition of the glass and its
respective glass transition temperature. The glasses were annealed between 350°C

and 400°C. The molar fraction in lead oxide was verified by density measurement.

DENSITY MEASUREMENTS

All sample density measurements were performed using Archimedes principle. The
immersion liquid used was 99+mol% ethanol. Water was not used because of the
hygroscopic character of the glasses, particular those with low lead content. Due to
the slight variation of the density of ethanol depending on temperature, a series of

values for the density of ethanol were taken from the literature [128].

STRESS OPTIC MEASUREMENTS

The stress optic coefficient of each sample was determined by the Sénarmont method

of compensation described in section 4.1.
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"B NMR

All samples were crushed and packed in 2.5mm rotors. The ''B magic angle spinning
(MAS) NMR was performed on a Bruker Avance NMR spectrometer with a 16.4 T
magnet (700 MHz proton Larmor frequency, 224.68 MHz ''B Larmor frequency).
The samples were spun at 10 and 22 kHz to determine center bands and to identify
spinning sidebands. The NaBH, resonance served as a secondary chemical shift
standard at -42.1 ppm relative to BF3.Et;0O and was used to determine the pulse
power. For the !B MAS NMR spectrum 64 scans were accumulated using a pulse
length of 0.4 us at 78 kHz amplitude strength, chosen short for uniform excitation.
Pulse repetition times between 1 s and 5 s were determined to be sufficient for these
samples. Because of the substantial boron background, mostly from the rotors, the

spectrum of an empty rotor was subtracted.

27Ph NMR

All NMR experiments were carried out on a Bruker Avance NMR spectrometer with a
9.4 T magnet (400 MHz proton Larmor frequency, 83.7 MHz 2°"Pb Larmor frequency)
using a probe head for rotors of 4 mm diameter. The spectra were acquired on
static samples, as spinning the sample did not enhance resolution. The spectra were
acquired with a Hahn echo pulse sequence, using 90 degree pulses of 5.4 us, 10.8 us for
the 180 degree pulses and 20 us delay between the pulses. This delay was sufficient
for the acquisition of a full echo. Relaxation times were estimated by successively
increasing the repetition times. From these experiments a delay of 20 seconds was
found to give the best signal-to-noise ratio per time. A total of 128 transients were
accumulated. Spectra were processed with shifted Gaussian broadening, followed by
magnitude calculation of the spectrum. In these experiments the spectral shape is
determined by the pulse excitation profile, the probe quality factor and the intensity
of the sample spectrum. To characterize the total spectral intensities, the excitation

offsets of the spectra were shifted by 500 ppm successively until the full spectral
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Fraction PbO  density (g cm™3)

0.35 1.62(7)
0.40 4.99(4)
0.45 5.36(6)
0.50 5.66(2)
0.55 6.02(2)
0.60 6.44(9)
0.65 6.49(2)

Table 5.1: Densities of the lead borate glasses

width was covered. To avoid excessive baseline noise due to these additions, the
right and left baseline regions (30% on each side) were set to zero. The spectra
presented are the sum of all the acquired sub-spectra. Chemical shift referencing
was done with solid Pb(NOs), spinning the sample at 5.0 kHz at -3491 ppm. The
temperature dependence of the chemical shift has been well characterized [129] and

taken into account. Given the wide signal, this shift referencing is sufficient.

5.1.2 RESULTS

DENSITY MEASUREMENTS

The measured mass densities of the samples are collected in Table 5.1. These values
agree to within about 1% with those obtained by interpolating the data reported
by Feller and Affatigato [130], so we are confident that the glass compositions are

reasonably close to the nominal values.

STRESS OPTIC RESULTS

The samples used for the present study were measured on a light table operated
manually and on a spectrometer operated automatically by a computer. The values

of the stress optic coefficient for each glass composition are presented in Figure 5.1.
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Figure 5.1: Evolution of the stress optic coefficient as a function of lead oxide content.
Samples of the present work were measured on a light table and with a spectropho-
tometer using the Sénarmont method. Data from Matusita et al. [28] are shown for
comparison.

As expected, the stress optic coefficient decreases as lead content increases, starting
with positive values for low PbO content, giving a zero-stress optic composition at
x = 0.49 and then ending with negative stress optic coefficient at high lead content.
The values obtained by both methods here are very close, validating our results,
but they show a significant difference in amplitude with Matusita’s work [28]. The
difference may come from the method used to measure the angular phase difference:
in this work the Friedel’s method of compensation is used whereas Matusita et al.
determined the phase difference with a technique derived from the Tardy’s method
of compensation [23,28]. In spite of the difference in slope from Matusita’s results,
the evolution of the stress optic coefficient with the composition follows the same
trend in both cases, and the stress optic coefficient is equal to 0 Brewsters for a

molar fraction in lead oxide of 0.49 for all three series of measurements.
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"B NMR

The ''B NMR reveals the presence of 3-fold coordinated boron with a peak around
15 ppm and 4-fold coordinated boron with a peak at 0 ppm [131] in each of the

spectra, as shown in Figure 5.2. Slight variations on the chemical shifts and peak

:

20 15 10 5 0 5
(ppm)

Figure 5.2: 1'B NMR spectrum for each sample in the range 0.35 < x < 0.65. Peaks
are detected around 15 ppm and 0 ppm characteristic of [BO3] units and [BO,]~
units respectively. A very small variation of the chemical shift is observed for both
boron species.

widths are observed over the whole range of composition. The [BO3] peaks show
both residual quadrupole coupling as well as the change from isolated [BOjs] units
to [BOj3] units in six membered rings [79,132]. The fractions of [BO3] and [BO4|~
units show variations with the composition. The areas of the well-separated peaks
were integrated and the Ny fractions were determined for each composition using

data obtained at 22 kHz and including the spinning side bands. The N, fraction is
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defined as the ratio of [BO4|™ units by the total number of boron units:

[BO4|~
[BO4]~ + [BO3]

The results are reported in Figure 5.3. The number of 4-fold coordinated boron in-

Ny = (5.1)

creases with increasing lead oxide content, and reaches a maximum at approximately

x = 0.5. Following this point, the fraction of 4-fold coordinated boron decreases.

0.65
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Figure 5.3: The evolution of the N, fraction as a function of lead oxide content. The
fraction of 4-fold coordinated boron increases until a molar fraction of PbO of about
0.5 when the lead is entering the covalent network; then it decreases beyond this
composition.

27Ph NMR,

27Ph NMR spectra were obtained for 4 samples with molar fractions of 0.35, 0.45,
0.55 and 0.65 lead oxide (see Figure 5.4). For all samples, wide peaks typical of
207Ph NMR spectra are observed, and the spectra show a clear evolution from a lower
chemical shift to a higher chemical shift with increasing lead oxide. This observation
is in good agreement with a previous study [134]. Each spectrum was decomposed
into 2 or 3 gaussians and the chemical shifts and peak widths are reported in Ta-

ble 5.2. At low PbO content (x = 0.35 and & = 0.45) only two peaks with low
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Figure 5.4: 2°"Pb NMR spectra for samples at z = 0.35, 0.45, 0.55 and 0.65. The
gaussians peaks used to fit each signal are also displayed.

chemical shift are necessary to fit the signal. A third peak appears at high lead
content and the chemical shifts of all three peaks increase with lead content. The
intensity of the peaks with the lowest chemical shift decrease with the increase of

the molar fraction of PbO.

5.1.3 DISCUSSION

The stress optic coefficient decreases significantly with increasing lead oxide content
as in numerous lead containing oxide glasses [16,20, 133], and the zero-stress optic
glass has the composition of 49 mol-% PbO for all three series of measurements (see
Figure 5.1). As an initial test of Equation 3.14, an estimate of the zero-stress-optic
composition can be made using only the crystal structure values for bond length and

coordination number, which corresponds to the original formulation of the model.
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mol-% PbO ) Ao Area N,
ppm, +140 ppm, +240

0.65 -1569 1064 17.8 34
-344 1482 39.0 34
1056 1439 43.2 3
0.55 -1672 1410 36.6 4
-475 1380 2717 34
953 1746 35.7 3
0.45 -1753 2452 244 6
-138 1338 75.6 34
0.35 -2290 1223 55.8  6-7
-921 1568 442 34

Table 5.2: Deconvolution of the 22”Pb NMR spectra (Figure 5.4). The spectra were
fitted with two or three gaussians. The table columns list lead oxide content; chemical
shift 6 of gaussian; width Ad of gaussian; relative area of gaussian; and assigned
coordination number N, of lead in the fitted resonance.

Using 1.366 A and 3 for the B,O, bond length and coordination numbers [75], and
2.309 A and 4 for PbO [135], the model predicts zero-stress optic response at 37 mol-
% PbO, in poor agreement with experiment.

As noted, the empirical model was proposed based solely on crystal structure
data, which is reasonable when coordination numbers and bond lengths change little
over the glass composition range. This assumption is broadly true in silicates and
phosphates but not in borates. Indeed, the ''B MAS NMR reveals the presence of
both 3-fold coordinated boron and 4-fold coordinated boron as expected according
to previous NMR studies of borate glasses [59,126,127]. Equation 3.14 suggests that
the photoelastic response depends on the cations’ coordination number and oxygen-
cation bond lengths. Therefore, it is reasonable that the two different boron species
have to be taken into consideration in order to predict the photoelastic response.
Because the model is based on content of the different oxide compounds and z is
the mol-% PbO, we use Ny to weight the B,O, contribution to photoelasticity as
(1 — )Ny as [BO4]-like and (1 — z)(1 — Ny) as [BO;)-like.
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The 2"Pb NMR spectra indicate that the lead environment evolves with compo-
sition as well. The signal at lower chemical shift in the 2“”Pb NMR was assigned to
the lead atoms with a high coordination number [134] and this coordination number
was found to be 6 at low lead content (x < 0.35) [127,136]. At high lead content
the spectra are very similar to the signal obtained in lead silicate glasses (PbO), -
(Si02)1—y with y > 0.60 where the large broadening is characteristic of covalent PbOj
and PbO, pyramidal units [137]. Furthermore, the presence of a Pb-O-Pb covalent
network was observed by X-ray radial distribution function analysis only for samples
with z > 0.50 and with a lead coordination number that has a minimum value of 3
for all compositions with x > 0.75 [127].

From these results it appears that the variation of the [BOg4|~ results from of
the evolution of the lead atoms. At low content, the lead behaves ionically, carrying
two positive charges. Boron adopts a tetrahedral configuration [BO4]~ to balance
the overall charge of the material. For x > 0.50, the lead starts to behave cova-
lently, participating in the glass network and the amount of covalent lead increases
with increasing PbO content while the amount of lead atoms that behaves ionically
decreases. As a result the fraction of charge compensating [BO,]~ units decreases.
In addition, it is possible that [BOs| units with one or more nonbridging oxygen
begin to form at these compositions. The chemical shift and weight of each gaussian
composing the lead spectra are presented in Table 5.2. From these chemical shifts it
is possible to obtain an estimate of the Pb coordination number using the work of
Fayon et al. [136]. This estimation is in good agreement with Takaishi et al. [127]
who determined the average coordination number of lead and the Pb-O mean bond
length in lead borate glasses by X-ray radial distribution function analysis.

In order to test whether the additional structural details on the lead and boron
environments improves agreement of the stress-optic coefficient model with experi-

ment, we re-write Equation 3.14 as

(1= (1= ) T3 v - )0 o S

=054 5.2
: (5.2)

68



where d(Bj3) and d(B,4) are the B-O bond lengths in |[BO3] and [BO4]™ units respec-
tively, and d(PbO) and N.(PbO) are the Pb-O mean bond length and average lead
coordination number.

The structural data can be used in this model to various levels of detail. Ignoring
all variations in coordination numbers and bond lengths gives the original crystal-
based model of Equation 3.14. Next, one can use the NMR-based determinations of
coordination numbers for boron and lead (Figure 5.3 and Table 5.2), together with
crystallographically-derived bond lengths (1.366 A for [BOs], 1.44 A for [BO4]~, and
2.309 A for PbO [75,135,138]). Finally, one can try to account for the variation in
Pb-O bond length by incorporating Takaishi et al.’s results based on x-ray diffrac-
tion [127]. In that work, assignments of both N, and d were made for different glass

compositions, and can be correlated with a second order fit as:
d(PbO) = 0.054N.(PbO)? — 0.275N,(PbO) + 2.68. (5.3)

These three approaches are plotted in Figure 5.5. Based on this plot, a series of
revised estimates for the zero-stress optic composition may be made and compared
with experiment. This comparison is made in Table 5.3, where it is seen that both
methods of including detailed structural variation around the boron and lead sites
lead to greatly improved agreement with experiment. This finding is significant
because it shows that the empirical model based on bond lengths and coordination
numbers captures the majority of the physics giving rise to photoelasticity in an
oxide glass. In contrast to the above approach, according to Mueller’s theory of
photoelasticity a negative stress optic coefficient results from the presence of a large
amount of non-bridging oxygen [26]. Therefore the cation from the glass network
modifier should act ionically with these non-bridging oxygen. From Table 5.2 it
appears that the amount of high coordinated lead atoms (V. > 6) decreases with the
increase of lead oxide. Highly coordinated lead are only present in the two samples at
x = 0.35 and x = 0.45. The lead coordination number seems to remain consistent at

high lead oxide content with a value between 3 and 4. Results from this work clearly
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Figure 5.5: Results of the empirical model for three different cases: crystalline data
only; NMR results (this work) introducing an estimation of the variation of the
cation coordination number for each composition (bond length still constant); finally,
coordination numbers from this work and also Pb-O bond lengths based on work of
Takaishi [127].

Model Prediction Error
Crystal data 0.37 -25%
NMR-based N, 0.48 2%
Variation of d 0.46 -6%
Experiment 0.49

Table 5.3: Predictions of the various implementations of the empirical model for
zero-stress-optic composition with experiment. “Crystal data” means that only data
from crystalline B,0, and PbO were used; “NMR-based N.” means that coordi-
nation numbers for B and Pb based on the current study were used, together with
crystallographic bond lengths; and “Variation of d” means that in addition, the Pb-O
bond length was estimated based on the NMR-based N, and Takaishi’s bond-length
data [127].
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show that the lead is acting covalently at high lead oxide content even while the

stress optic coefficient is negative, in contrast to the prediction of Mueller’s theory.

5.1.4 CONCLUSION

The empirical model recently introduced by Zwanziger et al. [106] is based on three
parameters to determine the photoelastic response of a glass: the mole fraction,
the cation coordination number, and the cation-oxygen bond length of each oxide
constituents of the glass. This simple equation gives a result with a percentage of
error of typically 10% in glasses such as silicates and phosphates. The error becomes
significantly larger however in glasses like borates, where there are many non-linear
structural variations. However, inclusion of local structural information on the vari-
ation of coordination number and bond length are shown to restore the accuracy of
the model while retaining its simplicity and without introducing additional parame-
ters. Unlike the theory of Mueller, the empirical model appears therefore to offer a
robust tool for designing glasses with desired photoelastic response. It remains to in-
vestigate more fully the detailed physics of the underlying phenomena. For this task
the Mueller theory may be a good starting point, but any theory should ultimately
also provide some ability for compositional prediction and should be consistent with

the present model.

5.2 OTHER GLASS SYSTEMS

5.2.1 LEAD SILICATE (PbO), - (SiO3)1_,

Zero-stress optic properties were first discovered in lead-containing silicate glass. It
is well known that the zero-stress optic glass occurs at = = 0.45 (75 wt-%) [16,133].
Since the discovery of the Pockels’ glasses, the role of Pb?" in the lead silicate
system has been investigated using various analytical methods, such as lead and sil-

icon NMR, Raman spectroscopy, XPS experiments, X-ray diffraction, and neutron
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diffraction [137,139-149]. From the crystalline data of PbO (Pb— O = 2.326 A,
N, = 4 [135]) and SiOy (Si — O = 1.609 A, N, = 4 [68,69]), the empirical model
predicts a zero-stress optic glass composition at x = 0.56, which gives an error of
24%. The structure of the lead silicate glasses is not fully understood because of
the ambiguous behavior of the lead atoms. The silicon atoms remain in a constant
environment no matter the amount of lead oxide in the glass. The Q" species of
silicon evolve from n = 4 to n = 0 with the increase of lead oxide in the composi-
tion [137,147-149]. The silicon dioxide acts as the main glass former up to z = 0.60,
after which point the SiO, chains are being depolymerized, and only Q' and Q°
silicon remains at high lead content, in the form of SiOj~ pyrosilicate and Si;O%~
orthosilicate. In the late 1990s, Fayon et al. investigated the lead silicate glass struc-
ture using 2Si NMR, 2"Pb NMR, and Pb-L;;; edge XAFS [137,147] in the range
of composition 0.31 < z < 0.73. They demonstrated that through the whole range
of compositions, the 2"Pb NMR static spectra show only large broadening signal
with a strong chemical shift anisotropy and a positive isotropic chemical shift typical
of a covalent behavior. At high content, the lead atoms are located at the apex of
covalent [PbOy4] and [PbOs3] distorted pyramids. The ?°"Pb NMR does not show any
transitions from ionic to covalent nature as seen in the lead borate glass [137]. The
XAFS experiment revealed the consistency of the Pb— O bond length with constant
values between 2.22 A and 2.42 A in the range 0.31 < x < 0.66 [147).

X-ray and neutron diffraction were used by Takaishi et al. to investigate the local
environment of the lead atoms in the range of composition 0.25 < x < 0.89 [148]. The
results from both diffraction methods gave similar results: the coordination number
of the lead decreases from 6 to 3 with the increase of lead oxide in the composition,
similarly to the lead borate system. The oxygen atoms around the Pb atoms are
not all at the same distance: three oxygens are always at approximately 2.3 A from
the lead, whereas the additional oxygens are at about 2.8 A. The shortest distance
corresponds to the Pb — O bond length of the [PbO3] pyramidal unit; therefore, in

agreement with the work of Fayon et al., it can be said that the lead is on top of
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a triangle based pyramid through the whole range of composition with additional
oxygens from the surrounding [SiO4] at low lead content. Nevertheless, the use of
the bond lengths and coordination numbers given by Takaishi et al. in the empirical
model improves the prediction of the zero-stress optic composition with a fraction of
lead oxide at z = 0.50 (error = 11%).

A recent study involves various spectroscopic methods whose results can be com-
pared to solve the structure of this glass system [149]. Time-of-flight mass spectrom-
etry (MS-TOF) reveals the presence of Pb?T ions in the glass at x = 0.50, but its
amount decreases to finally not being detected at high lead content. In agreement
with Takaishi et al., this study states that the lead is acting as a glass network mod-
ifier at low content, and it creates its own glass network at high content (x > 0.66).

All the studies agree on the role and local structure of the silicon dioxide, which
is always present as a [SiOy4] tetrahedron, that creates a three dimensional glass net-
work at low and medium lead content (x < 0.66). The role of the lead atoms and
their surrounding environments is more ambiguous. According to the most recent
studies involving numerous spectroscopic methods, it appears that the lead’s coordi-
nation number decreases from 6 to 3 with the increase of PbO. At low content, the
lead is acting as a glass network modifier, but it becomes more and more covalent
as its concentration increases, and finally it creates its own sub-network of [PbO,,]
pyramidal units (n = 3 and 4) [149]. However, more investigations should be done
to find out why the ionic lead is not visible on the static NMR spectra [137]. An
evolution of coordination number from 6 to 3 should give clear changes of the aver-
age isotropic chemical shift and shape of the signal (CSA). In spite of the remaining
uncertainty on the lead’s nature at low content, all studies agree on the covalent
character of the lead in glasses with high amounts of PbO, which also corresponds

to the compositions with low and negative stress optic coefficients.
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5.2.2 LEAD PHOSPHATE (PbO), - (P20s5)1_,

Almost no data can be found in the literature about the photoelastic response of
the lead phosphate binary glass system. Only two values of stress optic coefficients
were reported for this system: C' = 0.35 Brewsters at z = 0.50 [150], and C' = —0.59
Brewsters at « = 0.55 [151]. Thanks to these two stress optic coefficients of opposite
signs, it can be deduced that the zero-stress optic composition is in the range 0.50 <
x < 0.55. Based on the crystalline data of each oxide and the empirical model,
the zero-stress optic composition is predicted to be at x = 0.60, which remains in
the ~15% error range usually observed in the results given by the model. It has
been observed in all binary systems that the evolution of the stress optic coefficient
always continuously increases or continuously decreases with the addition of a glass
network modifier. Therefore it can be assumed that the addition of lead oxide in the
phosphate glass decreases continuously the stress optic coefficient, similarly to the
lead silicate and lead borate systems. In phosphate glasses, the coordination number
of the phosphorus atoms and the P — O mean bond length have the advantage
of remaining constant throughout all glass compositions, with values 4 and 1.5 A
respectively [96,97,152]. This characteristic makes it easier the study of the structure
of binary phosphate glasses. The environment of the lead atoms has been investigated
using various spectroscopic methods, such as Raman and infrared spectroscopy [152],
207Ph NMR [60,61], EXAFS [153] and X-ray diffraction [154]. All these studies agree

on the same conclusions:

e The addition of lead oxide in the glass gives rise to a progressive depolymer-
ization of the phosphate network.

e The addition of lead oxide gives rise to a decrease of the Pb — O bond length.

e At low content, the lead acts ionically whereas at high content it acts more

covalently (transition from a high to a low coordination number).
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In spite of all the studies about this glass system, none of them provide quantified
measurements of the bond lengths and coordination of the lead through the compo-
sitions, therefore no structural data of the glass can be used to see if the empirical
model can provide an improved result. Similarly to the borate and silicate glasses,
a positive stress optic coefficient is associated with an ionic lead, whereas a negative

stress optic coefficient is associated with a covalent lead.

75



5.3 SUMMARY

The investigation of the structural variations in the lead borate glasses revealed im-
portant modifications of the coordination and bond length of the lead atoms. These
structural variations are correlated with the photoelastic response of the different
glasses and it was observed that a lead acting ionically gives rise to a positive stress
optic coefficient, whereas a covalent nature is associated to a negative stress optic
coefficient. This correlation between the structure and the photoelastic response
appears to be consistent in all lead glasses as determined from the literature in the
silicate and phosphate glasses. Such a consistent correlation contradicts Mueller’s
theory of photoelasticity which cannot be considered as a general theory to interpret
the structural origin of the photoelastic response in glasses.

On the other hand, the introduction of the structural variation in the Zwanziger’s

empirical model greatly improves the accuracy of the predictions.
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CHAPTER 6

TIN-CONTAINING GLASSES

6.1 TIN PHOSPHATE SYSTEM (SnO), - (P2O5)1_,

(The content of this section was published in the International Journal of Applied
Glass Science [155])

In this section the tin phosphate system is investigated in detail. Phosphorus pen-
toxide, P50s, is a strong glass former, and for all phosphate glasses the P atom
is coordinated to four oxygen atoms in a tetrahedral geometry [91,94,95, 156, 157].
Furthermore, the P — O mean bond length does not vary when a modifier is added,
even when the number of bridging oxygens and non-bridging oxygens does not re-
main constant [96,97,158]. Therefore, in binary phosphate glasses, the d/N, ratio
for the phosphate component is always equal to 0.38 A, and the difference between
the prediction of the photoelastic response and the experimental values should only
come from the contribution of the additive. Using data from crystalline SnO and
P50s5, the zero-stress optic composition is predicted on the basis of Eq. 3.14 to occur
at 69% SnO when in fact it occurs at about 56% [106].

The previous work on lead borate glasses showed that the discrepancy between
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the empirically predicted composition and the experimental composition for a zero-
stress optic composition could be attributed to structural variations (see section 5.1).
In that study, however, the well-documented coordination change of boron was easy
to measure; taking it into account gave excellent agreement between the corrected
empirical value and the experiment. In the present case, the phosphate component
is known to be structurally invariant, as mentioned above, therefore the evolution of
the stress optic coefficient should be related to the composition and the structural

variation of the tin’s environment.

6.1.1 EXPERIMENTAL AND COMPUTATIONAL METHODS

(GLASS PREPARATION

Tin phosphate glasses were prepared from ammonium dihydrogen phosphate (NH,H,POy,
Sigma-Aldrich, 98+%) and tin(IT) oxide (SnO, Sigma-Aldrich, 10 micron powder,
99+%). The reagents were mixed in alumina crucibles and melted at 1050°C for
30 min under argon atmosphere to avoid the oxidation of tin(II) oxide to tin(IV)
dioxide. The liquid was cooled between two brass plates at room temperature [106].
Chemical compositions were checked using energy dispersive spectroscopy (EDS),

coupled with scanning electron microscopy (SEM) observation.

11997 MOSSBAUER SPECTROSCOPY

Room temperature 9Sn Mossbauer effect spectra were obtained using a Ca''¥™SnQO;
source and a Wissel System II Mossbauer spectrometer operating in constant accel-
eration mode. Center shifts were referenced to CaSnO3 and the spectra were fitted
with the Recoil software package [159]. For the Mossbauer experiment, the glass

samples were ground under Os-free atmosphere in a mortar.
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31'P NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

The 3'P NMR experiments were performed on a Bruker Avance NMR spectrome-
ter with a 9.4 T magnet (162.02 MHz 3'P Larmor frequency) using a magic-angle
spinning probe and 2.5 mm diameter sample rotors. The 3P NMR chemical shift
scale was referenced externally against NH;H,PO3 at 0.81 ppm as a secondary ref-
erence. The 90 degree pulse time was also determined on this sample. The final 1-d
magic-angle spinning spectra were acquired with a pulse of 0.75 us (corresponding
to a 20 degree flip angle) at 74 kHz rf field strength and 60 s recycle delay. Samples
were spun at 25.0 kHz. Line shape simulations were performed using the program

Dmfit [160] and XEDPLOT (Bruker software package).

STRESS OPTIC MEASUREMENTS

The stress optic coefficient of each samples was determined by the Sénarmont method

of compensation described in section 4.1.

6.1.2 COMPUTATIONAL STUDIES

The computational studies of several tin-phosphate crystals was performed by J.W.
Zwanziger [155] Crystalline model compounds were studied using the ABINIT soft-
ware package [161], using the projector-augmented wave (PAW) approach [162]. This
code implements density functional theory to compute the electronic structure of a
solid, using a planewave basis and pseudopotentials for the ionic cores. The PAW
approach implements a mapping from the pseudo-wavefunctions in the valence space
back to all-electron wavefunctions and thus recovers accuracy similar to all-electron
codes but with much smaller basis sets [163]. The Mossbauer isomer shift and elec-
tric field gradients were computed using the PAW-derived electronic densities and
reconstructing the all-electron values of these quantities [164-166]. This approach

has been thoroughly tested in the ABINIT code for these ground-state quantities on
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a variety of materials [164, 165].

6.1.3 RESULTS

11997 MOSSBAUER SPECTROSCOPY

11980 Mossbauer spectra were obtained for glass compositions (SnO),(P205);_, with
x =0.42,0.55,0.66,0.75, and 0.86. Using the program Recoil, the spectra were fitted
with doublets represented by Voigt-based functions utilizing Gaussian distributions
of quadrupole splittings. The center shift distribution was assumed to be a linear
function of the quadrupole splitting distribution. For the two glasses with the low-

1 which reveals the

est content in tin oxide, a small peak was present at 0 mm.s™
presence of tin dioxide, SnOs, in the samples. The content of tin(IV) is estimated at
2.1% of the total tin content for x = 0.42 and 1.7% for x = 0.55 SnO respectively.
Initially the spectra were fitted with one component for the site corresponding to
SnO. The fits were good except at the base of the doublet where they were too nar-
row compared to the data. To solve this problem, another component was added

and in this case the fits were much improved; final fits are shown in Figure 6.1.

Component 1 Component 2
Xm0 IS QS  Width IS QS  Width
0.42 | +3.54(2) 1.23(1) 0.46(3) | +3.01(2) 4.64(6) 3.32(3)
0.55 | +3.26(4) 1.55(2) 0.48(4) | +2.66(4) 6.07(5) 1.26(3)
0.66 | +3.18(3) 1.59(2) 0.51(4) | +2.76(3) 5.61(3) 3.6(3)
0.75 | +3.05(3) 1.88(1) 0.61(4) | +3.05(3) 2.30(2) 6.22(3)
0.86 | +2.90(2) 1.91(1) 0.44(3) | +2.81(3) 3.87(5) 3.71(2)

Table 6.1: Isomer shift IS relative to SnO, , quadrupole splitting QS, and Gaussian
width (all in units of mm.s™!) for 19Sn Mdossbauer spectra of glasses with the given
SnO content. Uncertainties in the last digit are given in parenthesis. In all cases the
broad second component represents about 10% of the total intensity.
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Figure 6.2: Correlation between the tin isomer shift and quadrupole splitting in
various stannous phosphate compounds.

The mean center shift, quadrupole splitting and Gaussian width of the fitted
resonances are reported in Table 6.1. For the two-component fit, the dominant
component represents around 90% of the signal in all spectra. This component ex-
hibits the same isomer shift and quadrupole splitting as the single-component fit.
For the second components, each about 10% of the total intensity, the isomer shifts
and quadrupole splitting evolved randomly with the composition, contrary to the
dominant component, the values of which varied linearly with composition. More
importantly, the weak second components are much wider than the dominant com-
ponents, and in addition have slightly different isomer shifts and larger quadrupole
splittings. A similar phenomenon was observed in the case of pure iron after me-
chanical grinding, and in that work the contribution of the second component was
explained by the environment of the iron atoms at interfaces [169]. The grinding
effect was also studied on tin dioxide and revealed its reduction due to the mechan-
ical action [170]. Similarly the broad second component is interpreted here as due
to surface effects, and will not be considered further in the discussion below. The

results of computed '?Sn Mossbauer parameters are compiled in table 6.2. In the
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Calc. Expt. <

Compound Site S QS IS Qs d. ds
SnO, [171,172] 1 0 0.52 0 0.499
Sn,P,0, [173] 1 372 1.49 2.18 2.85
2 [3.63 1.72 2.16 3.00
3 |3.44 1.85 2.13 3.24
4 |3.67 1.66 2.14 3.15
SnyP,O4 [174,175] 1 1322 213|292 185 | 212 2.96
2 3.09 2.07 | 2.92 1.85 | 2.10 3.05
3 |38 1.70| 3.53 122 |224 2.85
Sn,P,0,4 [176] 1 1339 227 2.15 3.02
2 (333 214 2.15 2.75
3 1332 232 2.20 2.51
4 | 3.28 1.78 2.12 2.98
Sn;P,0,, [176] 1 (339 246 220 2.51
2 3.00 2.48 2.15 2.75
3 [3.43 238 2.17 2.84
4 |3.10 227 2.12  3.20
5 325 230 2.15 2.75
1

SnO [172,177] 278 1.40 | 2.678 1.36

Table 6.2: Computed center shift and quadrupole splitting (calculated at 0, and
measured isomer shifts and quadrupole splittings of several stannous crystals. The
measurements at room temperature take into account the second-order Doppler ef-
fect.

literature, four tin phosphate crystal structures were found, including SnyP2O7 [173],
SnzPy0g [174], SnyP20g [176], and SnsP204¢ [176]. The latter two structures have
open frameworks with large channels, and tin in quite uncommon trigonal planar
geometries; we decided therefore to exclude these two structures from comparison
with the glasses as their structures seem too unlike what is found in condensed amor-
phous systems. These data are plotted in Figure 6.2 as a correlation of quadrupole
splitting QS as a function of isomer shift IS, together with the measured values for

the glasses.
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3P NMR

The 3'P NMR spectra show the trends as were observed by Bekaert et al. and by
Holland et al. [178,179]. The spectra show unresolved, but in most cases asymmetric
lines, whose position shifts downfield with increasing tin content. Fits to two com-
ponents for each spectrum also follow the known positions and trends for Q°, Q?,
Q?, and Q? peak positions, themselves shifting slightly down field with tin content,
but staying within the known ranges [178]. We find Q° between -15 and -10 ppm,
Q! between -20 and -23 ppm, Q? between -30 and -35 ppm, and Q? around -44 ppm.
The fractions of the @-species also follow the trends discussed previously based on

charge balances, as here the Sn** contributions are small [178,179].

STRESS OPTIC RESPONSE

The stress optic response of the compositions studied here are listed in Table 6.3.
Similarly to the lead oxide, an addition of SnO decreases the value of the stress optic

coefficient. The zero-stress optic compositions is found at = = 0.56.

C
sno (Brewsters)
0.55 0.2
0.60 -0.8
0.65 -1.3
0.75 -2.4

Table 6.3: Stress optic coefficient of the tin phosphate glasses.

6.1.4 DISCUSSION

In order to use the empirical model to predict the zero stress optic coefficient, it

is necessary to determine the bond lengths and coordination number around each
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cation. For phosphorus, as discussed previously, this is simple, as the coordination
number is exactly four and the bond lengths hardly vary in these coordination num-
bers. The 'Sn Mossbauer spectra however show that the tin environment changes
notably over the composition range studied, with the isomer shift changing from
3.54 mm.s~! to 2.90 mm.s~!. The computed and measured isomer shifts in crystal
models summarized in Table 6.2 show very broadly a similar trend as SnO content
is increased, though with some marked differences. Close inspection of the crystal
structures cited for these studies shows that in all the tin phosphates, the tin atoms
are closely bonded to three oxygens and more distantly to 1-3 more. The close
distances range from 2.1 to 2.3 A, while the longer distances range from 2.85 to
3.25 A. The large shifts, as are found in the glasses at low SnO content, are found in
the crystal sites when the three short bonds are at the long end of their range and
the longer bonds are relatively short; this circumstance leads to the greatest total
electron density at the tin site and hence the largest shift. The smallest shifts are
associated with sites in which the three short bonds are all relatively short. It is
important here to note that the range of the short bonds is small, while the range of
the long bonds is large. Evidently a small decrease in the short bonds is not enough
to compensate for a large increase in the long bonds, and the isomer shift decreases.
The trend observed in the quadrupole splittings supports the above suggestion. Fig-
ure 6.2 shows a negative correlation between the quadrupole splittings and the isomer
shifts, such that larger splittings are found in sites with smaller shifts and conversely.
This trend is observed both in our computational results on SnaP2O7 and SnsP,0Og
and in the experimental results for Snz3P,Og [175] and the glasses. The primary
difference between the computations and the experiments is an evident systematic
overestimation of both IS and QS, however, the compositional trend is reproduced
accurately. The experimental results on SnsP,Og closely bracket the results on the
glasses. One would expect sites with more nearly equal bond lengths to have smaller
quadrupole splittings, due to their more nearly tetrahedral or octahedral symmetry,

and these sites are also the ones with the larger shifts. Similarly, the sites with small
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shifts are those with three short bonds and a longer one, thus a greater deviation
from symmetry and a larger quadrupole splitting.

Implicit in the above discussion is the assumption that the contacts at longer
distances (Sn-O contacts of 2.85-3.25 A) are truly bonds in the chemical sense. To
test this assumption the AIM formalism was used to analyze the computed electron
density distributions of SnyP2O7; and SngP;0g. We found that most of the Sn-O
contacts out to 3.25 A do in fact show bond critical points, albeit with density about
of about 10-20% that of the bond critical points of the three short bonds. These
long contacts can thus indeed be counted as weak chemical Sn-O bonds.

Based on the above observations the Mossbauer spectra in the glasses are inter-
preted as indicative of an average tin site consisting of three short oxygen contacts
and one longer, weak contact. At low SnO content, the short bond distances are
very roughly 2.3 A while the longer distances are about 2.85 A, and as SnO is added,
the short distances decrease to 2.1 A and the longer distances increase to 3.25 A.
Note that by '%Sn NMR, Holland et al. also concluded a tin coordination number
of three [179], which would correspond to the three short bonds we posit. They also
observed that the 1'9Sn chemical shift skew increased with SnO content, which could
arise from an increasingly asymmetric environment, as we see also (but more directly)
from the tin quadrupole splitting. The more detailed interpretation we obtain arises
mainly from the relative simplicity of interpreting and modeling Mdossbauer spectra
of 119Sn as compared to 19Sn NMR spectra.

The above structural model for the tin sites may be incorporated into the empir-
ical model of the stress-optic response in several ways, as summarized in Table 6.4.
The first, termed Model A, is the empirical model as originally proposed. Data for
tin is incorporated through its crystal structure, for which the coordination number
is 4 and the bond lengths are 2.22 A. This model predicts zero-stress optic response
at 69% SnO content, much higher than the 56% found experimentally [106]. In
Model B, the longer Sn-O bonds of the glasses deduced from the Mossbauer spec-

tra are ignored completely; in this case the contribution of SnO to the stress optic
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response is substantially overestimated, leading to the prediction of zero-stress op-
tic response at only 34%. If only the coordination number is allowed to increase
from 3 to 4, Model C results, which is also in poor agreement with experiment. In
Model D, the average bond length is increased as well, through a weighted average

of short and long bonds. This model agrees very well with experiment. From the

Model Bond length Predicted Zero Stress
(A) ¢ Optic Composition
A 2.22 4 0.69
B 2.2 3 0.34
C 2.2 4 0.71
D 2.4 4 0.55

Table 6.4: Predicted compositions for zero-stress optic response, based on the em-
pirical model and different treatments of the tin environment. Experimentally, tin
phosphate glass shows zero-stress optic response at a composition of 0.56.

point of view of the empirical model, Models A and C overestimate the content of
SnO needed to achieve zero-stress optic response because they both combine mod-
erate bond lengths with larger coordination numbers. Thus the bonds are not very
metallic, hence not polarizable, and the units are hard to deform anisotropically.
Both conditions together are not very amenable to the necessary negative stress op-
tic response needed to offset the positive stress optic response of the phosphate. In
Model B, the coordination number is reduced but the bonds are unchanged, leading
to a model of SnO that is exhibits significantly more negative stress response than is
realistic and hence a gross underestimation of the amount of SnO needed of balance
the phosphate response. In model D the metallicity of the long bonds are taken into
account as well, again through their length, and the result is that when this level
of structural detail is accounted for, the model is in good agreement the measured

zero-stress optic composition.
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6.1.5 CONCLUSION

In this section, we showed that the very simple empirical model for the composi-
tion dependence of the stress optic response in glass remains valid even when the
modifying cation is in a complex environment consisting of variable contact lengths,
provided that these structural features are incorporated into the model. Mossbauer
spectra of tin were interpreted in detail through comparison with experimental data
and first principles calculations on model systems to deduce that the tin sites are
comprised of three short and one or two longer oxygen contacts; when incorporated
into the empirical model, a prediction for the zero-stress optic composition in good
agreement with experiment was obtained. It remains to investigate in more detail
the physics of the stress optic response and why the simple empirical model works

as well as it does.

6.2 OTHER BINARY TIN-CONTAINING GLASS SYSTEMS

6.2.1 TIN SILICATE (SnO), - (SiO3)1_,

Among the tin-containing binary glasses, the tin silicate system has also been demon-
strated to give a zero-stress optic composition for x = 0.47 [106]. The addition of tin
oxide decreases the stress optic coefficient with the same “strength” as the lead oxide.
In the lead silicate system, C' = 0 occurs at xppo = 0.45 (see section 5.2.1). The tin
oxide can be considered as the best potential substitute to PbO. In addition, tin(II)
increases the refractive index of the glass and does not affect its transparency. The
glass preparation has to be done under O,-free atmosphere to avoid the oxidation of
SnO to SnO, which brings a white color to the glass, and, according to the empirical
model, contributes to a positive stress optic coefficient. From the prediction of the
empirical model the zero-stress optic composition should be found at z = 0.63, which

is a significant difference of about 34% with the experimental value.
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In this glass the silicon atoms remain in a tetrahedral site surrounded by four oxy-
gens no matter the amount of SnO. The Si — O bond length does not suffer major
variations, its value remains between 1.61 A and 1.64 A in the range of composition
0.20 < z < 0.80 [180,181]. '9Sn Mossbauer spectroscopy shows a minor decrease
in the isomer shift with the increase of tin oxide, which reveals the stability of the
tin environment through the composition [182]. The quadrupole splitting decreases
indicating that the tin atoms are getting into a site slightly more distorded when the
amount of SnO increases. In spite of these variations, the local environment of the tin
atoms also remains very stable through the range of compositions. The Sn— O bond
length was determined at 2.12 A and does not vary [181]. The tin atoms are located
on top of a triangle based pyramid. Therefore the coordination number of the tin
atoms in the glass is 3, whereas it is 4 in the SnO crystal [183]. The tin remains with
a low coordination number at low and high SnO content in the (SnO),-(SiO3)1_s
system. Tin is mainly covalent throughout the range of compositions, and no major
structural modifications can be observed between the compositions with a positive
stress optic coefficient and the ones with a negative stress optic coefficient. However
it should be noted that a small amount of [SnOy4] square based pyramid units has
been detected at high tin oxide content [180]. The existence of [SnO3] pyramids in
a network of [SiO,] tetrahedra is possible only if some oxygens are shared between
three cations (either Si;OSn or SiOSns), which contravenes the second of Zachari-
asen’s rules of glass formation [180,181]. By using the coordination numbers and
cation-oxygen bond lengths given previously for the tin and the silicon, the empirical
model predicts a zero-stress optic composition at x = 0.33, which overestimate the
contribution of the tin. The presence of tin four-fold coordinated should have an
impact on the photoelastic response of the glass. Unfortunately no quantification of
the two tin species was found in the literature. Furthermore, the empirical model
takes into consideration the cations’ coordination number but not the oxygen’s co-
ordination, which is assumed to be 2 in all oxide glasses. The presence of oxygen in

coordination 3 might affect the quality of the theoretical results given by the model.
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6.2.2 TIN BORATE (SnO), - (B2O3)1_,

No tin borate glass was prepared in the laboratory therefore no photoelastic data
were acquired. No information about it could be found in the literature. However a
few words could be said about its structure which remains partially unsolved. Tin
borate glasses have been studied with various spectroscopic methods, such as 'B
NMR [184-186], '*9Sn NMR [185], *?Sn Mossbauer [184,187], Infrared [187] and

neutron diffraction [186].

NMR AND MOSSBAUER SPECTROSCOPY

The "B NMR results show similarities with the lead borate glass system. The
introduction of SnO in the borate glass gives rise to the creation of [BO4|™ units at low
content. The Ny fraction increases to reach a maximum value at x = 0.50, and then
decreases but the [BO4]~ units does not completely disappear [184,185]. The amount
of tetrahedral boron is much less in the tin borate glass (N4(max) &~ 28%) than in the
lead borate glass (Ny(max) =~ 55%). It should be noted that the glasses synthesized
by Holland et al. and by Hannon et al. were prepared in alumina crucibles, resulting
in a small, but significant, amount of Al,O, in the samples [186]. The presence of
alumium oxide should affect the amount of [BO4]™ in the glass, these units being
substituted by [AlO4]™ [188]. A comparison with the data obtained by Hayashi et
al. [184], who prepared the samples in carbon crucibles, shows very good agreement
and the small amount of Al,O4 seems to not affect the NMR results. For high tin
compositions (x > 0.5) the Ny fraction is decreasing. It could be expected that the
B — O bond length decreases with the boron’s coordination number as observed in
lead borate glass [148], but it remains almost constant in the range 0.40 < 2 < 0.70.
This unusual behavior does not fit the current model of glass structure and it remains
unexplained [186]. Among the borate glasses, this phenomenon is observed only
in the tin binary system, but it was also detected in germanate glasses such as

caesium germanate [189,190]. From ''9Sn Mossbauer spectroscopy [184, 187 and
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119Sn NMR, it seems clear that the tin atoms are acting mainly covalently. The
static NMR spectra reveals an increasing Chemical Shift Anisotropy which tends
to become identical to the CSA of the crystalline SnO [185]. The isomer shift and
quadrupole splitting values also suggest a tin of coordination 3 in an asymmetric
site [187]. The tin behavior is more ambiguous at low content. It seems to be
a combination of asymmetric [SnOs] units and highly symmetrical sites with high
coordination [186]. In the whole range of compositions, 0.127 < z < 0.581, the

values of the quadrupole splitting are mostly greater than 1.7 mm.s™!

indicating a
tin atom in an asymmetric environment. On the other hand, the *9Sn static NMR
spectra show a low CSA at low tin content typical of tin atoms in a symmetrical
environment [185]. Tin and boron’s coordinations and the cation-oxygen bond length

were obtained from neutron diffraction and ''B NMR [186].

DISCUSSION

The use of these data in the empirical model reveals that all the glasses in the range
of compositions 0.187 < x < 0.657 should have a negative stress optic coefficient. By
comparing the structure of the tin borate glasses with the structure of the lead borate
glasses, it does not seem possible for low tin compositions to exhibit negative stress
optic coefficients. It was shown in the previous sections that the empirical model
gives accurate prediction of the photoelastic response of glass if detailed and precise
data are provided. The B — O bond length’s unusual evolution and the ambiguous
behavior of tin at low content remain to be solved. Nevertheless, it appears from all
the studies previously mentioned that the tin has a coordination number of 3 and
is acting covalently at high content. This is in good agreement with the implication
of tin in the glass network, which is required to avoid the devitrification of the
glass at high tin content. Also, by comparison with the lead borate glass, it can
be predicted that high tin glasses should have an negative stress optic coefficient.

Unfortunately the zero-stress optic composition cannot be predicted or estimated,

91



and only experiment data could provide an answer.

6.3 TIN BOROPHOSPHATE

(5n0); - (B203)y - (P20s)1-2—y

In terms of the photoelastic response and optical properties, tin oxide appears to
be the best candidate to substitute lead oxide in glass. Unfortunately its strong
tendency to oxidize into SnO, makes its preparation more challenging than lead-
containing glasses. The detailed study of the tin phosphate glasses presented in
section 6.1 does not mentioned the chemical durability of these glasses. In fact
no test of durability were performed on these samples, but it is well known that
phosphate glasses are highly hygroscopic. These samples did not show any strong
reactivity with atmospheric moisture and they were easily kept in a desiccator with
no visible degradation of the material. Phosphate and borate glass systems are
known to be hygroscopic, but the incorporation of a slight amount of B,O; into
a phosphate glass greatly improves the chemical durability [191-194]. Because of
this interesting property, some tin borophosphate glasses were prepared and their
structure and potoelastic response were investigated. One of the objectives of the
work presented in this thesis was to find a glass that could compete with the Schott
SEF57 lead-containing glass in terms of the physico-chemical properties. Therefore the
physical properties, or more precisely the optical properties, of the tin borophosphate

samples were compared with the properties of the SF57 glass.

6.3.1 EXPERIMENT

(GLASS PREPARATION

The glass samples were prepared from SnO (Sigma-Aldrich), NH,H,PO, (Sigma-
Aldrich, 98+%, A.C.S. reagent) and ByO3 (Sigma-Aldrich, 99%). The samples were

92



prepared with specific zp,0, / Tp,0, ratios for different amounts of SnO. The reagents
were weighted and mixed into an alumina crucible. The crucibles were then placed
into the drybox’s antechamber where the oxygen was removed by pumping out the
air. The vacuum was made for one hour, then the antechamber was refilled with
nitrogen and the vacuum was made again for another hour. This operation was
repeated three times to be sure to remove all of the oxygen that could be trapped
in the powders during the preparation. The drybox was not equipped with any
oxygen detection device, only the pressure into the antechamber could be measured.
Finally the crucibles were transferred into the drybox itself. All the glasses were
prepared following the same general procedure: the crucible was placed into a box
furnace preheated at 1050°C, then quenched at room temperature and immediately
transferred onto a hot plate between 300°C and 350°C to prevent the glass from
cracking. Glasses with molar fractions from 0.45 to 0.65 in SnO were prepared.
Three series were successfully obtained for specific xp,0, / Tp,0, ratios of 0.2, 0.4 and
0.6. These compositions are reported on a ternary diagram (Figure 6.3). From here
these series of samples are called 0.2, 0.4 and 0.6 series in reference to this ratio. The
samples were annealed at a temperature between 300°C and 400°C, and then were
cut and polished for stress optic measurements. Diamond pastes of different particle
sizes from 15 pm down to 1 pum were used to polish the samples. The compositions
of the glasses prepared by Lim et al. [195] are also reported on the ternary diagram
of Figure 6.3. In their work, Lim et al. focused on the effect of the addition of B,0O,
to the glass. They prepared two series of samples starting with a tin phosphate
composition of 66.7 SnO - 33.3 P,0O; to which they added B,0O4 according to the

formulas:

e Series I:  x B,O4 - (100-x)(66.7 SnO - 33.3 P,O;)
e Series II:  x B,O4 - 66.7 SnO - ((33.3-x) P,O;)

In these two series, the addition of B,0O4 reduces the aqueous corrosion rate by a

factor of 10 [195]. These compositions are close to the samples prepared in this work,
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therefore it is expected to obtain samples with good durability.

m0.2 series
@ 0.4 series 0
4 (.6 series

+Lim - series |
> Lim - series |l

0 0.2 0.4 0.6 0.8 1
SnO

Figure 6.3: Ternary diagram of the glass compositions prepared for this work, and
the compositions made by Lim et al.

COMPOSITION ANALYSIS

Attempts were made to analyze the exact composition of the glass samples by double-
EDS analysis. Unfortunately, perturbation between the different elements, mainly
due to the presence of boron atoms, resulted in poor signal quality and irrelevant
quantitative results. All elements present in the glass were detected (B, O, P, Sn
and Al from alumina crucible), but the proportion of each was not consistent from
one measurement to the next leading to high uncertainties. As a consequence, the
following discussion will be done only in a qualitative way, taking into account the

nominal compositions.
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DENSITY MEASUREMENTS

All sample density measurements were performed using the Archimedes principle.
The immersion liquid used was distilled water. Water was used instead of ethanol

because of improved water corrosion resistance of the borophosphate glasses [195].

ABSORPTION MEASUREMENTS

Absorption measurements were performed using the Varian Cary 5000 Spectrometer
in the range of wavelength 300 nm (near UV) to 3300 nm (mid infrared). Only

homogeneous samples with well polished faces were used for these measurements.

REFRACTIVE INDEX

The refractive index was measured using an Atago Abbe refractometer. The typical
refractive index was measured at wavelength 589 nm. The refractive indices at 486
nm and 656 nm were also recorded to calculate the dispersion and Abbe number of
the glasses. The Abbe refractometer requires samples of specific size, therefore the

refractive index was measured only for the biggest samples.

STRESS OPTIC MEASUREMENTS

The stress optic coefficient of each sample was determined by the Sénarmont method

of compensation described in section 4.1.

1198 MOSSBAUER SPECTROSCOPY

Room temperature *Sn Mossbauer effect spectra were obtained using a Ca!'9™SnQ;
source and a Wissel System II Mossbauer spectrometer operating in constant accel-

eration mode. Center shifts were referenced to CaSnO3; and the spectra were fitted
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with the Recoil software package [159]. For the Mossbauer experiment, the glass

samples were ground under Os-free atmosphere in a mortar.

1B NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

All samples were crushed and packed in 2.5 mm rotors. The ''B magic angle spinning
(MAS) NMR was performed on a Bruker Avance NMR spectrometer with a 16.4 T
magnet (700 MHz proton Larmor frequency, 224.68 MHz 'B Larmor frequency).
The samples were spun at 10 and 22 kHz to determine center bands and to identify
spinning sidebands. The NaBH, resonance served as a secondary chemical shift
standard at -42.1 ppm relative to BF3.EtoO and was used to determine the pulse
power. For the 1'B MAS NMR spectrum, 64 scans were accumulated using a pulse
length of 0.4 us at 78 kHz amplitude strength, chosen short for uniform excitation.
Pulse repetition times between 1 and 5 s were determined to be sufficient for these
samples. Because of the substantial boron background, mostly from the rotors, the

spectrum of an empty rotor was subtracted.

3P NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

The 3'P NMR experiments were performed on a Bruker Avance NMR spectrome-
ter with a 9.4 T magnet (162.02 MHz 3'P Larmor frequency) using a magic-angle
spinning probe and 2.5 mm diameter sample rotors. The 3P NMR chemical shift
scale was referenced externally against NHyH,PO3 at 0.81 ppm as a secondary ref-
erence. The 90 degree pulse time was also determined on this sample. The final 1-d
magic-angle spinning spectra were acquired with a pulse of 0.75 us (corresponding
to a 20 degree flip angle) at 74 kHz rf field strength and 60 s recycle delay. Samples
were spun at 25.0 kHz. Line shape simulations were performed using the program

Dmfit [160] and XEDPLOT (Bruker software package).
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6.3.2 RESULTS

DENSITY MEASUREMENTS

In all three series the density increases with the increase of SnO (Figure 6.4). No
density data were found in the literature for this glass system, therefore no com-
parison is possible to obtain an estimate of the actual compositions. At similar tin

content, the intermediate series 0.4 has the lowest density. For each sample the molar

39 1% 02
s |2 08 x
3.7 O
2 36 _,2' X
§ 35 -6""C) X
3.4 A | N
3.3
3.2
40 45 50 55 60 65 70

Nominal mol-% SnO

Figure 6.4: Density of the three series of tin borophosphate glasses. The results
are presented here in function of the nominal composition of the samples. The
uncertainty on the densities is +0.001.

volume was calculated from the composition and density (Table 6.5), and its value
decreases for all series of samples. These molar volumes were calculated from the
nominal compositions, therefore no accurate interpretations and no final conclusions
can be given based on these values. Nevertheless, it is interesting to note the sudden
decrease of the molar volume in the 0.2 series from x = 0.55 to 0.60, whereas the

values decreases continuously for the other two series.
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Nominal composition

Series SnO  B,0; P,0; | Density | Molar Volume
(mol-%) +0.001 | (cm®.mol™!)
50.00 8.33 41.67 | 3.373 40.1883
0.2 55.00 7.50  37.50 | 3.473 39.0287
' 60.00 6.67 33.33 | 3.599 35.4399
65.00 5.83 29.17 | 3.822 35.3063
50.00 14.29 35.71 | 3.454 37.8848
04 52.50 13.57 33.93 | 3.525 37.1776
' 55.00 12.86 32.14 | 3.609 36.3647
60.00 11.43 28.57 | 3.701 35.5652
45.00 20.63 34.38 | 3.377 37.4705
0.6 50.00 18.75 31.25 | 3.476 36.6141
55.00 16.88 28.12 | 3.549 36.0695

Table 6.5: Density and molar volume for the three series of borophosphate glasses

OPTICAL PROPERTIES

The absorption spectra for the two series 0.2 and 0.4 are shown in Figure 6.5. The
intensity of the signal is dependent of the quality of the glass. All glasses were not of
similar homogeneity and the polishing may vary from sample to sample affecting the
absorption and/or reflection of the glass. Therefore, the absorption coefficient are
reported in arbitrary units, and the amplitudes of each signal cannot be compared.
The absorption edge in the near-UV is observed at ~320 nm. This edge is indepen-
dent of the composition for the 0.4 series, whereas a slight shift from higher to lower
energy with the increase of SnO is detected for the 0.2 series. All glasses show a
peak of absorption in the mid-IR range (2750-2800 nm) which is shifted from lower
to higher energy when the amount of SnO increases for both series. The amplitude
of the IR shift is more significant than for the UV-edge. For the 0.2 and 0.4 series
the shift of the absorption peak in the mid-IR is estimated at 10 nm/mol-% SnO
and 17 nm/mol-% SnO respectively. In both series, two broad absorption bands

centered at about 2250 nm and 2600 nm are present in the samples with the lowest

98



309

N
o
]

(a.u.)

=
4]
|

1.0k

Absorption Coefficient

Wavelength (nm)

Absorption Coefficient (a.u.)

T T T
1500 2000 2500

Wavelength (nm)

T T
500 1000

Figure 6.5: Absorption spectra of the tin borophosphate glasses with molar ratio
TB,0,/7p,0, equal to 0.2 and 0.4
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amount of tin oxide. Their amplitude decreases with the addition of SnO, and they
almost totally disappear for the high tin compositions. Contrary to the near-UV
edge and the IR peak, these bands are not shifted with evolution of the composition.
These spectra are in very good agreement with the transmission spectra from Lim
et al. [195] .

The refractive index increases with the addition of SnO as expected. The addi-
tion of B,0; also slightly rises its value. The refractive index at 589 nm, 486 nm
and 656 nm are presented in Table 6.6. From these values the Abbe number V is

calculated according to the formula:

V= _Meso — 1 (6.1)

486 — MNes6

In this equation, n4gs — ngse represents the glass dispersion in the visible range. The
Abbe number is used to plot the Abbe diagram which relates the refractive index to
the Abbe number. This diagram gives a quick idea of the refractive and dispersive
properties of a glass which can be classified in one of the 21 categories. The tin
borophosphate samples belongs to the dense flint (SF) category corresponding to
glasses with low Abbe number and high refractive index. Values for the Schott SF57

glass are also reported in Table 6.6 as a reference for comparison.

STRESS OPTIC COEFFICIENTS

Negative stress optic compositions were achieved for the 0.2 and 0.4 series. In the
0.6 series, the stress optic coefficient is significantly reduced when SnO is added, and
it can be expected that a glass with 60 mol-% SnO should be close to obtaining a
zero-stress optic coefficient. A glass of such composition was achieved, but it was
broken while cutting and polishing. The next attempts to prepare it resulted in
milky white glasses. This color may come from the crystallization of the glass due to
a low cooling rate (the inside of the drybox becoming quite warm during the melting

process), or more probably from the oxidation of some Sn(II) into Sn(IV). Tin oxide
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Nominal composition

. SnO B,O P,0O N589 1486 1656 Abbe . .
Series (m?)l—(?%) S L0005 £0.0005 +£0.0005 | Number| PiSPersion

50.00 8.33 41.67 | 1.6923  1.7087  1.6865 | 29.8405 | 0.0222

0.2 60.00 6.67 33.33 | 1.7352

65.00 583 20.17 | 1.7848  1.8141  1.7745 | 19.8182 | 0.0396

50.00 14.29 35.71 | 1.7065  1.7234  1.6998 | 29.9364 | 0.0236

0.4 55.00 12.86 3214 | 1.7415  1.7613  1.7341 | 27.2610 | 0.0272

60.00 11.43 2857 | 1.7651  1.7869  1.7564 | 25.0852 | 0.0305

SF57 [196] | lead-containing glass | 1.84666 1.87202 1.83650 | 23.8361 | 0.0355

Table 6.6: Refractive indices of some tin borophosphate glasses at 589 nm, 486 nm
and 656 nm. From these values the Abbe number and the dispersion in visible are

calculated. Data about the Schott SF57 are also provided for comparison.

participates to the glass network at high composition, but tin dioxide gives rise to a

devitrification, and at low content it can also bring a white color to the glass. The

stress optic coefficient are reported in Table 6.7. Figure 6.6 shows the relationship

between the stress optic coefficient and the measured densities (from 6.3.2).
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Figure 6.6: Stress optic coefficient vs. density.
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Nominal composition

Series SnO  B,0; P,0, Stress Optic
(mol-%) Coefficient (Brewsters)

50.00 833 41.67 1.14
0.9 55.00 7.50  37.50 0.42
’ 60.00 6.67 33.33 -0.18
65.00 5.83  29.17 -0.51
50.00 14.29 35.71 1.32
04 52.50 13.57 33.93 0.77
) 55.00 12.86 32.14 0.07
60.00 11.43 28.57 -0.25
45.00 20.63 34.38 2.35
0.6 50.00 18.75 31.25 1.43
55.00 16.88 28.12 0.54

Table 6.7: Stress optic coefficient of three series of the tin borophosphate glasses

MOSSBAUER SPECTROSCOPY

The values of the isomer shift IS, the quadrupole splitting QS, and the relative
intensity are reported in Table 6.8. Some variations exist for the isomer shift and
quadrupole splitting of the singlet and doublet. The isomer shift for the singlet is
always in the range -0.30 to -0.40 mm.s~! but only the values for the 0.4 series seems
to follow a continuous variation (increase) with the composition. The isomer shift of
the doublet evolve more randomly and do not reveal any trend. On the other hand,
the quadrupole splitting always increases with the addition of SnO for the three
series of glass. The Mossbauer spectra reveals the existence of a doublet centered

1 and a singlet around -0.4 mm.s~! for all samples. The doublet

around 2.3 mm.s~
represents the majority of the signal with an intensity of about at least 90%. The

relative intensities evolve quite randomly with the compositions.
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Singlet Doublet
Series | SnO IS Relative IS QS Relative
(mol-%) | (mm.s™!) Intensity (%) | (mm.s™!) (mm.s™!) Intensity (%)

50 | -0.41(6) 18(8) | +3.25(7)  L54(5) 95.2(9)

0 55 | -0.39(5) 5.3(5) | +3.19(5) 1.57(7) 94.7(7)
' 60 | -0.38(5) 9.2(7) +3.23(5)  1.62(5) 91.0(9)
65 | -0.35(5) 10.34) | +321(5)  1.65(6) 89.8(5)

50 | -0.40(5) 92(3) | 13.25(5) L.61(5) 90.8(4)

0.4 55 | -0.37(5) 6.8(8) | +3.25(5) 1.61(5) 93.0(9)
60 | -0.34(5) 102(5) | +3.22(5)  1.63(6) 89.7(5)

15 | -041(5) 5.7(5) | +3.25(5) 1.62(7) 94.2(6)

0.6 50 | -0.24(5)  12.7(7) | +3.23(7)  1.61(5) 87.3(8)
55 | -0.37(5)  10.1(5) | +3.26(5)  1.62(7) 89.9(6)

Table 6.8: Isomer shift, quadrupole splitting and relative intensity obtained for the
tin borophosphate. The uncertainty on the last digit is given in the brackets.

1B NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

The "B Nuclear Magnetic Resonance Spectroscopy revealed the presence of [BOj]
and [BO4]™ units in the samples (see Table 6.9). At low B,O, content, only the boron
4-fold coordinated is present, but the fraction of [BOs] increases with the addition of
boron oxide, in good agreement with the general behavior of borophosphate glasses
[191-193,197,198]. For each sample, only one peak is present in the range 10-13 ppm
corresponding to the [BOj] species, whereas two to three peaks can be observed in
the range 0 to -3.90 ppm associated with the [BO4|~ species. The overall number
of peaks ([BOs] + [BOy4]™) and their respective chemical shifts increases with the

addition of tin oxide.

31P NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

All spectra obtained for the 3'P Nuclear Magnetic Resonance Spectroscopy gave one

peak that could be decomposed in two gaussians. The results of the deconvolution
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B3 B4
Series SnO 0 Fraction Peak 1 Peak 2 Peak 3
(mol-%) | (ppm) (%) § (ppm) Frac. (%) | 6 (ppm) Frac. (%) | § (ppm) Frac. (%)
50 - 0 -3.70 99.03 -1.03 0.97 - 0
0.2 55 - 0 -3.63 93.94 -1.37 6.06 - 0
’ 60 - 0 -3.66 92.76 -1.09 7.24 - 0
65 - 0 -3.43 60.08 -1.24 25.86 -0.22 14.06
50 10.41 3.06 -3.79 80.63 -1.46 12.68 -0.05 3.63
04 55 11.59 5.82 -3.62 65.71 -1.35 20.33 0.05 8.14
60 12.60 14.37 -3.55 44.09 -1.38 20.32 -0.35 21.22
45 11.03 8.27 -3.85 65.11 -1.74 14.92 -0.65 11.70
0.6 50 12.66 14.80 -3.69 46.25 -1.57 20.89 -0.43 18.06
55 12.56 23.28 -3.54 29.41 -1.54 18.89 -0.38 28.42

Table 6.9: "'B NMR results of the three series of tin borophosphate glasses

is presented in Table 6.10. In the binary tin phosphate glass, the Q" species can
be assigned to specific ranges of the chemical shifts and a gap exits between each
range [179]. In the tin borophosphate, no clear gap can be observed, no clear limit
can be defined, therefore the choice has been made to not assign the Q" species
to specific chemical shift. As a general rule, the chemical shift decreases with the
increasing number of bridging-oxygens n [199-202]. In the zinc borophosphate and
lead borophosphate glasses, the Q? species were associated to a downfield shift from
a chemical shift of -30 ppm and -25 ppm respectively [203]. From this statement, it
can be considered that only Q? and Q! species are present in the samples, except for
the glass with x = 0.50 of series 0.2 which might contain some Q? (§ = —34.95 ppm).
No clear distinctions can be made to know what is the limit between the range of
chemical shifts corresponding to Q? and the range corresponding to Q'. In a general
trend, the addition of SnO increases the chemical shift which can be interpreted as
an increases of non-bridging oxygens. At low tin content, the addition of B,0O, also

increases the chemical shift, but this effect is weakened at high tin content.
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Series SnO ) Relative Width ) Relative Width
(mol-%) | (ppm) Intensity (%) (ppm) | (ppm) Intensity (%) (ppm)

20 -34.95 13.6 15.08 | -25.85 86.4 15.46

0.9 95 -25.9 o7.4 17.67 | -22.79 42.6 13.75

' 60 -21.31 100 16.79 - - -

65 -17.11 72.3 15.46 | -13.05 27.7 11.51

20 -28.79 26.2 16.09 | -21.71 73.8 15.69

0.4 95 -24.08 39.8 15.38 | -17.8 60.2 14.19
60 -22.93 31.2 14.61 | -15.66 68.8 13.38

45 -25.83 68.9 17.08 | -20.84 31.1 14.90

0.6 20 -23.28 70.8 16.6 | -18.29 29.2 12.5
’ 95 -22.87 48.8 15.17 | -16.94 51.2 12.82

Table 6.10: 'P NMR results of the three series of tin borophosphate glasses

6.3.3 DISCUSSION

On the absorption spectra, the near-UV edge remains unchanged for all samples.
Only the peak of absorption at about 2850 nm is slightly shifted to lower energies
with the increase of tin oxide in the glass. The absorption spectra are in good
agreement with the transmission spectra obtained by Lim et al. which also show
the two bands at 2250 nm and 2600 nm [195]. These bands are present for their
two series of samples containing 10 mol-% B,0O5 with the same intensity; however
they do not exist for the tin phosphate glass 66.7 SnO - 33.3 P,0O5. Therefore,
these two absorptions can be associated with the presence of boron in the glass. It
should be noted that for the 0.2 series, no significant changes are observed in the
visible range. For the 0.4 series, the sample at x = 0.60 shows a constant increase
of absorption at short wavelengths starting from 1500 nm. Such a variation would
probably give rise to a coloration of the glass because of the difference of absorption
at 700 nm and 400 nm, but the glass was colorless. The poor homogeneity of the
glass might affect the measurement of the absorption. In terms of refractive proper-

ties, the tin-containing glasses prepared here have a lower refractive index than the
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Schott glass, but they also have a lower dispersion in the visible range, especially
when the amount of B,0; increases. From the stress optic measurements it can be
estimated that the zero-stress optic glass for the 0.4 series should have a refractive
index near 1.75 which is lower than the Schott SF57. Lim et al. achieved a tin
borophosphate glass with a refractive index slightly higher than 1.84 of composition
66.7 SnO - 13 B,04 - 20.3 P,O; [195]. This composition has a high amount of SnO
and a rp,o, / Tp,0, ratio of 0.64. The tin oxide brings the high refractive properties,
but such a high amount would result in a negative stress optic glass. To obtain a
zero-stress optic glass with a refractive index close to 1.84, the p,0, / Tp,0, ratio
should also be increased.

No accurate composition analysis were obtained for these series of samples, how-
ever density measurements were performed. As expected the addition of tin in the
glass increases the density. The 0.4 series shows higher density than the 0.2 series,
but the 0.6 series shows more or less the same densities as the 0.2 series. It is easy
to interpret the density in terms of composition in a binary system, it is more am-
biguous in a ternary system. The calculation of the molar mass would suggest that
glasses from series 0.2 and 0.6 are different, but these values were calculated from
the nominal compositions. Without an accurate determination of the composition,
no final conclusion can be made. The plot of the stress optic coefficient in function
of the densities (Figure 6.6) highlight even more the similarities between the 0.2 and
0.6 series. Only the last glass of the 0.6 series (z = 0.55) shows different properties
than the samples of the 0.2 series. One possibility to explain such similarities is the
loss of P,O; by volatilization while preparing the samples of the 0.2 series, which
would increase the zp,0, / Tp,o, ratio.

Typically the isomer shift for Sn(IT) ranges from +2.30 mm.s~! and +4.44 mm.s~*and
the isomer shift for Sn(IV) ranges from -0.4 mm.s~* and +1.9 mm.s~* [204]. There-
fore the doublet can easily be attributed to SnO. The isomer shift and quadrupole
splitting remains quite constant for all compositions with values of 3.2 mm.s~*and

1.6 mm.s 'respectively. These values are quite similar to the isomer shift and
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quadrupole splitting of the tin phosphate glass 66 SnO - 33 P,O; (see section 6.1.3
Table 6.1). From these previous results, it can be determined that the Sn(II) forms
short bonds with three oxygens and one additional longer bond with a fourth oxygen.

1

The association of an isomer shift of about 3.25 mm.s™ with a quadrupole splitting

of 1.6 mm.s™!

is also characteristic of a tin(II) acting mainly covalently [204]. The
small variations of the Mdssbauer parameters reveals a tin environment that remains
constant for the different compositions.

The case of the singlet is more surprising. This doublet could be attributed to the
presence of tin dioxide in the glass, but the isomer shift of SnO, should be located at
0.040.1 mm.s~*. Here the isomer shift is clearly lower, at the lowest possible value
for Sn(IV), revealing a strong ionic character [204]. The Sn(IV) isomer shift can be

predicted with the following equation:
§ =192 — 0.795Ay, — 0.1775(Ax,)* (6.2)

with Ay, the difference of Pauling electronegativity between the tin and the bonded
atom [204]. According to this equation and taking an electronegativity of 1.9 for the
tin atom, the atom bonded to Sn(IV) should have an electronegativity of 3.91 to give
an isomer shift of -0.4 mm.s™'. The electronegativity of fluorine is exactly 3.90 [205],
and such a low isomer shift was only observed in tin fluoride compounds such as
SnF,, Sn,Fg, and Sn,Fg [206]. The glasses were prepared from B,O,, NH,H,PO,,
and SnO, while traces of Al,O; might also be present due to the preparation in
alumina crucibles, but the starting reagents and final glasses were never in contact
with fluorine-containing compounds. This low isomer shift also reveals a strong ionic
behavior of the Sn(IV). The glass at 2 = 0.50 for the 0.6 series has the highest relative
intensity for the singlet. Assuming this peak comes from the presence of SnF, in
the glass, the molar fraction of tin fluoride would be about 6.35 mol-%. This sample
was analyzed by Energy Dispersive X-Ray spectroscopy and F NMR spectroscopy
to detect the fluorine, but no signal was recorded from both techniques. No more

analysis were performed to understand the origin of this low isomer shift.
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The NMR parameters reported in Table 6.9 and Table 6.10 clearly show the
structural differences between the 0.2 and 0.6 series. Therefore, in spite of a similar
densities and stress optic coefficients, the glasses of the two series actually seem to
be different. Without any accurate composition analysis, no final statement can be
made. The easiest way to correlate the !B and 3P NMR chemical shift would be
to compare the values with data obtained from a crystalline tin borophosphate of
known structure. Unfortunately such crystal does not exist. However, data about the
crystalline BPOy4 are available in the literature, and the tin borophosphate glasses
show similarities with the sodium borophosphate glasses [207]. The BPO, crystal
structure is made of a three dimensional network of vertex-sharing [BO,]~ and [PO,|*
tetrahedra [208]. The "B MAS NMR spectrum of BPO, gives a single peak at -4
ppm corresponding to the B(OP), units (tetrahedral boron which shares oxygens
with four phosphorus atoms); and 3P MAS NMR spectrum reveals a single peak
at -29.8 ppm from the P(OB)4 (tetrahedral phosphorus which shares its oxygens
with four boron atoms) [209]. The structure of sodium borophosphate glasses was
determined by comparing the NMR data from the glass with data from the crystal
of known structure Na;B,P;0,5 [207]. The complete resolution of borophosphate
glasses is quite challenging and requires 2D NMR experiments in addition of MAS
experiment to properly assign the signals to the correct P and B species [207,210].
At low boron content, only [BO4|™ units are present in the glass. They share their
oxygens only with phosphorus atoms to connect the P — O — P chains with each
other [191-193,197,198,211]. By comparison with the BPO, crystal and sodium
borophosphate glass, the B chemical shift in the range [-3.70 to -3.43 ppm] can be
attributed to [B(OP),] units, and the chemical shifts at [-1.74 to -1.03 ppm] and [-
0.65 to -0.05 ppm] correspond to B(OP);(OB). In this last structural unit the boron
in the second sphere of coordination can be in two slightly different geometries giving
rise to two different chemical shifts. The uncertainty about the the exact composition
of the samples limits the interpretation of the glass structure. For this reason, no new

estimation of the zero-stress optic composition will be calculated from the empirical
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model taking into account the amount of SnO, (or SnF,) and [BO4]~.

6.3.4 CONCLUSION

The synthesis of the tin borophosphate glasses was initiated to find a new family of
zero-stress optic glass which was successfully achieved. A binary glass system offers
only one zero-stress optic composition, but a ternary system extends the possibility
to a range a compositions. The glasses were transparent and colorless with a high
refractive index. No test of durability was performed but the borophosphate glasses
are known for their good chemical resistance [195]. These glasses make potential
candidates to substitute lead-containing glasses. The main disadvantage of these
tin-containing glasses is their preparation under O,-free atmosphere to avoid the
oxidation of SnO into SnO,. The glasses where prepared in the small range 0.45 <
r < 0.65 with three different xp,0,/7p,0, ratios (0.2, 0.4, and 0.6). For all the
samples, the Sn(II) remains in a constant environment with a covalent behavior
similar to the tin in 67 SnO - 33 P,O;. It is bonded to four oxygens with three short
bonds and one longer bond. The "B MAS NMR revealed the presence of [BOy|™
units only at low boron content and the appearance of [BOj3] units as the amount
of B,O, increase. This is in good agreement with the behavior of borophosphate
glasses. In the same way, the evolution of the phosphorus chemical shift follow a
classical trend from high field to low field (increase of the number of non-bridging
oxygens) as the amount of SnO increases. Unfortunately no composition analysis was
obtained, limiting the interpretation from the spectroscopic experiments. Also, the
Méssbauer spectroscopy revealed the presence of ionic Sn(IV) in the glass. Its isomer
shift corresponds to a tin(IV) bonded to fluorine, but Energy Dispersive X-Ray
spectroscopy and F NMR spectroscopy did not detect the presence of fluorine in the
glass. The structure of borophosphate glass is known to be very complicated to solve
[207], and the tin borophosphate glasses are no exception. More experiments, such

as two-dimensional NMR and a complete and accurate composition analysis, should
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be performed to obtain more details about the structure of these glasses. Similarly
to the tin binary glasses, the environment of the tin atoms remains quite stable, the

tin remaining mainly covalent for positive and negative stress optic coefficients.

6.4 SUMMARY

The study of the tin binary glasses revealed the dominant covalent nature of the
tin at low and high content. Similarly to the lead-containg glasses, a negative stress
optic coefficient occurs when the additive acts mainly covalently. Therefore Mueller’s
theory cannot explain the structural origin of the photoelastic response of the tin-
containing glasses. The structural study of the tin phosphate glasses revealed the
constant coordination of the tin and the variation of the Sn — O bond length. By
taking into account these variations the error of the prediction calculated with the
Zwanziger’s empirical model is reduced from 25% to 2%. The accuracy of the model
is also increased in the case of the tin silicate glass.

New zero-stress optic glass properties were discovered in tin borophosphate glasses.
The glasses combined some interesting properties such as transparency and no col-
oration, high refractive index, low dispersion in the visible range, and a probable good
chemical durability according to the literature. The structural analysis revealed the
presence of ionic Sn(IV) probably bonded to fluorine, but EDS analysis and °F
NMR spectroscopy did not detect any fluorine in the sample. The environment of

this Sn(IV) and the detailed structure of the glass remains partially unsolved.
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CHAPTER 7

ANTIMONY-CONTAINING GLASSES

Antimony can assume two different oxidation states, Sb(III) and Sb(V), leading to
the existence of two different antimony oxides: SbyO3 and ShoOjs. Antimony(V)
oxide SbyOs is generally considered a glass network former because of its high field
strength (1.76) [30]. Antimony(IIl) oxide SbyO3 has a much lower field strength
(0.73) [30,212], and should be considered as an intermediate oxide. Nevertheless, pure
SboO3 glass has been successfully prepared [108], but its synthesis remains extremely
challenging and requires conditions combining both fast remelting and cooling down
conditions [108,212]. By definition, an oxide that is able to produce a glass on its
own is a glass former, therefore ShoO3 can as well be considered as a glass network
former. Similar to tin oxide, antimony(III) oxide has a d/N, ratio greater than 0.5 A,
therefore it can be considered as a potential candidate to enter in the composition
of new zero-stress optic glass. In this chapter the cases of antimony phosphate,

antimony borate, and antimony borophosphate glass systems are presented.
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7.1 ANTIMONY PHOSPHATE SYSTEM (SboOs3),-(P2O5)1—,

7.1.1 EXPERIMENT

(GLASS PREPARATION

The antimony phosphate glasses were one of the very first glasses prepared for this
thesis. This project was initiated with the objective to extend a previous study of the
photoelastic response in lead-free binary glass systems [106]. The glass samples were
prepared following a procedure derived from De Vicente et al. [213]. The starting
reagents SboO3 (Sigma-Aldrich, 99%) and NH,HoPO, (Sigma-Aldrich, 98+%, A.C.S.
reagent) were mixed in an alumina crucible and placed in a box furnace preheated
at 200°C. The temperature was increased by 100°C every 30 minutes until 700°C. If
the crucible was placed directly at high temperature, the loss of ammonia and water
from the ammonium dihydrogen phosphate would create a foam causing the mixture
to overflow out of the crucible. This loss of water and ammonia was also observed
in the preparation of the tin phosphate and tin borophosphate glasses. The pres-
ence of antimony with the ammonium dihydrogen phosphate seems to amplify the
phenomenon. Melnikov et al. performed a thermal analysis (Differential Thermal
Analysis and Thermogravimetry) of the reaction between SboO3 and NH,H,PO, and

suggested the following mechanisms [214]:

at 200°C: nNH4H2PO4 e (NH4POg)n + ’I”LHQO

at 488°C: 6(NH4PO3)n + Sb203 — 2nSb(P03)3 + SHHQO + 67LNH3

Therefore, a slow increase of temperature is required to avoid a loss of reagent.
The mixture was liquid at 700°C but too viscous to be poured out of the crucible

and to give an homogeneous glass. To decrease the viscosity, the temperature was
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increased up to 1000°C for the samples at x > 0.40. Five compositions were at-
tempted with x = 0.25,0.30, 0.35,0.40, 0.45, and 0.55. For x < 0.30, the glasses had
to be quenched onto a hot plate at 100°C in order to decrease the cooling rate and
to avoid the glass breaking; for x = 0.35, the glass was easily quenched at room
temperature, and for x > 0.40 the glasses were quenched onto brass plates cooled in
liquid nitrogen. Even in these conditions, it remained difficult to obtain a glass with
no partial crystallization on the edges of the samples. A bulk glass thick enough
for stress optic measurements was obtained for most of the compositions except for
the samples with the highest content in SbyO3, x = 0.45 and = = 0.55. In these
two cases the glasses were obtained by pressing the molten glass between two brass
plates cooled in liquid nitrogen. These two samples were too thin for a stress optic
measurement. All the compositions gave transparent glasses with an increasing yel-
low color as the amount of antimony oxide increased. All the samples also contained
bubbles. It should be mentioned that the sample at x = 0.45 also contained tiny
white crystals. Glasses with compositions x < 0.35 are easy to prepare but much
harder to store for long term analysis, whereas the compositions at x > 0.40 are
much harder to obtain but easier to preserve in a desiccator. Only one sample for
each composition at x = 0.40,0.45, and 0.55 was prepared, but two to three samples
had to be prepared for the compositions with low antimony content, some glasses
having been lost while stored or coated for composition analysis. The samples were

cut and polished using ethanol as a lubricant instead of water.

COMPOSITION ANALYSIS

No composition analysis was successfully performed on these samples. Four attempts
were made to analyze the samples by Energy-Dispersive X-ray Spectroscopy (EDS)
coupled with Scanning Electron Microscopy (SEM) at the SEM-FIB laboratory in
the Dalhousie Engineering School and at the Microprobe laboratory in the Earth

Science department (Dalhousie University). For every attempt, schedule or technical
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problems occurred. The samples had to be stored longer than expected and ended

up absorbing moisture and being too degraded for any measurement.

REFRACTIVE INDEX

The refractive index was measured using an Atago Abbe refractometer. The typical

refractive index was measured at wavelength 589 nm.

STRESS OPTIC MEASUREMENTS

The stress optic coefficient was measured for only three samples (z = 0.30,0.35,
and 0.40) using the Varian spectrometer. The glass with 25 mol-% SbyO3 was too
hygroscopic and absorbed water by the time it was cut and polished and the samples
with 45 and 55 mol-% SboO3 were not thick enough for the measurement. The
phase difference induced by the stress was measured using the Sénarmont method of

compensation described in section 4.1.
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Figure 7.1: Refractive index at 589 nm of the antimony phosphate glass. Data obtain
for the glasses at 25 and 30 mol-% (x) are compared with data from the literature

(e and dashed line) [108,215]. The uncertainty on the refractive index measurement
is = 0.001.
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7.1.2 RESULTS

REFRACTIVE INDICES

The refractive index at 589 nm and 20°C was measured for two compositions, (SbyO5)¢.25 -
(P,O5)0.75 and (SbyO4)0.30 - (P3O5)0.70, with an Abbe refractometer. The results are

compared with values from the literature [108,215] in Figure 7.1.

STRESS OPTIC MEASUREMENTS

The results are given in Table 7.1 and Figure 7.2. The compositions given are the
nominal compositions. The addition of Sh,O4 decreases the stress optic coeflicient,

and the sample for x = 0.40 shows a negative value.

X 5by05 C

mol-% | (Brewsters)
0.30 2.46(3)
0.35 2.00(3)
0.40 20.66(3)

Table 7.1: Stress optic coefficient of the antimony phosphate glasses. The uncertainty
on the last digit is given in brackets.

7.1.3 DISCUSSION

The preparation of this binary glass system from antimony oxide and ammonium
dihydrogen phosphate by the classic melting/quenching technique did not give the
expected results. On one hand the glasses with a low content of antimony (high con-
tent of phosphorus) are very hygroscopic, and on the other hand the compositions
with a high content of antimony were extremely difficult to prepare. According to
the empirical model, a glass containing only Sb,0O4 and P,O; should have zero-stress
optic properties at about x = 0.41 which corresponds to the glass composition that

requires extremely fast quenching. A glass with a negative stress optic coefficient was
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Figure 7.2: Stress optic coefficient of the antimony phosphate glasses

successfully obtained with nominal composition x = 0.40. Unfortunately, composi-
tion analysis could not be performed on these glasses due to their high hygroscopic
nature. Some phosphorus pentoxide can be lost by volatilization during the melt-
ing process, therefore it can be expected that the glasses contain less P,O; than
the nominal composition. A comparison of the refractive indices with the literature
suggests that at low Sb,0O, content, the samples are very close to the nominal com-
positions. Antimony phosphate glasses with a high content of antimony were already
prepared in the binary system (SboO3),-(SbPOy);_, [216] which can also be formu-
lated (SboO3)144.-(P205)1_,. For this system, the glass samples are also prepared by
the melting/quenching technique: SbyO3 and SbPO, are melted between 700°C and
900°C for 10 minutes in air and quenched at room temperature. The starting an-
timony oxide can be bought from Sigma-Aldrich, but the antimony orthophosphate
SbPO, has to be prepared in the laboratory from SbClz and H3PO, in a three day
long procedure [217]. The glass compositions prepared by Nalin et al. are listed in
Table 7.2. No attempt was made to prepare the antimony phosphate glass according

to this long and complicated procedure.
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[Sb,0; SbPO, | Sb,05 P,0; |
090 010 | 095 0.05
080 020 | 090 0.10
0.70 030 | 085 0.15
0.60 040 | 080  0.20
050 050 | 075  0.25
040 060 | 070  0.30
030 070 | 065  0.35

Table 7.2: List of the (SbeO3),-(SbPO4);_, samples prepared by Nalin et al. and
their equivalent in the (SbeO3z)14,-(P2O5)1_, system.

7.1.4 CONCLUSION

This antimony phosphate system is one among other antimony glasses that can be
prepared. In spite of the strong hygroscopic nature of the samples, some physical
properties were measured. The main problem encountered was the storage of the
samples and their handling in air. The first series of samples prepared were stored
in a desiccator but they absorbed moisture from the silica gel desiccant. The glasses
with the highest content in P,O; turned white overnight. The successful synthesis
of a Sh-containing glass with a negative stress optic coefficient is encouraging and
proved that zero-stress optic coefficient glass can be obtained from Sb,O5; without

preparation under O,-free atmosphere.

7.2 ANTIMONY BORATE SYSTEM (ShyO3),-(B2O3)1_,

The antimony borate system gives a zero-stress optic coefficient for x = 0.43 [106].
But this experimental value was obtained from two samples prepared in air. At
high temperature Sb(III) can be partially oxidized into Sb(V) [218] and according to

the empirical model Sh,O; contributes to a positive stress optic coefficient whereas
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Sb,O4 contributes to a negative stress optic coefficient. The presence of Sb(V) in
the glass should affect the photoelastic response of the glass and might be one of
the explanation for the large difference between the empirical results (x = 0.20 for
C' = 0 Brewsters) and the experimental value. In this section, an attempt was
made to prepare antimony glass samples under O,-free atmosphere with the aim of
testing the empirical model and to understand the origin of the difference between

the empirical and experimental results.

7.2.1 EXPERIMENT

Glass preparation

To avoid the partial oxidation of Sb(III) in Sb(V) at high temperature, the glasses
were prepared into a drybox under O,-free atmosphere.

The starting reagents SboOjs (Sigma-Aldrich, 99%) and B;O3 (Sigma-Aldrich,
99%) were weighted and mixed in platinum crucibles. The crucibles were transferred
into a drybox filled with nitrogen following the same procedure described in section
6.3.1. The crucibles were placed for an hour in a furnace preheated at 500°C then the
temperature was increased at 1050°C. After 15 minutes, the glasses were quenched
into a brass mold at 500°C to avoid a fast cooling that would give rise to a phase
separation in the glass. The glass is left in the mold until it cooled down to room
temperature. The samples obtained were yellow and transparent with no visible
phase separation but with some inhomogeneities. Three samples were successfully
obtained with nominal compositions x = 0.35,0.50, and 0.65. From these three
samples, it is expected to have one positive stress optic coefficient, one close to zero

(positive or negative) and one negative coefficient as the amount of Sh,O, increases.

118



STRESS OPTIC MEASUREMENTS

The stress optic coefficient was measured for the three samples (x = 0.30,0.35, and
0.40) using the light table. The phase difference induced by the stress was measured

according to the Sénarmont method of compensation described in section 4.1.

DENSITY MEASUREMENTS

All density measurements were performed using the Archimedes principle. The im-
mersion liquid used was 99+mol% ethanol. Water was not used because of the
hygroscopic character of the glasses, particular those with low antimony content.
Due to the slight variation of the density of ethanol depending on temperature, a

series of values for the density of ethanol were taken from the literature [128].

B NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

All samples were crushed and packed in 2.5 mm rotors. The 'B magic angle spinning
(MAS) NMR was performed on a Bruker Avance NMR spectrometer with a 16.4 T
magnet (700 MHz proton Larmor frequency, 224.68 MHz 'B Larmor frequency).
The samples were spun at 10 and 22 kHz to determine center bands and to identify
spinning sidebands. The NaBH,; resonance served as a secondary chemical shift
standard at -42.1 ppm relative to BF3.Et;0 and was used to determine the pulse
power. For the "B MAS NMR spectrum 64 scans were accumulated using a pulse
length of 0.4 us at 78 kHz amplitude strength, chosen short for uniform excitation.
Pulse repetition times between 1 and 5 s were determined to be sufficient for these
samples. Because of the substantial boron background, mostly from the rotors, the

spectrum of an empty rotor was subtracted.
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Figure 7.3: Density of the antimony borate glass. The experimental data (x) are
compared with data from the literature (o). From the trend of the densities found

in the literature, the real composition of the samples are estimated at x = 0.36, 0.48,
and 0.68. The uncertainty on the measurement is +0.001.

7.2.2 RESULTS

STRESS OPTIC MEASUREMENTS AND DENSITIES

The results of the density measurements are reported in Figure 7.3 and they are
compared with data found in the literature [150,215,219-225]. By comparison with
these data, the composition of the glass samples can be estimated at x = 0.36,0.48
and 0.68 (£0.05) which is fairly close to the nominal compositions. The values of
the stress optic coefficient fulfill the expectations with values of 2.84, 0.85 and -1.96
Brewsters in order of increasing Sb,O4 content. The results are reported in Figure
7.4 in function of the compositions estimated from the densities. According to these
values, a zero-stress optic glass can be achieved for the composition (SbyOs)o55 -
(B504)0.45, which is a greater amount of Sb,O4 than previously reported [106]. The

error of the empirical model is now 63%.
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Figure 7.4: Stress optic coefficient of the antimony borate glasses. The molar fraction

are calculated by comparing the densities with the literature. The zero-stress optic
composition is found at x = 0.55.

1B NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

The spectra of the !B NMR experiments presented in Figure 7.5 reveal two peaks at
about 15 ppm and 1.5 ppm attributed to [BO3| and [BO4|~ units respectively. The
chemical shift and relative intensities from the peaks integration of the two boron
species are presented in Table 7.3 in function of the composition estimated from
the density measurements. The results are in good agreement with the literature

[218,226] with an maximum amount of [BO4|™ units at x ~ 0.5.

7.2.3 DISCUSSION

For this series of antimony borate glasses, the zero-stress optic composition was
found to be at higher antimony content than the composition previously reported
by Zwanziger et al. [106]. In this last publication, the samples were prepared in air
at 1100°C therefore a partial oxidation of Sb(III) in Sb(V) can be assumed. In the
two polymorph forms of Sb,O; (orthorhombic and cubic), the Sb — O bond length
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Figure 7.5: "B MAS NMR spectra for the antimony borate glasses. The molar
fraction indicated corresponds to the molar fraction in Sb,O4 estimated from the
density measurements.

is 2 A and the antimony is on top of a triangle-base pyramid [227,228]. In Sb,O,
the antimony is in the center of an octahedron site, and the mean Sb — O bond
length is also about 2 A [229]. According to these data, the d/N, ratio for Sb,O,
is 0.67 and 0.33 for Sb,O;. The preparation of a series of glasses under O,-free
atmosphere should reduce the value of the stress optic coefficient with respect to the
results obtained by Zwanziger et al. The glass samples for the present work were
prepared using the same drybox as for the preparation of the tin borophosphate
glasses presented in section 6.3. The tin Mossbauer results revealed the presence
of Sn(IV) in these glasses, therefore it can be assumed that a significant amount of
oxygen remained in the drybox in spite of the 3 hour vacuum process. The presence
of remaining oxygen during the synthesis of the antimony borate glasses would give
rise to the oxidation of Sb(III) into Sb(V) and then would explain the variation of
composition for the zero-stress optic glass. Attempts were made to perform 2'Sh

Mossbauer spectroscopy but no results were obtained. These results would be of great

122



[BOs] [BO4J™
Xdensity 0 Relative ) Relative
(ppm) intensity (%) | (ppm) intensity (%)
0.36 14.55 86.5 1.53 13.5
0.48 14.54 83.0 1.57 17.0
0.68 15.25 83.2 1.61 16.8

Table 7.3: B MAS NMR chemical shifts and relative intensities for the antimony
borate glasses

help in identifying and quantifying the antimony species present in the glass. The
amount of [BO4]™ units in the glass is the highest for the sample at x,omina = 0.50
in good agreement with the literature [226]. The evolution of the N, fraction in the
antimony borate system is similar to the lead borate glasses, however the fraction of
[BO4)™ units in the antimony glass is about five times less than in the lead glass. It
can be suggested that the antimony is acting mainly covalently through the whole
range of compositions, with a small fraction acting ionically at low Sb content. No
solid conclusion can be made about the antimony’s behavior without proper analysis

of its local environment.

7.2.4 (CONCLUSION

The synthesis of antimony borate glasses gave a negative stress optic coefficient
at high antimony content. However the composition of the zero-stress optic glass
composition is found at a higher Sb,0O5 content than from the work of Zwanziger et
al. [106] in spite of a preparation under O,-free atmosphere. The B MAS NMR
study reveals a behavior similar to the lead in the lead borate system. No direct
analysis of the antimony was performed, preventing any definitive conclusion about

antimony’s behavior and environment.
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7.3 ANTIMONY BOROPHOSPHATE
(Sba0O3)s - (B203),, - (P20s) 12—y

In spite of the well-known properties of antimony to give a yellow color to the glass
[217,230], compositions of antimony borophosphate glasses were synthesized for many

reasons:

e The opportunity exists to obtain a transparent or slightly yellow glass.

e To find compositions with zero-stress optic properties or negative stress optic
coefficient and to compare these results with the prediction of the empirical
model.

e At high temperature Sb(III) in SbhyOj is partially oxidized to Sb(IV) giving
SboOy4 [218], therefore by comparing results of samples prepared in air and
samples prepared under O,-free atmosphere, the contribution of antimony (I1T)

and antimony(IV) could be evaluated.

7.3.1 GLASS PREPARATION

The samples were prepared under Os-free atmosphere in a drybox filled with nitro-
gen. A box furnace, a hot plate, and all tools required to work at high temperature
were transferred into the drybox. Due to space limitation, the balance and reagent
could not be placed in the box. Therefore the reagents were weighted and mixed in
air, then the crucibles were transferred into a drybox filled with nitrogen following
the same procedure described in section 6.3.1.

The starting reagents ShoO3 (Sigma-Aldrich, 99%), NH4HPO, (Sigma-Aldrich,
98+%, A.C.S. reagent) and ByO3 (Sigma-Aldrich, 99%) were mixed in an alumina
crucible and placed in a box furnace preheated to 300°C and then the temperature
was increased by 100°C every 15 minutes until 600°C. This slow increase of temper-
ature is required to avoid the mixture overflowing out of the crucible as explain in

section 7.1.1 and to give more time for the ammonium dihydrogen phosphate to be
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decomposed in phosphorus pentoxide by loss of water at 200°C and loss of water
and ammonia at 488°C [214]. The mixtures were left between 30 to 60 minutes at
600°C, then the temperature was increased to 1050°C. After 30 minutes, the glass
was quenched at room temperature or onto a hot plate up to 400°C depending on
the composition. Most glasses were also placed back into a furnace or onto the hot
plate at a temperature between 150°C and 400°C and slowly cooled down to room
temperature by turning the heating device off. In a general way, glasses with a high
content of antimony (z > 0.45) needed to be quenched at room temperature and
glasses with a ratio xp,o, / rp,0, lower than 0.8 or greater than 1.3 had to be slowly
cooled to avoid cracking, breaking, or exploding in tiny pieces. The samples were
annealed at a temperature between 400°C and 500°C. All the compositions which

gave a glass are reported in Figure 7.6.

[J Prepared in air O]
< Prepared in Ny

Figure 7.6: Nominal compositions of the antimony borophosphate glasses prepared
in air and under O,-free atmosphere.
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7.3.2 RESULTS AND DISCUSSION

In order to keep a consistent organization to the work, the compositions were pre-
pared with three specific x3203/$p205 ratios equal to 0.8, 1.3 and 2.2 for the glasses
made in air; and 0.8 and 0.45 for the glasses prepared under Os-free atmosphere.
These compositions follow a line in the ternary diagram of the glass system (Fig-
ure 7.6) and different glass compositions were prepared along these lines correspond-
ing to different amount of antimony oxide.

Surprisingly, most of the glasses prepared in air were transparent and colorless,
even the samples with a significant amount of antimony oxide (z = 0.45). However,
no glass with a negative stress optic coefficient or with zero-stress optic properties
was found in the range of compositions tested, whereas the empirical model pre-
dicts the existence of zero-stress optic glass for molar fractions in SboO3 from 0.20
(zp,0, = 0) to 0.41 (zp,0, = 0).

As seen previously, the boron can adopt a trigonal or tetrahedral configuration
however, the empirical model only takes into account the trigonal form of boron (only
configuration in the crystalline B,O3). The d/N, ratio for the tetragonal configura-
tion is smaller than 0.5 A (0.37 A, coordination 4 and B-O bond length 1.47 A [135])
therefore it should contribute to a positive stress optic coefficient. The preparation of
the sample in air might also give rise to the presence of antimony(V) in the glass with
a coordination number of 6 and an antimony-oxygen bond length of 1.99 A, which
also leads to a d/N, ratio smaller than 0.5 A. No "B NMR or '*!Sb Mdssbauer
spectroscopy were performed on these samples to detect and quantify the presence
of boron 4-fold coordinated and antimony(V), but it can be assumed that their pres-
ence prevents the existence of zero-stress optic properties among these samples.

The amount of [BO4|™ units in the system is an intrinsic property of the material.
In order to decrease this amount, another reagent such as Al,O5 has to be added to
the composition, but this new reagent would also affect the photoelastic property of

the glass. On the other hand, the elimination of Sh(V) can easily be performed by
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preparing the glass under O,-free atmosphere.

Twelve different compositions were prepared in a drybox filled with nitrogen.
Two of these compositions crystallized, all of the others gave yellow transparent
glasses. Only compositions giving a glass are reported on Figure 7.6. The difference
of coloration between the glasses made in air and the ones obtained in the drybox
might be due to a reduction of the amount of antimony(V) in the glass. In spite
of the preparation in the drybox, none of the samples show zero-stress optic prop-
erties or a negative stress optic coefficient. The main objective of this project was
to find new zero-stress optic compositions, but such glasses were not achieved with
this glass system. No further analysis or work was performed on this glass system.
Because of the differences between the predictions from the empirical model and the
experimental values, the structural study of this glass system might be of scientific
interest. The different species of boron and phosphorus can be easily and rapidly
quantified by NMR. The presence and quantification of Sh(III) and Sb(V) can also be
performed by Mossbauer spectroscopy. However antimony Mdossbauer spectroscopy
is experimentally harder to achieve than tin or iron Mdssbauer spectroscopy. It also
requires a longer time of acquisition per sample (usually many days). The study of
this glass system over a wide range of compositions for glasses prepared in air and

in a drybox would require many months, possibly years, to be completed.

7.3.3 CONCLUSION

No zero-stress optic composition was found for the antimony borophosphate glass
system. The preparation of samples in air probably gives rise to the oxidation of
SbyO5 in SbyO5, lowering the effect of the antimony in the glass. The samples
prepared under O,-free atmosphere had a brighter yellow color but still did not give

zero-stress optic glass. No structural analysis was performed for these ternary glasses.
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7.4 SUMMARY

Among all the glass systems prepared for this thesis, the antimony-containing glasses
were the hardest to study. The antimony phosphate system gives highly hygroscopic
glasses which prevents their handling in air and limits the possibilities of analysis.
However one sample prepared in air gave a negative stress optic coefficient, unfor-
tunately its exact composition could not be obtained. The antimony borate system
also gave a glass with a negative stress optic coefficient and the zero-stress optic
composition was estimated to be at ~55 mol-% Sb,O,. This amount of antimony
oxide is much higher than the composition found by Zwanziger et al. and the value
predicted by the empirical model [106]. No direct analysis of the antimony could be
performed to detect the possible presence of Sb(V) in the glass. However the 'B
MAS NMR revealed similarities with the lead- and tin-borate glass systems but with
a lower fraction. These results suggest a covalent nature for the antimony throughout
the ranges of composition similar to the tin in the tin borate system. Many attempts
were made to find zero-stress optic glasses in the antimony borophosphate system
without success. Furthermore the glasses prepared under O,-free atmosphere had
a yellow color and are assumed to contain only Sb(III). No structural analysis was

performed of these series of glasses.
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CHAPTER 8

ZINC- AND CADMIUM-CONTAINING

GLASSES

From the crystal structure, the d/N, ratio of P,O5 is equal to 0.38 A, and this ratio
is equal to 0.50 A for ZnO [106]. The stress optic coefficient of pure P,O5 cannot be
determined by the Sénarmont method of compensation. The application of a stress
on the glass results on an inelastic deformation, but from lead-, tin- and antimony-
containing glasses it clearly appears that pure amorphous P,O has a positive stress
optic coefficient. Zinc oxide is a glass network modifier, not a glass network former. It
cannot give a glass on its own, but hypothetically, a pure ZnO glass would have zero-
stress optic properties according to the empirical model (Equation 3.14). It would be
expected that the stress optic coefficient in the (ZnO),-(P205);_, system becomes
closer to zero as the molar fraction in ZnO increases, but it was reported that its value
actually increases with x [29]. The addition of zinc oxide in a borate glass seems to
decrease the value of the stress optic coefficient as expected from the empirical model
[28]. The zinc phosphate glass system offers a chance to study a case where the trend

given by the empirical does not fit the experimental results. The first goal is to study
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the relationship between photoelasticity and structure in the zinc phosphate system
(ZnO),-(P205)1 -4, as well as in the zinc borate glass system (Zn0),-(B203);—_, where
the empirical model seems to be correct. In addition, cadmium phosphate (CdO),-
(P205)1_, and cadmium borate (CdO),-(B203);_, glasses were also prepared. The
structure of the glass samples can be investigated by *'P NMR, !B NMR and *3Cd
NMR; unfortunately the only NMR active zinc nuclei is 7Zn, but its poor sensitivity
usually results in broad signal (~500 ppm) [231]. Also 7Zn Mossbauer spectroscopy
is experimentally challenging to perform due a low signal to noise ratio [232]. The
study of the local environment of the zinc atoms was realized with the help of the

literature.

8.1 EXPERIMENT

8.1.1 GLASS PREPARATION

PHOSPHATE GLASS

The starting reagent to prepare these glasses were ZnO (Sigma-Aldrich, 99%), CdO
(Sigma-Aldrich, 99%), and NH4H;PO, (Sigma-Aldrich, 98+%, A.C.S. reagent). The
powders were mixed into an alumina crucible and placed in a preheated box fur-
nace at 500°C for 4 hours; the crucible was then transferred in another box furnace
between 1000°C and 1200°C depending on the composition. After 20 minutes the
glass was quenched at room temperature onto a brass plate. The zinc-containing
glass at 60 mol-% ZnO was quenched onto an aluminum plate cooled at 4°C. The
cadmium-containing glass at 50 mol-% CdO was transferred into a furnace at 300°C
after being quenched to avoid cracking. All of the samples were annealed in the range
of temperature from 320°C to 375°C. Four zinc phosphate glasses (Zn0),-(P20s5)1_»
with nominal composition x = 0.30, 0.40, 0.50, and 0.60 were obtained. For the cad-

mium phosphate system (CdO),-(P205)1_,, three samples were obtained at nominal
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compositions z = 0.30, 0.40, and 0.50. Attempts were made to prepare bulk samples
with higher and lower amounts of additive, but the solids crystallized immediately

during the quenching. All the glasses were transparent and colorless but contained
bubbles.

BORATE GLASS

The starting reagent to prepare these glasses were ZnO (Sigma-Aldrich, 99%), CdO
(Sigma-Aldrich, 99%), and B,O3 (Sigma-Aldrich, 99%). The powders were mixed
in a platinum crucible and placed in a preheated box furnace at about 1200°C.
After 30 minutes, the glass was quenched onto a brass plate at room temperature
and then immediately transfered onto a hot plate at 320°C. All the samples were
annealed in the range of temperature from 490°C to 530°C. For the zinc borate
system (Zn0O),-(B203)1_,, four samples were obtained with nominal compositions
z = 0.30,0.40,0.50, and 0.60. For the cadmium borate system (CdO),-(B203)1_s,
three samples were obtained at nominal compositions x = 0.40,0.45, and 0.50. All

the glasses were transparent and colorless.

8.1.2 COMPOSITION ANALYSIS

The samples were analyzed by Double-EDS analysis at the Microprobe laboratory
(Dalhousie University - Earth Science Department) to obtain an accurate analysis of
the composition. Unfortunately all the glasses were damaged by the measurements.
During the measurement the surface of the glass that received the electron beam
burnt and released gases. After many trials, no relevant analysis was obtained. The
gas released at the impact location is probably due to water absorbed by the samples,
and in the case of the phosphate glasses, water and ammonia trapped in the glass

(from the decomposition of NH,H,PO,).
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8.1.3 DENSITY MEASUREMENTS

The density was measured only for the zinc and cadmium borate glasses. The density
measurements for the phosphate glasses would not be relevant because of the presence
of bubbles inside the samples. All sample density measurements were performed
using the Archimedes principle. The immersion liquid used was 99+mol% ethanol.
Water was not used because of the hygroscopic character of the glasses. Due to the
slight variation of the density of ethanol depending on temperature, a series of values

for the density of ethanol were taken from the literature [128].

8.1.4 STRESS OPTIC MEASUREMENTS

The stress optic coefficient of each samples was determined by the Sénarmont method
of compensation described in section 4.1. The measurements for all the samples

presented in this section were performed only with the light table.

8.1.5 B NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

All samples were crushed and packed in 2.5 mm rotors. The ''B magic angle spinning
(MAS) NMR was performed on a Bruker Avance NMR spectrometer with a 16.4 T
magnet (700 MHz proton Larmor frequency, 224.68 MHz 'B Larmor frequency).
The samples were spun at 10 and 22 kHz to determine center bands and to identify
spinning sidebands. The NaBH, resonance served as a secondary chemical shift
standard at -42.1 ppm relative to BF3.EtoO and was used to determine the pulse
power. For the 'B MAS NMR spectrum 64 scans were accumulated using a pulse
length of 0.4 us at 78 kHz amplitude strength, chosen short for uniform excitation.
Pulse repetition times between 1 and 5 s were determined to be sufficient for these
samples. Because of the substantial boron background, mostly from the rotors, the

spectrum of an empty rotor was subtracted.
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8.1.6 3'P NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

The 3'P NMR experiments were performed on a Bruker Avance NMR spectrome-
ter with a 9.4 T magnet (162.02 MHz 3'P Larmor frequency) using a magic-angle
spinning probe and 2.5 mm diameter sample rotors. The 3P NMR chemical shift
scale was referenced externally against NHyH,PO3 at 0.81 ppm as a secondary ref-
erence. The 90 degree pulse time was also determined on this sample. The final 1-d
magic-angle spinning spectra were acquired with a pulse of 0.75 us (corresponding
to a 20 degree flip angle) at 74 kHz rf field strength and 60 s recycle delay. Samples
were spun at 25.0 kHz. Line shape simulations were performed using the program

Dmfit [160] and XEDPLOT (Bruker software package).

8.1.7 13Cd NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

All 13Cd magic angle spinning (MAS) NMR experiment were carried out on a Bruker
Avance NMR spectrometer with a 9.4 T magnet (400.24 MHz proton Larmor fre-
quency, 88.769 MHz 3Cd Larmor frequency) using a probe head for 4 mm rotor
diameters. The samples were spun at 12.00 kHz. Between 2040 and 2400 scans were
accumulated with single pulse excitation using a pulse length of 7 /4 at 54 kHz rf field
strength. The recycle delays were 30 s following the reference of Hussin [233]. The

chemical shift scale was referenced externally against 0.1 molar Cd(ClO,), -6 H,O.

8.2 RESULTS

8.2.1 DENSITY MEASUREMENTS

The results of the density measurements for the borate glasses are shown in Figure
8.1, and they are compared with data from the literature in each case [150,215,234—
244]. For both systems the density increases significantly with the addition of a

glass modifier. At low nominal ZnO content, the densities for the zinc borate glasses
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are too high, and an estimation of the real compositions can be calculated from the
trend of the values. According to this method, the composition for the Zn-containing
glasses at x = 0.30,0.40,0.50, and 0.60 are closer to x = 0.51,0.58,0.61, and 0.63
respectively. For the Cd-containing glasses, only the sample at x = 0.45 does not
agree with the literature. According to the trend its real composition is actually

closer to x = 0.54.
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Figure 8.1: Densities of the zinc borate glass (a) and cadmium borate glass (b) in
function of their nominal compositions. The experimental values (x) are compared
with data from the literature (o) [150,215,234-244] and a trend is plotted from these
data (solid line). The uncertainty on the measurements is £0.001.

8.2.2 STRESS OPTIC MEASUREMENTS

The stress optic coefficient was determined for all the samples except the cadmium
borate at = 0.45. This last sample was not homogeneous enough to give a con-
sistent value of C. The density was measured only for the borate glasses, therefore
the choice was made to plot the stress optic coefficients in function of the nominal
compositions in order to plot the results for the borate and the phosphate glasses.
The results for the zinc-containing glasses are plotted on Figure 8.2. Furthermore,

these glasses are compared with the value obtained by Matusita et al. [28,29] who
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prepared their samples according to an experimental procedure close to the pro-
cedure presented above. It can be expected that the differences between nominal
and real composition of Matusita’s glasses and the present samples might be of the
same amplitude. Matusita et al. did not provide any compositional analysis of their
glasses. Their results are given in function of the nominal composition.

From both zinc and cadmium phosphate glasses, the stress optic coefficient in-
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Figure 8.2: Stress optic coefficient of the zinc-containing glasses in function of their
nominal compositions. The experimental values are compared with data from Ma-
tusita et al. [28,29] and a trend is plotted from these data (solid line).

creases with the amount of additive. A decrease was expected from the empirical
model. The stress optic coefficients for the zinc phosphate glasses are in fairly good
agreement with the work of Matusita et al.. The value of the coefficient for the
cadmium phosphates at = 0.40 and 0.50 are identical, with values of 4.66 and
4.64 Brewsters respectively. The case of two binary glasses of the same system with
different compositions and the same stress optic coefficient has not been observed
so far. It is more likely that these two cadmium phosphate glasses have the same
composition. The stress optic coefficient of the zinc borate also increases with the

addition of zinc in the glass, following a similar trend to the zinc phosphate. Among
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the four series of samples, only the cadmium borate sees its stress optic coefficient

decreasing with the addition of glass modifier.

8.2.3 UB NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

The ''B Nuclear Magnetic Resonance spectroscopy spectra for the zinc and cadmium
glasses all contained one peak at about 15 ppm and one peak at about 1 ppm
corresponding to [BOs| and [BO4]™ respectively. The position and relative intensity
of each peak (from the area integration) are reported in Table 8.1. As the amount
of additive increases the position of both peaks are shifted downfield. The values for
the cadmium glass at x = 0.45 and 0.50 are very close, contributing to the conclusion
that the two samples might have a similar composition, as previously suggested by
the density measurements. For the zinc borate glass, the fraction of [BOs| units
increases with the addition of ZnO in good agreement with the work of Kajinami et

al. [246], whereas it decreases in the cadmium borate glasses.

xr [BO;}} [BO4]7
(nominal) 0 (ppm) Fraction (%) | § (ppm) Fraction (%)

(Zn0)a-(B,03)1-0

30 14.61 65.7 0.81 34.3

40 14.66 68.0 0.99 32.0

50 15.12 70.8 1.13 29.2

60 15.14 72.4 1.15 27.6
(C0),-(B,0)1

40 14.62 51.3 0.59 48.7

45 15.58 46.7 0.92 53.3

50 15.32 47.0 0.86 53.0

Table 8.1: "B NMR data for the zinc- and cadmium-containing glasses. Both glass
systems are fitted with one peak corresponding to [BO3] (~ 15 ppm) and one peak
corresponding to [BO4|~(~ 1 ppm).
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8.2.4 3'P NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

The 3'P Nuclear Magnetic Resonance spectroscopy revealed the presence of Q3, Q?
and Q' phosphorus in all the samples for both zinc and cadmium glasses (Table
8.2) in good agreement with the literature [233,247,248]. In the zinc phosphate the
amount of Q? species decreases significantly with the addition of ZnO. This variation
is first balanced by the increase of Q?, and then by the sudden raise of Q' at high
zinc content. In the cadmium glasses, the samples at £ = 0.30 and 0.40 show a close
similarity to their phosphorus species with a majority of Q? species and a significant
amount of Q*. [POy] units with only one bridging-oxygen are barely present in these
two glasses. The number of Q! species increases significantly at = 0.50 and the

amount of Q! units created is very close to the number of Q3 that disappeared.

T Q3 QQ Ql
(nominal) 0 (ppm) Fraction (%) | 0 (ppm) Fraction (%) | 6 (ppm) Fraction (%)

(Zn0);~(P505)1-4

30 -45.12 35.8 -33.89 61.6 -14.60 2.61

40 -43.72 214 -32.28 74.5 -16.46 4.1

50 -46.43 1.9 -30.90 90.8 -13.78 7.3

60 -52.51 1.3 -30.75 68.6 -12.39 30.1
(Cdo)z‘(P2O5)1ﬁc

30 -44.73 36.5 -31.29 61.3 -12.73 2.2

40 -42.51 27.5 -28.73 70.7 -12.77 1.8

50 -34.81 17.2 -25.7 72.4 -6.40 10.39

Table 8.2: Assignment of the Q™ species from the 3'P NMR chemical shifts. Both
glass sytems contain Q3, Q? and Q! species. The fraction of Q* decreases whereas
the number of Q! increases with the increase of additive in the phosphate glass.

8.2.5 M13Cd NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

The 13Cd Nuclear Magnetic Resonance spectroscopy was successfully performed on
five samples. Each spectrum shows a broad peak shifted from lower to higher chem-

ical shift as the cadmium is added to the composition (Figure 8.3). A deconvolution
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of the peaks into several gaussians was not performed here because of a low signal to
noise ratio, especially for the phosphate glasses. Only one gaussian was used to fit
each spectrum, even in the case of the (CdO)g.40-(By03)0.60 where the spectra seems
to be a combination of two components. This provides a general trend of the cad-
mium’s behavior through the different compositions. The chemical shift and width

of the peaks are reported in Table 8.3.

X 5§ FWHM
(nominal) (ppm)  (ppm)
(CdO)4~(P305)1-4
30 90 116
40 61 139
50 61 128
(CdO).~(B,03)1-4
40 31 263
50 12 263

Table 8.3: Chemical shift and width of the gaussian used to fits the 3 Cd NMR
spectra.

8.3 DISCUSSION

Once again, the composition analysis of the glasses produced some difficulties related
to the hygroscopic nature of the samples, and the possible presence of gas trapped
close to the surface. The density measurements gave an idea of the final composition
of each sample and their deviation from the nominal composition for the borate
glasses. For the zinc borate, the samples seem to have a higher amount of ZnO
than expected. This might be due to the loss of some B,04 by volatilization at high
temperature. In spite of these differences of composition, the sample at x = 0.30 is
still the one with the least ZnO and the sample at x = 0.60 the one with the most
ZnO. This is not the case for the cadmium borate system. The real compositions for

the samples at x = 0.30 and 0.50 are quite close to their nominal compositions, but
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Figure 8.3: "3Cd NMR spectra for the borate and phosphate glasses.

139



for the one at 45 mol-% the real amount of ZnO is estimated at ~54 mol-%. From
the crystalline structure of the zinc oxide and the cadmium oxide, their d/N, ratio
is calculated at 0.50 A and 0.38 A respectively [106,249].

The structure of the zinc phosphate glass was studied using X-ray and neutron
diffraction, Nuclear Magnetic Resonance spectroscopy, and molecular dynamics [248,
250-254]. All studies agreed on the stability of the coordination number and oxygen’s
bond length of both cations for the whole range of compositions (typically 0.35 <
x < 0.70). The coordination number of phosphorus was found at 4 and the P — O
bond length at 1.5 A, which is typical of phosphate glasses as mentioned in previous
sections (section 5.2.2, and section 6.1). The Zn — O bond length is subject to
minor variations from 1.94 A at low zinc content to 2.00 A at high zinc content
[253]. Discussion still exists about zinc’s exact coordination number in this glass
system. Most of the studies agree on the fact that the zinc is in coordination 4
similar to the ZnO crystal structure [248,250-253]. A recent study using x-ray and
neutron diffraction determined a coordination close to 5 in the range of composition
0.49 < z < 0.70, with the presence of [ZnOs] polyhedra in the structure [254].
With a coordination 4 and a bond length 1.94 A the d/N. ratio for the zinc atom is
0.49 A: with a coordination 5 and the same bond length this ratio becomes 0.39 A.
The d/N, ratio for P,O; is 0.38 A, therefore in the case of coordination 4 for the
zinc, the addition of ZnO should slightly increase the results of the empirical model,
which means that the stress optic coefficient should slightly decrease. In the case
of a coordination 5 for the zinc, the d/N, ratio for both cations is almost identical,
therefore the addition of ZnO in the glass should not affect the value of the stress
optic coefficient. None of these situations can explain the significant variation of the
stress optic coefficient of the zinc phosphate system.

In the zinc borate glass system, the coordination number for zinc and Zn—0O bond
length also remain constant through the different compositions (0.40 < z < 0.65)
with values of 4 and 2.00 A respectively [246]. According to the NMR results, the
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empirical model becomes:

d(B3) d(Bs) d(Zn0)

1 UN.(Zno)

(1—N)(1—2) + (Ny)(1 — ) =05A (8.1)

where the value of the Ny fraction corresponds to the fraction of [BO4|™ given in Ta-
ble 8.1, x is the molar fraction of ZnO, d(B3) and d(B,4) are the B—O bond length in
[BO3] and [BOy4]™ respectively, d(ZnO) is the Zn — O bond length, and N.. the zinc’s
coordination number. The results of this equation are reported in Table 8.4 based on
the nominal composition (Zpemina) and the compositions deduced from the densities
(Zdensity). The results given by the empirical model increase with the addition of
ZnO to become closer to 0.5 A. Therefore the stress optic coefficient should slightly

decrease but, once again, this is not the case.

Tnominat  Empirical Model (A) Tdensity Empirical Model (A)
0.30 0.448 0.51 0.464
0.40 0.457 0.58 0.470
0.50 0.465 0.61 0.473
0.60 0.473 0.63 0.475

Table 8.4: Results of the empirical model for the zinc borate glass for the nominal
compositions and estimated compositions from the densities.

The structure of the binary cadmium phosphate glass system is not very well
known, and the most complete work about it was published by Hussin et al. who
studied the structure using 3'P MAS NMR, 2’Al MAS NMR and 3Cd Static and
MAS NMR experiments [233]. They were able to obtain an accurate composition
analysis of their samples prepared in the range 0.25 < x < 0.60. The results from
the 3P NMR experiment presented in Table 8.2 are in good agreement with their
work. By comparing the fraction and chemical shifts of the Q™ species, it can be
estimated that the composition of the samples from the present work are quite close
to their nominal compositions with a deviation of the CdO molar fraction of +5%.

The 3'P NMR shows a decrease of the number of bridging oxygens, but as mentioned
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earlier, the coordination number and P — O bond length remains constant for the
phosphorus atom in phosphate glasses. The 3Cd NMR spectra are also in good
agreement with the work of Hussin et al., unfortunately no accurate data about the
evolution of the cadmium’s coordination number and C'd — O bond length can be
extracted from the spectra. Therefore no attempt was made to correlate the glass
structure with the results of the empirical model. These spectra reveal an increase of
the mean chemical shift similar to the lead NMR spectra for the lead borate system.
Conversely to this last system, the increase of the chemical shift is associated with
an increase of the stress optic coefficient. From the shape and mean chemical shift
of the two samples at x = 0.40 and 0.50, it can be stated that these two samples
have the same structure and composition as assumed from the stress optic coefficient
values.

The data obtained from the !B NMR and ''*Cd NMR spectroscopy are not suf-
ficient to test the empirical model, or to make any conclusion about the evolution of
the cadmium’s behavior within the composition. No relevant additional data were
found in the literature to help understand the photoelastic response of this glass
system. In this case, the variation of the chemical shift does not appear as clearly
as in the cadmium phosphate glass. More investigations are required to know the

exact local environment of the cations, especially the zinc.

8.4 SUMMARY

For the four glass systems (Zn0),-(P505)1—s, (CdO),-(Py05) 14, (Zn0O),-(By04) 14,
and (CdO),-(By03)1_s, the empirical model is unable to predict the evolution of the
photoelastic response. The structure of the zinc phosphate glasses remains very
stable throughout the range of compositions, the coordination and bond lengths for
the two cations remains constant. In the zinc borate, the local environment of the zinc

atom also remains stable through the compositions, only the Ny fraction undergoes
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slight variations. These variations cannot explain the evolution of the stress optic
coefficient. The study of the Cd-containing glasses did not provide the information

necessary to explain the photoelasticity of the borate and phosphate glasses.
y p p y p p g
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CHAPTER 9

DISCUSSION

9.1 THE THEORY OF PHOTOELASTICITY

9.1.1 MUELLER’S THEORY OF PHOTOELASTICITY

The correlation between the structure and the photoelastic response of lead-, tin-,
and antimony-containing glasses presented in the previous chapters reveals the dom-
inant covalent nature of these three elements in glasses with a negative stress optic
coefficient. These results contradict the expectations arising from Mueller’s theory of
photoelasticity which states that the cation brought by the oxide modifier should act
mostly ionically in a glass with a negative stress optic coefficient. Mueller based his
work on the previous independent attempts of Hertzfeld [104,105] and Banerjee [103]
to explain the origin of the photoelasticity in NaCl and KCI crystals. In these works,
the structural deformation of the lattice under pressure was considered to be the only
phenomenon occurring in the crystals. This deformation was called “lattice effect”
by Mueller who introduced another effect corresponding to the deformation of the

electronic clouds due to the motion of the atoms in the structure, some bonds being
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strengthened and others weakened [26]. This second effect, called the “atomic effect,
was added to explain the difference between the calculations taking into account the
lattice effect only and the experimental values. To be rigorous it would be necessary
to calculate independently the contribution of both effects, but technical limitations
made it impossible to calculate the atomic effect. Therefore, to derive his theory,
Mueller calculated the contribution of the lattice effect and compared it with the ex-
perimental data. The difference was assumed to be the atomic effect’s contribution.
This procedure is risky because it requires a perfect knowledge of the mechanics re-
lated to the lattice deformation, and any mistake in the calculations can invalidate
the entire theory. Unfortunately a major error was introduced at the very beginning
of Mueller’s derivation of the theory with a misinterpretation of the lattice’s defor-
mation. Twice in his article from 1938, Mueller stated that under a tensile stress
the “distance between the neighboring atoms becomes larger in the direction of strain,
while it does not change in the direction normal to it” [26]. The Poisson’s coefficient
v of a material under stress is given by the ratio of its deformation in the direction
normal to the stress over the deformation parallel to the stress:
Aly

v = —AlI (9.1)

lp
with [, and [, lengths of the samples normal and parallel to the stress respectively.
According to this equation and Mueller’s statement, the Poisson’s ratio of NaCl and
KCI should be zero, but these ratios for the two crystals are in fact 0.164 and 0.101
respectively [255].

9.1.2 WEYL’'S MODEL

The model of deformation of the ions in the stressed glass does not follow a simple
expansion in the direction of the strain as suggested by Mueller (see Figure 3.5). Weyl

proposed another model taking into account the electrostatic interactions between
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anions and cations [256]. In this model, the sign of the electric charge and the
polarizability of the ions are the main parameters defining the photoelastic response
of a material. The electrostatic strength between two point charges can be described
by the Coulomb’s law:

q+q-
F= 9.2
4d7rie (92)

where ¢, and ¢_ are the charge of the cation and the anion, r is the distance between
the two charged particles and ¢ is the permittivity of vacuum. When a tensile stress
is applied on the material, the distance between the ions increases in the direction
of the stress and decreases in the direction normal to it. Therefore the electrostatic
interaction is strengthened in the direction perpendicular to the stress and weakened
in the direction of the stress. To simplify the concept, it will be first assumed that the
cation are rigid particles and only anions can be deformed because of their greater
polarizability. In this case, the electronic cloud of the oxygens will be elongated in
the direction perpendicular to the tensile stress because of the stronger interaction
(see Figure 9.1 b). With such a configuration, shorter bonds and elongation of the
electronic cloud, the electron density in the direction perpendicular to the stress
becomes greater than the density in the direction of the stress. In the case of a glass
containing polarizable cations, such as Pb?*, the deformation of the electronic cloud
of the oxygens remains the same as in Figure 9.1 b. The cations are subjected to the
high and close electron densities of the anions and their electrons are repelled in the

direction of the strain (Figure 9.1 c).

9.1.3 THE POLARIZABILITY RATIO

According to Weyl, in absence of polarizable cations, the sign of the birefringence is
given by the direction of the deformation of the anions and becomes positive [256].
Weyl’s model highlights the importance of the polarizability of the ions and two
parameters influencing the atomic effect can be distinguished: the polarizability and

the polarizing power. The polarizability is the ability of the ion to be deformed and
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Figure 9.1: Deformation of the electronic cloud of anion and cations according to
Weyl’s model.

it is defined by:

a=z (9.3)

with p the induced dipole and E the external electric field. The polarization is often

given in A%, The polarizing power is the ion’s ability to deform the surrounding ions

and is defined by:
z

P== (9.4)

with z the formal charge and r the ionic radius.

These two effects are related to each other: a small ion with a high charge ( “rigid”
ion) would have a small polarizability but a strong polarizing power, whereas a large
ion with a small charge (“soft” ion) would have a high polarizability but a poor
polarizing power. It is important to separate these two characteristics.

By definition the birefringence is the result of the difference between the extraor-
dinary and ordinary refractive indices. The refractive index can be calculated from

the Drude-Voigt formula of dispersion [257]:
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R w?
with n the refractive index, N is the number of molecule per unit volume, e and
m are the electronic charge and mass respectively, f; is the oscillator strength of
the resonant electrons, w; is the resonance frequency of electrons ¢ and w is the
considered frequency. The term N f; represents the number of resonant electrons
per unit volume, or electron density, therefore if the electron density increases, the
refractive index increases. In the case of a rigid cation, the application of a tensile
stress increases the electron density in the ordinary direction, the ordinary refractive
index becomes greater than the extraordinary refractive index, and the birefringence
becomes negative (An = (n. —n,)) and not positive as stated by Weyl. According to
Equation 3.11, if a tensile stress (0 < 0) induces a negative birefringence, the stress
optic coefficient has to be positive which is the case for all glasses with small and
charged cations. The three glass formers SiO,, B,O5; and P,O; contain rigid cations
and have a positive stress optic coefficient; 3.47 and 11 Brewsters for the silicate and
borate glasses respectively [27,28]. The stress optic coefficient of the phosphate glass
cannot be determined experimentally because of its softness. The substitution of
rigid cations by softer cations would decrease the ordinary electron density because
of a lower polarizing power, and it would increase the extraordinary electron density
because of the higher polarizability. To verify this statement, a relation between the
polarizability of the cations and the stress optic coefficient of some glass formers can
be made. Because all glasses are oxide glasses, it could be assumed that the effect of
the oxygens would be the same in all glasses. Dimitrov et al. created a classification
of oxides based on the polarizability of their ions, and it appears from their work
that the oxygen’s polarizability varies from oxide to oxide [258,259]. Therefore, for
an oxide of formula M,O,, the contribution to the photoelastic response called &

would be given by:
TOpr

£= o 96)
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with ajp; and ag2- the polarizability of the cation and the oxygen respectively in
the oxide. The number of each ion brought by the oxide has to be taken into con-
sideration because of their contribution to the extraordinary and ordinary electron
densities. According to the previous statements, it is expected to obtain low & values
for positive stress optic coefficients and increasing values with decreasing stress optic
coefficient. The & ratio is calculated for some glass formers from the data given by
Dimitrov et al. and the results are shown in Table 9.1. The stress optic coefficients
C of B,04, SiO, and TeO, are already known fom the literature [27,28,107], they are

also reported in Table 9.1. The value of the stress optic coefficient seems to decrease

Oxide M, O, | as (A3) [259] | ape- (A3) [259] | € = % C (Brewsters)
B,0, 0.002 1.345 0.0018 11 [28]
P,0, 0.021 1.350 0.0062
Sio, 0.033 1.427 0.0116 3.47 [27]
V,0;, 0.122 2.643 0.0185
GeO, 0.137 1.720 0.0398
TeO, 1.595 2.401 0.3322 0.64 [107]

Table 9.1: Polarizability ratio and stress optic coefficient of some glass formers

with the increase of the & ratio. To verify this assumption the stress optic coefficient
of additional glass formers needs to be determined. A germanium dioxide glass was
successfully prepared according to the procedure of Sakaguchi et al. [260]. If the
trend given by the & ratio is reliable, the value of the stress optic coefficient for GeO,
should be close but smaller than the stress optic coefficient of the silicon dioxide.
The synthesis of a pure V,0; requires ultra-fast quenching techniques and could not
be achieved [261]. As mentioned previously, the stress optic coefficient of pure P,O;
cannot be determined experimentally with the Sénarmont method. Therefore, only
the stress optic coefficient of the germanium dioxide could be measured and it was
found to be 3.01+0.05 Brewsters in good agreement with the expectation. The stress
optic coefficient is plotted in function of the ¢ ratio in Figure 9.2. The & ratio is given

on the x-axis on a logarithmic scale. Although only four points can be plotted, the
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Figure 9.2: Polarizability ratio £ and stress optic coefficient of some glass formers.
The £ ratio are given on a logarithmic scale.

graphic in Figure 9.2 shows that the stress optic coefficient roughly follows a natural
logarithm trend. Therefore, the £ ratio might give an idea of the contribution on
the photoelastic response of a glass for each oxide, similar to the d/N, ratio in the
empirical model. A low value of the £ ratio means a high contribution of the oxygens’
deformation, that is to say a contribution to positive stress optic coefficient, and a
high ¢ value means a contribution to a low stress optic coefficient. The values for
the ¢ ratio for six MO type oxides (M = Mg, Ca, Sr, Ba, Sn, and Pb) are presented
in Table 9.2 and the value €f is also calculated to provide an simpler way to compare
the numerical results: a value of 1 results in a poor cationic polarizability and a
poor contribution to a decreasing stress optic coefficient. The higher the ¢ value,
the stronger the contribution to decrease the stress optic coefficient. The stress optic
coefficient of binary (MO), - (P,0O;);_, glasses of the same compositions are com-
pared in Figure 9.3. The ratio of the cation and oxygen polarizabilities indicates
that the contribution to a negative stress optic coefficient of the oxides increases in
the order MgO < CaO < SrO < BaO < SnO < PbO. These results are in perfect

agreement with the experimental values shown in Figure 9.3. In a similar way as
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the empirical model, the e value is tested to see if a specific value characterizes the
zero-stress optic coefficient with the formula Y, z;¢5. The results varies from 1.42
for the 17 BaO - 83 TeO, glass to 1.80 for the 49 PbO - 51 B,0, glass, therefore this

model does not bring any improvement compared to the empirical model.

Oxide MO | apr (A%) [ ape- (A%) [259] | € = % et

MgO [259] 0.094 1.687 0.056 1.057
CaO [259] 0.469 2.420 0.194 1.214
SrO [259] | 0.861 3.150 0273 | 1.314
BaO [259] 1.595 3.741 0.426 1.532
SnO [262] | 2.587 3.179 0.814 | 2.257
PbO [259] 3.623 3.381 1.073 2.623

Table 9.2: ef value of some simple oxides
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Figure 9.3: Stress optic coefficient in binary (MO),, - (P,0;)1—. glasses with M = Mg,
Ca, Sr, Ba, Sn, and Pb [29,106,150,151].
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However, the estimation of the contribution of the oxides from the £ ratio seems to
give better results than the d/N, ratio. For example, Zwanziger et al. demonstrated
that the glass composition 17 BaO - 83 TeO, gives a zero-stress optic coefficient
[107]. The d/N, ratio for BaO and TeO, is 0.46 A and 0.50 A respectively, therefore
the addition of BaO in a telluride glass should slightly increases the stress optic
coefficient, whereas it decreases it. The ef value for BaO is 1.532 and 1.394 for
the tellurium dioxide, therefore the contribution of BaO to decrease the stress optic
coefficient is stronger than TeQO,, consequently the addition of barium oxide should
decrease C as observed experimentally. The photoelastic response is related to the
polarizability of the oxides, and Weyl’s model is verified experimentally, but this

model concerns only the ionic deformation.

9.1.4 DEFORMATION OF COVALENT BONDS

From the experiments presented in this thesis, two important conclusions can be
made about the correlation of the glass structure and the photoelastic response of

the lead-, tin-, and antimony-containing glasses:

e In the case of a positive stress optic coefficient, the metallic element brought by
the oxide modifier can act either ionically (lead-containing glass) or covalently
(tin-containing glass).

e In the case of a negative stress optic coefficient, the metallic element brought

by the oxide modifier always acts covalently.

Therefore Weyl’s model cannot fully explain the origin of a negative stress optic co-
efficient. In his theory, he postulated that strong deformation of polarizable cations
can exceed the effect of the anions and the stress optic coefficient becomes negative.
On Figure 9.1, the deformation of the oxygens is perpendicular to the tensile stress
because, in general, anions are more polarizable than cations. In the case of the lead
oxide, the polarizability of Pb?T is greater than the polarizability of O*~ (see Table
9.2). Therefore the deformation of the Pb*" should now be the one perpendicular to

152



the tensile stress and the oxygens should be deformed in the direction of the stress.
According to this model, under a tensile stress, the ordinary electron density is al-
ways greater than the extraordinary electron density. If the anion and cation show
the same polarizability, then the deformations in both directions balance each other
and produce a zero-stress optic coefficient. Therefore, in the case of ionic compounds
the introduction of highly polarizable cations can reduce the stress optic coefficient
but will never give a negative value.

In the case of covalent bond, Mueller’s model of bond deformation shown in Fig-
ure 3.6 is actually more suitable. Ions tend to maximize the interaction with the
surrounding charged particles giving rise to a high coordination, whereas covalent
bonds are based on electron exchange and are directional interactions. The elastic
deformation of covalent crystals is a complex problem. Physics models developed
to date can only solve the deformation of specific compounds, such as the Keat-
ing model suitable for crystals made only of elements of the IVa group [263]. A
more qualitative approach is presented here based on Mueller’s model. Under the
application of a tensile stress, two phenomenon are likely to occur in the structure:
variation of the bond length and variation of the bond angle as shown in Figure 9.4.

In both cases, the atoms are displaced in the structure corresponding to the lattice

TG

%bfﬁ

lﬁ

Bond angle
variation

Bond length
variation

Figure 9.4: Structural variation of covalent bonds: bond length variation and bond
angle variation
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effect defined by Mueller. The shape of the atom is also modified which corresponds
to the atomic effect. The bond variation tends to move the atoms farther apart in
the direction of the stress, but the interatomic distance decreases in the ordinary
direction. If only this effect is taken into consideration, the density of electron de-
creases in the direction of the stress and increases in the direction perpendicular to
the stress. Based on the Drude-Voigt formula (Equation 9.5), the birefringence An
becomes negative under the action of a negative stress (tensile stress). In this case
the stress optic coefficient is positive. A covalent bond is made of an exchange of
electrons between the two atoms, it can be considered that the atoms would also be
elongated in the direction of the stress, the amplitude of the deformation depending
on the polarizability of the element. This deformation corresponds to the atomic
effect.

The bond angle variation would mostly affect the shape of the atoms as illustrated
in Figure 9.4. The electronic cloud is elongated in the direction of the strain, making
the number of electrons per unit volume greater in the extraordinary direction than
in the ordinary direction. The birefringence An becomes positive under a tensile
stress (o < 0), therefore the stress optic coefficient is negative. From this point of
view, the displacement of the atoms in the structure (i.e. lattice effect) contributes
to a positive stress optic coefficient, whereas the deformation of the atoms (atomic
effect) contributes to a negative stress optic coefficient, conversely to Mueller’s con-
clusions. The Poisson’s ratios of some binary lead glasses are given in Table 9.3.
According to these values, the deformation in the the ordinary directions is three to
four times smaller than the deformation in the extraordinary direction. Therefore,
the variation of the extraordinary refractive index is of greater influence on the bire-
fringence than the variation of the ordinary refractive index.

Similar to the ionic deformation, the polarizability of the elements plays an im-
portant role in the photoelastic response of covalent compound. According to this
model of deformation, the stress optic coefficient should decrease with the addition

of highly polarizable cations which corresponds to the experimental results. The
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(P10) (510,)1 2 | (Ph0),-(B,00)s = | (PO (P,00)r =
X v [264] X v [265] X v [266]
33 0.230 25 0.268 29.3 0.300
40 0.237 35 0.275 34.1 0.300
50 0.259 45 0.276 42.0 0.300
o8 0.265 95 0.283 50.5 0.300
67 0.276 65 0.285 54.6 0.300
70 0.286 70 0.287 598.8 0.300

Table 9.3: Poisson’s ratio of binary lead glasses

polarizability dependence of the photoelastic response in the case of ionic and co-
valent bonds also explains the good agreement of the values of the £ ratio with the
experimental observations for the different oxides.

More can be told about the correlation of the polarizability of the oxide and the
photoelasticity of a glass. In his article, Mueller mentioned the difference between
the natural and induced deformations of the atoms in the structure. The natural
deformation is the geometry of an atom’s site in the unstressed material, whereas the
induced deformation is the variation of the environment due to the application of a
stress. The natural deformation seems to have a significant importance in the pho-
toelastic response of a glass, as observed in the cases of the lead borate and the tin
phosphate systems. In the lead borate glass, the evolution of the 2°"Pb static NMR
(Figure 5.4) shows an increase of the chemical shift anisotropy when the stress optic
coefficient decreases. For a negative stress optic coefficient, the symmetry of the lead
environment is lower than for a positive stress optic coefficient, in good agreement
with a covalent behavior. In the tin phosphate glass, the quadrupole splitting for the
tin atoms is greater for a negative stress-optic glass than for a positive stress-optic
glass (Table 6.1), which also reveals a lower symmetry. Based on this two studies, it
seems that the metallic element brought by the oxide modifier should have a great

natural deformation to be able to give rise to a negative stress optic coefficient.
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9.2 (CLASSIFICATION OF THE OXIDES

The amorphous nature of glass makes it difficult to establish a standard pattern of
glass structure similar, for example, to the Bravais lattice in crystal. According to
Zachariasen’s random network theory and Lebedev’s crystallite hypothesis, the glass
structure can be derived from the crystalline structure of the oxide entering into
the compostition. Depending on the ionic or covalent nature of the bond, Weyl’s
model or Mueller’s model of deformation should be adopted. But no bond is 100%
ionic or 100% covalent, therefore the structural variation of the solid would partially
follow both models in function of the degree of ionicity. Barr investigated the O 1s
binding energy of simple oxides M,0,,, and evaluated the degree of ionicity of the
M — O bonds based on his results [267]. The binding energy of the different oxides
varies from 528.0 eV to 533.5 eV which allowed him to classify the oxides into three

categories:

1. Semicovalent oxides: oxides with a O 1s binding energy in the range 530.5 -
533.5 eV. They include most of the glass formers (SiO,, B,O5, P,O,, GeO,).

2. Normal ionic oxides: oxides with a O 1s energy at 530 + 0.4 eV, their ionicity
is estimated between 76% and 89%. Most transition metals belong to this
category. More surprisingly Na,O also belongs here, whereas one would expect
it to belong in the third category.

3. Very ionic oxides: oxides with a low binding energy in the range 529.5 -
528.0 eV, their ionicity is greater than 90%. It includes oxides such as SrO,
Cs,0, CdO and BaO.

According to Barr’s study, PbO has an O 1s binding energy at 529.7 eV, which clas-
sifies it as a very ionic oxide. PbO has a litharge structure with the lead on top of a
square based pyramid. A low coordination number and directional bonds are more
characteristic of a covalent behavior than an ionic behavior [268].

From a polarizability approach, Dimitrov and Sakka established a similar classi-

fication of simple oxides [258]:
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1. Oxides with a low polarizability between 1 and 2 A®. The glass formers with
the highest stress optic coefficient belong to this category (SiO,, B,O,, P,O;,
GeO,).

2. Oxides with a polarizability in the range 2-3 A3. Most transition metallic
oxides belong to this category.

3. Oxides with a high polarizability greater than 3 A3. The oxides contributing
to strongly decreasing the stress optic coefficient belong to this category, such
as PbO, BaO, SnO, Bi,O4 and Sb,0s.

Dimitrov and Sakka found a good correlation between the polarizability and the O
1s binding energy of simple oxides with two similar classifications based on differ-
ent properties. In a general trend these classifications also give a good idea of the
contribution of the oxides to the stress optic coefficient. The first category (low po-
larizability, high O 1s binding energy) includes most of the glass formers with a high
and positive stress optic coefficient. The third category (high polarizability, low O 1s
binding energy) includes all of the oxides known to strongly decrease the stress optic
coefficient. The definitions given by Barr about the three categories could be con-
tested, particularly the third category considered as “very ionic oxides”. From Dim-
itrov and Sakka’s work, lead oxide PbO, antimony(III) trioxide Sb,O5, tin oxide SnO
and bismuth(III) trioxide Bi, O, should all belong to the last category but their crys-
talline structure are more relevant of covalent compounds [135,227,228,262,268,269].
The second category mainly regroups the transition metals. Almost no data can
be found in the literature about the influence of transition metals on the photoelas-
tic response of glass. Only very few compositions of zinc borate and zinc phosphate
glasses were prepared by Matusita et al.. Also binary zinc-borate/phosphate and
binary cadmium-borate/phosphate systems were briefly investigated for this thesis.
Surprisingly, none of these glasses follow the trend given by the empirical model in
spite of the absence of bond length and coordination variation. Especially in the case
of the zinc phosphate glass where the d/N, ratio of both cations remains constant

at all compositions. Even more surprising, an amount of about 50 mol-% of ZnO
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into a borate glass gives a relatively low stress optic coefficient of 1.034-0.2 Brewsters
whereas this coefficient is 11 Brewsters in a pure B,O, glass. The addition of more
ZnO results in an increase of the stress optic coefficient. No model so far can explain
this evolution, and more investigation of this glass system, and of transition metal

binary system in general, should be performed.

9.3 THE EMPIRICAL MODEL

In the empirical model established by Zwanziger et al. the d/N. ratio provides useful
information about the contribution of the oxide on the photoelastic response of glass.
From the data and the discussion presented previously, it is possible to gain under-
standing of why this model can predict the photoelastic response of a glass based
on structural data. From the experiment, it was observed that elements acting ion-
ically never give a negative stress optic coefficient. The reason for this is explained
in section 9.1. Ionic interactions are usually characterized by a high coordination
number resulting in a low d/N, ratio. Conversely, covalent interactions are a direc-
tional exchange of electrons, they give rise to a lower coordination number and thus
a higher d/N. ratio. Therefore, the coordination gives an indirect indication of the
degree of ionicity of the cation-oxygen interaction. A low d/N. ratio corresponds
to an ionic compound that can only contribute to a positive stress optic coefficient,
whereas a high d/N. ratio corresponds to a covalent compound that can give a pos-
itive or negative stress optic coefficient. In this last case, the cation-oxygen bond
length brings the additional information required to achieve a good prediction. As
mentioned previously, the O 1s binding energy of an oxide can be used to classify
the simple oxides into three categories. It was observed that oxides with a high O
1s binding energy have a low polarization and contribute to a positive stress optic
coefficient whereas oxides with a low O 1s binding energy have a high polarizability
and contribute to a negative stress optic coefficient. Intuitively, it seems that the

binding energy is related to the bond length: a low binding energy indicating a weak
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interaction and therefore a long bond length. This assumption has been verified and
the cation-oxygen bond length is related to the binding energy as shown in Table

9.4. Therefore the cation-oxygen bond length can also be related to the oxide’s con-

Bond length O 1s Binding
( A) References energy (eV) [267]
B,04 1.37 [75] 533.2
P,O; 1.50 [86—88] 533.5
Si0,, 1.61 [68,69] 532.8
GeO, 1.72 [270] 531.3
ZnO 2.00 [246] 530.3
SnO, 2.06 [106] 530.1
MgO 2.11 [20] 530.9
BaO 2.74 [28] 528.2
PbO 2.33 [135] 529.7

Table 9.4: Cation-oxygen bond length and O 1s binding energy of simple oxides.
The bond length increases as the binding energy decreases.

tribution to the photoelastic response of a glass: a long bond length being in favor of
a low stress-optic coefficient and vice versa. A long bond length increases the d/N,
ratio like a low coordination number.

The boron trioxide is the oxide with the highest stress optic coefficient, and the
lead oxide is the oxide modifier with the strongest contribution to decreasing the
stress optic coefficient. These are the two oxides with the strongest positive and
negative contribution respectively and, according to Table 9.4, the difference in their
bond length is less than 1 A whereas the coordination number can vary from 6 (CdO)
to 2 (HgO) [106]. Therefore the coordination number can be considered as the main
parameter influencing the prediction by separating ionic and covalent compounds.
Then the bond length adjusts the prediction. This principle is illustrated in Figure
9.5. This is a general rule with some exceptions, such as B,O4 which has a low cation
coordination number of 3. It could be expected that the oxide would contribute to
decreasing the stress optic coefficient, but the B — O bond length is short enough to

counter-balance the effect of the coordination so that the final contribution is to a
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Figure 9.5: Contribution of the coordination number and cation-oxygen bond length
in the Zwanziger’s emprical model

very positive stress optic coefficient.

94 STRATEGY TO DESIGN ZERO-STRESS OPTIC GLASS

In function of its application, a glass needs to have a combination of properties.
The zero-stress optic property is only one property among many others such as
transparency, absence of color, or high chemical durability. Obtaining a glass with all
the required properties is related to the combination of elements present in the glass,
which makes all glasses unique in terms of composition and structure. Each glass
requires unique experimental conditions to be prepared which affects the strategy
adopted. From the experience and observation of preparing zero-stress optic glasses,

a few general rules can be given to design new glasses with specific properties:

e All glass formers have a positive stress optic coefficient, therefore the first step
is to find the oxide modifier suitable for the application that can decrease

sufficiently the stress optic coefficient.
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e Before looking for a zero-stress optic coefficient, attempts should be made to
obtain a negative stress optic coefficient by introducing a large amount of oxide
modifier. If such a glass can be prepared, it means that the glass system went
from a positive to a negative stress optic coefficient, therefore at least one
zero-stress optic composition exists for this system. The values obtained for
the different compositions should give indications about the zero-stress optic
compositions.

e In a binary system, only one zero-stress optic composition can be found. Such
a system has one degree of freedom in terms of composition because the con-
centration of both oxides are related to each other. In a ternary system the
degree of freedom becomes two and a range of zero-stress optic compositions
could be found. These compositions follow a line in the ternary diagram of
the glass, therefore it offers more possibilities to combine different properties
by adjusting the glass composition. The degree of freedom to adjust the glass
composition can be defined as the number of oxide constituent of the glass
minus one.

According to the empirical model, the photoelastic response is an additive prop-
erty which depends only on the oxides added to the glass composition. This state-
ment is a simplification of the nature of the phenomenon but remains a good starting
point. One of the objectives of this thesis was to design a glass that is able to replace
the SF57 glass, therefore the new material should have: a zero-stress optic property,
a high transparency, no color, a high index of refraction, a low dispersion and a high
chemical durability. The tin borophosphate glasses prepared for this thesis contain
all these properties, but their index of refraction remains slightly lower than the SF57
glass. Also, the tin-containing glasses have to be prepared under O,-free atmosphere,
which can be inconvenient and expensive in terms of production costs. Among the
elements known to reduce the stress optic coefficient, lead needs to be substituted,
thallium is highly toxic, tin(II) and antimony(III) are oxidized at high temperature

and bismuth gives a dark color to the glass. None of the metallic oxides can fulfill
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all the requirements for a low cost zero-stress optic glass. Each glass system requires
specific conditions to be prepared and to give specific properties. To illustrate the
strategy to design a new zero-stress optic glass, an example is given below. Before

beginning, the desired properties have to be defined and ordered by importance:

Zero-stress optic
Preparation in air
Transparent and colorless

High index of refraction

AR A

High chemical durability

The barium tellurium glass system gives a zero-stress optic glass at 17 mol-% BaO
[107]. As mentioned before, according to the empirical model the addition of barium
into a TeO, glass should not decrease the stress optic coefficient whereas the polar-
izability model (e value) predicts that the stress-optic coefficient should decrease.
Therefore, the polarizability model gives a better prediction and was used in this
example to estimate the influence of each oxide. A high amount of tellurium brings
a yellow color to the glass, therefore another glass former has to be used in addition
of TeO, to minimize the coloration. The TeO, - SiO,, TeO, - B,O4 and TeO, - P,O4
systems all present the phenomenon of immiscibility, giving rise to inhomogeneous
glass or partial crystallization [271].

It was discussed earlier in this work that borophosphate glasses have a different
structure than borate and phosphate glasses giving rise to good chemical durability
due to the connexion of phosphate chains by boron tetrahedra. Because of these
structural differences, attempts were made to work with telluride borophosphate
glass. Also the tin borophosphate glasses presented in section 6.3 were transparent
and colorless, therefore it can be expected that the addition of boron and phos-
phorus would decrease the yellow color of TeO,. The low stress optic coefficient of
barium-containing glasses can be combined with a borophosphate glass to obtain

a transparent zero-stress optic glass. Initially, an attempt was made to prepare a
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barium borophosphate glass but resulted in a gray and poorly transparent glass.
To choose the composition of glass to prepare in the (BaO), - (TeO,), - (B,O3)., -
(P,O5)1-4—y—» system, the advantages and disadvantages of each oxide should be

analyzed:

e BaO: decreases the stress optic coefficient but acts ionically and can bring a
gray color. A high amount might result in coloring and crystallizing the glass.

o TeO,: glass former with a low stress optic coefficient (0.64 Brewsters), it par-
ticipates in lowering the stress optic coefficient and to the glass network. It
brings a yellow color.

e B,0;: glass former with a very high stress optic coefficient (11 brewsters).
Gives a transparent glass and good durability when it is combined with P,O,.

e P,0,: glass former with a positive stress optic coefficient. The actual stress
optic coefficient cannot be determined with the Sénarmont method, but its
e® value is equal to 1.006 which is very close to the value for B,O5 (1.002).
Its stress optic coefficient can be expected to also be very high. It gives a

transparent glass and provides good durability when it is combined with B,0O,.

Taking these features into account, many compositions were prepared and the lowest
stress optic coefficient obtained was 0.2 Brewsters for the composition 46.5 BaO -
32.5 TeO, - 7.88 B,O; - 13.13 P,O,. This glass is almost transparent with a very

slight yellow/green color and an refractive index of 1.74.

Multicomponent glasses offer different degrees of freedom to adjust their composi-
tions according to the required properties. In this case, the addition of BaO gives rise
to a devitrification, unfortunately this oxide is the only one capable of decreasing the
stress optic coefficient to negative values. The addition of TeO, could help to decrease
the stress optic coefficient but it also increases the yellow/green color. One solution
for future work on this glass would be the total or partial substitution of TeO, by
Sb,0O4. The antimony(III) oxide can be partially oxidized into antimony(V) oxide,
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but the preparation of antimony phosphate and antimony borophosphate glasses
demonstrated that Sb-containing glasses can be transparent with a low or negative
stress optic coefficient. The work presented in this thesis focused on oxide glass,
therefore the decrease of the stress optic coefficient was obtained to introduce highly
polarizable cations in the composition. In a more general way, on top of adding
highly polarizable cations, the introduction of poorly polarizable anions would also
help to obtain zero-stress optic glasses. The introduction of fluorine in the glass
would substitute part of the oxygen. The polarizability of F~ anions is lower than
the polarizability of O%~, therefore the stress optic coefficient would decrease because
of a lower overall anionic polarizability as shown in Table 9.5. The introduction of
fluorine in oxide glass has already been performed to decrease the stress optic co-

efficient [272]. Matusita et al. also measured the stress optic coefficient of some

Oxide MO | a3f (A3) aQO_ (A3) et Fluoride MFy | o3 (A%) ap (A3)  &f

MgO [259] 0.094 1.687 1.057 MgF, [274] 0.150 0.883 1.087
CaO [259] 0.469 2.420 1.214 CaFy [275] 0.544 1.164 1.263
PbO [259] 3.623 3.381 2.623 PbF, [276] 3.040 1.323 3.154

Table 9.5: Polarizability ratio of oxides and fluorides

ternary fluoride glasses and found out that these glasses have a very small stress

optic coefficient always very close to zero [273].
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CHAPTER 10

CONCLUSION AND FUTURE STUDIES

The recent works of Zwanziger et al. opened new possibilities of zero-stress optic
glass compositions by demonstrating the contribution of some oxides (SnO, Sb,Os,
BaO) to reduce significantly the stress-optic coefficient [106,107]. Lead-, tin- and
antimony-containing glasses were studied in binary silicate, borate and phosphate
glasses to investigate the structural origin of the photoelastic response of these ma-
terials. The evolution of the structure of lead borate glasses was correlated to the
variation of the stress optic coefficient over the range of compositions and this study
revealed the poor reliability of Mueller’s theory for this particular case. The lead is
acting mainly ionically for a positive stress-optic coefficient whereas it is acting more
covalently for a negative stress optic coefficient. From the literature, it appears that
lead behaves similarly in binary phosphate and silicate glasses. The investigation
of tin’s behavior in phosphate glasses leads to a similar conclusion: the tin atoms
are acting mostly covalently at low and high content whereas the stress-optic coef-
ficient evolves from positive to negative values. Mueller’s theory indicates that the
tin should act mostly covalently for a positive stress-optic coefficient and ionically

for a negative stress-optic coefficient. Tin’s behavior remains also covalent in the
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case of the tin silicate glass (see section 5.2.1). Experiments and literature about the
antimony-containing glasses demonstrated that antimony(III) trioxide can provide
zero-stress optic properties to a glass [106]. However, the high hygroscopic nature
of antimony-phosphate glasses prevented any relevant structural and compositional
analysis. Furthermore the investigation of antimony’s environment was attempted
with the help of 21Sb Mossbauer spectroscopy with no success. Only the !B NMR
spectroscopy gave indications about antimony’s covalent nature over the range of
compositions in the binary borate glass system. According to these data it appears
that Mueller’s theory of photoelasticity cannot explain the correlation between the
glass structure and its photoelastic response. Therefore, this theory should not be
used to determine structural parameters based on the photoelasticity of a material.

Conversely, the structural investigation of several glasses greatly improved the
results provided by the Zwanziger’s empirical model. Initially this model uses crys-
talline data of the oxides constituent of the glass to predict its photoelastic response
in function of the composition. This model can predict the zero-stress optic compo-
sition of a binary glass with an error of about 15%, however in the case of the lead
borate and tin phosphate glass systems this error is 33% and 23% respectively. The
introduction of the coordination and bond length variations for the cations in the
glass through the different compositions greatly reduces these errors to ~2% in both
cases. This model, which was initially established to design new zero-stress optic
glasses, can also provide useful information about the glass structure and its impact
on the photoelasticity of the material.

The ability of the Zwanziger’s model to predict the photoelastic response is based
on the ratio of the cation-oxygen bond length and the cation’s coordination. A high
coordination and short bond length are both directly and indirectly related to an
ionic behavior whereas a low coordination and long bond length are related to a co-

valent interaction. From Weyl’s and Mueller’s model it was established that an ionic
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behavior cannot give rise to a negative stress-optic coefficient whereas a covalent
behavior can give rise to a positive or negative stress-optic coefficient. The oxide’s
ability to decrease the stress optic coefficient depends on the polarizability of both
the cation and the oxygen. The efficiency of the oxide can be determined by the
value e with ¢ the ratio of the cation’s polarizability by the oxygen’s polarizability
according to Equation 9.6. Similarly to the d/N, ratio, the e* value provides indi-
cations about the oxide’s contribution on the stress optic coefficient: a low value is
characteristic of an oxide contributing to a positive stress optic coefficient and a high
value is characteristic of an oxide contributing to a negative stress optic coefficient.
The £ ratio seems to provide better evaluation of the effect of the oxides than the
empirical model, but it does not bring any real improvement on the prediction of
zero-stress optic glass compositions.

The correlation between polarizability and photoelasticity fits most of the cases,
but the measurements of the stress-optic coefficient in zinc and cadmium binary
phosphate and borate glasses does not obey any model in existence. All glasses fol-
low the reverse trend predicted for them: the stress-optic coeflicient increases when
the Zwanziger’s model and the £ ratio suggest that it should decrease and vice versa.
The brief structural investigation of these four glass systems did not provide any ad-
ditional information to explain this behavior. Not much work has been done so far
about the influence of the transition metals on the photoelastic response of glass and
more investigations are required to verify if this behavior is common to all transition
metals or only a characteristic of the elements of group II B (and thus related to the
electronic structure).

Another part of the work was dedicated to the investigation of new zero-stress
optic glasses combining high transparency, high refractive index, no coloration and
a good chemical durability. A series of tin borophosphate glasses with this combi-

nation of properties was successfully achieved. Three series of glasses were prepared
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with fixed xB203/xp205 ratio equal to 0.2, 0.4 and 0.6. The first two series gave a
zero-stress optic glass and the 0.6 series was close but could not be achieved due to
technical difficulties. These zero-stress optic glasses are perfectly transparent and
colorless with a refractive index of about 1.74. According to Lim et al. [195], glasses
with a higher 0, / Tp,0, ratio can be prepared, and they would give a refractive in-
dex up to 1.84, which is the refractive index of the Schott SF57 glass. The same work
on the antimony borophosphate glasses was not as successful but all the experience
acquired on all these projects gave rise to a global strategy to design new zero-stress
optic glass. A series of barium telluride borophosphate glasses were prepared with
the objective of obtaining another transparent and colorless zero-stress optic glass.
The best result obtained so far is a glass with a stress optic coefficient of 0.2 Brew-
sters, a very light yellow/green color and a refractive index of 1.74. More work is
required to eliminate the slight coloration, and to decrease slightly the stress optic
coefficient. The main advantage of this glass is its preparation in air, conversely to
the tin borophosphate that require an Os-free atmosphere to be synthesized.

According to the £ ratio, the stress optic coefficient can be decreased by increasing
the cationic polarizability but also by decreasing the anionic polarizability. A partial
substitution of the oxygen by fluorine should help to obtain new lead-free glasses
with a low stress optic coefficient. This method should be tested on the barium
telluride borophosphate at 0.2 Brewsters to finally obtain a zero-stress optic glass.
For this system, a partial or total substitution of TeO, with Sb,O; should also be
tested. From the synthesis of the antimony borophosphate it was observed that the
glasses prepared in air were very slightly yellow, but their color was not as bright
as the color brought by TeO,. The partial oxidation of Sb(III) to Sb(V) would also
probably affect the stress optic coefficient.

Future projects should also focus on the transition metal elements in glass and

their effect on the photoelastic response. In the present work, a close correlation was
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established between the oxide’s polarizability and the photoelastic response. How-
ever, this correlation is not verified in the case of the zinc and cadmium oxides,
therefore, more work is required to investigate if this behavior is common to all tran-
sition metal elements or only to the elements of group II B. The synthesis of binary
iron-containing glass would be ideal to investigate the structural dependence of the
photoelastic response especially in silicate, borate and phosphate glasses. The local
environment of the glass formers can be analyzed by NMR spectroscopy whereas the
iron can be easily studied by °"Fe Mé&ssbauer spectroscopy. Also, one of the most
interesting studies would be to investigate the evolution of the local deformation of
the iron or tin atom under stress. The Mdssbauer analysis of a thin film of tin- or
iron-containing glass under a tensile stress could provide valuable information on the
influence of the deformation (i.e. polarizability) of the atoms on the photoelastic
response. Mossbauer experiments under tensile stress have already been performed
for the study of several iron alloys [277-279]. However, the resistance and possible
brittleness of the film might limit the possibilities of such experiment.

A brief study of the antimony borate glass was presented in section 7.2. The
results obtained for the zero-stress optic coefficient were different than the value by
Zwanziger et al.. The partial oxidation of Sh,O4 might be involved in this inconsis-
tency of the results and a complete study involving 2!Sb Méssbauer spectroscopy
and an accurate glass analysis is required for this glass system.

All the work presented in this thesis focused on obtaining a new lead-free zero-
stress optic glass, but observations and conclusions resulting from the various exper-
iments can also be used to design glasses with high birefringence. The recent work
of Zhang et al. on the “invisibility cloak” for visible light using the birefringence
properties of the calcite might increase the interest for this phenomenon [280, 281]
in the next few years. The calcite has a fixed birefringence whereas a glass can have

its birefringence modulated by the application of a pressure giving access to a better
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control of the phenomenon and opening new possibilities. A glass with a high stress
optic coefficient would give rise to a higher amplitude of birefringence. Also, from
our knowledge so far, it can be estimated that the oxide glass with the lowest stress
optic coefficient would belong to the system (Sb,O,),-(PbO);_, with a high amount
of lead (and yellow color), but the substituion of PbO with PbF, would give rise to
an even lower coefficient.

The photoelasticity of glass remains one of the least known fields of investigation.
The present thesis brings new elements about the structural origin of the photoelastic
response of glass and opens new possibilities for the synthesis of glasses with future
potential applications. Hopefully this work will contribute to the development of new

environmentally friendly materials and allows the development of new technologies.
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APPENDIX A

SENARMONT METHOD

A.1l MATHEMATICAL DESCRIPTION OF THE POLARISCOPE

Stressed sample Quarter-wave plate
A
k. A, W Az i \7 % Ay
| i S wA
< i - < 1 > 7 N >
7 « i » < ! > 7 =X >
R BRSNS
¥ j —> ; ¢ ANy T—> ¥ u
ase . ase
0 Ph v Ph A
retardation retardation 10
a /2

Figure A.1: The different states of polarization along the polariscope

A monochromatic unpolarized light is sent through a linear polarizer which polarizing
axis makes an angle of 45°C with the direction of the uniaxial stress. This polarized

wave can be described by the equation:
Ay = asin(wt) (A.1)

The different states of polarization along the polariscope are represented in Figure

A.1. The direction of polarization of the waves and the polarizing axis of the stressed
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sample and quarter-wave plate are shown. Passing through the stressed sample, the
linearly polarized beam of light is decomposed in two components: an extraordi-
nary component polarized in the direction of the uniaxial stress and an ordinary

component perpendicular to the direction of the stress.

a

Ay = Agcos T = L sin(wt
o2 ) (A.2)

Ay = Agcos T = s sin(wt)
The difference between the ordinary refractive index and the extraordinary refractive
index induces a phase difference a between these two components. Equations A.2

becomes:

As = L sin(wt
s = & sin(wt) "
Ay = Fsin(wt — a)

Through the quarter-wave plate, the component A3 and Ay are be combined to give

two other components As and Ag.

_ o T
As = Azcos § + Aycos ]

_ T ;T
Ag = Azcos § — Aycos ]

= $sin(wt) + § sin(wt — a)

= ¢sin(wt) — § sin(wt — a)
Ay = ¢[sin(wt) + sin(wt + «
s = glinfut) +sinfut + o] "

Ag = §[sin(wt) — sin(wt — )]

Trigonometric identity: cos Asin B = 1[sin(A + B) + sin(A — B)]

Applying this formula to Equation A5:
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A+B=uwt
A—B=uwt—«
A=wt—B

wt— B—B=wt—«

A=wt—5
B3
And then As becomes A;:
A; = acos(wt — %) sin(%) (A.5)
Ag can be transformed:
Ag = g[sin(wt) — sin(wt — )] (A.6)

Trigonometric identity: sin(—A) = —sin(A)

Ag = é[sin(wt) — (—sin(a — wt))]

Ag = g[sin(wt) + sin(a — wt)] (A7)

And then, applying the same treatment as As, Ag becomes:

Ag = asin(wt — %) COS% (A.8)

A quarter-wave plate is composed of two axis, a fast axis and a slow axis, similar
to the extraordinary and ordinary axis in the stressed sample. The fast and slow axis
are perpendicular, and the light polarized along the fast axis will propagate faster
than the light polarized along the slow axis. The thickness of the quarter-wave plate
is determined to give rise to a phase difference of 7/2 between the two perpendicular

components. A quarter wave-plate can work only in narrow range of wavelengths
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because the phase difference depends on the optical path.
In the following case the component A; corresponds to the component of the slow

axis. A7 becomes Ag and Ag becomes Aqg.

a T .«
Ag = acos(wt — 5 5) SIH(E) (A.9)

Trigonometric identity: cos(0 — %) = sin(0)

Ag = asin(wt — §)sin(§)

(A.10)

Ay = asin(wt — §)cos §
A = asin(wt — %) (A.11)
Ag = Asin(%) (A12)

Ay = Acos(5)

Therefore the combination of Ag and Ay gives a linearly polarized beam of light A

(see Figure A.2).

Figure A.2: Combination of Ag and A;y giving linearly polarized wave A.
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A.2 ELLIPTICAL POLARIZATION

Figure A.3: Propagation of the elliptical polarized light

Equations A.3 can be written with general expressions:

Az = Ay cos T2 sin(wt)

TG
= y = Bsin(wt)
T a
A=A — = —sin(wt —
4 0.CO8 \/ism(w «)

= o = Csin(wt — )

(A.13)

(A.14)

where B and C are the amplitudes of each linearly polarized beam. In a general case

B # C but here B = C = a/ V2 because the first linear polarizer polarized the

light with an angle of 45° with respect to the direction of the stress. The component
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y is considered to be polarized along the extraordinary axis, and the component x
along the ordinary axis; the waves propagate along the z-axis. This is shown in
Figure A.3. In addition, x has an angular phase retardation of o with respect to y

(v = (2mdpr)/ A, with 0pp, the effective path length difference).

A trigonometric identity gives: sin(A — B) = sin A cos B — cos Asin B

Therefore Equation A.14 becomes:

x = C[sin(wt) cos(—a) — cos(wt) sin(—«)] (A.15)

Geometrical considerations are represented in Figure A.4. The Z axis represents

Y

Figure A.4: Geometric considerations

the direction of the propagation of the electromagnetic wave, and the Y axis is the
direction of the polarization of the wave described by Equation A.13, which is also

the direction of the uniaxial stress. B is the amplitude of the wave and its projections
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on the Y and Z axis are y (Equation A.13) and z respectively.

cos(wt) = % (A.16)
and
B2 = ¢ 4 22
2= B2y
2= +/B2 — 2
Replacing z in Equation A.16
B2 _ 2
cos(wt) = Ty (A.17)
Also Equation A.13 gives:
sin(wt) = % (A.18)
Therefore Equation A.15 becomes:
/B2 _ 42
x = C[% cos(—a) — Ty sin(—a)]
/B2 _ 42
x = C[% cos(a) + Ty sin(a)]

B
ot = ycosa + 4/ B? —y?sina
B
oF Tycosa= VvV B? —y?sina

B B
(6)2x2 — 251’y cosa + y? cos? a = B%sin? a — y*sin? a
B
(5)21:2 — 261’3; cosa + y? cos® a + y?sin’ a = B?sin’a
Trigonometric identity: cos® + sin®6 = 1
B
(5)2x2 - 25:10@/ cosa +y° = B’sin’ a
x_2 — i + y_2 — gin?
o: T potycosat oy =sinta

This is the equation of an ellipse.
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A.3 ORIENTATION OF THE QUARTER-WAVE PLATE

In a previous section, it was considered that the wave described by A; was on the
slow axis of the quarter-wave plate. This case gives two components Ag and Ajq that

can be combined to give a linearly polarized light A.
(A.12)

Now the case with Ag on the slow axis is considered, and in this case A;q has a

retardation of 7/2:

: a 7 a
Ay = asin(wt — 5 5) COS(§) (A.19)

Trigonometric identity: sin(f0 — %) = cos(f)

Ay = acos(wt — §)cos(5)

(A.20)

Ay = acos(wt — §)sin(5)
A" = acos(wt — %) (A.21)
Ag = Asin(%) (A 22)

Ay = Acos(5)

Therefore the orientation of the quarter-wave plate is not really important. The fast
axis and the slow axis can be switched, the angle of the linearly polarized beam A
is always «/2. However the slow and fast axis have to make an angle of 45with the

direction of the stress.
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A4 ANALYZER

In the graph Intensity = f(f), is the angular phase retardation o determined by the
angle giving a maximum or a miminum value for the intensity?

Depending how the analyzer is set up at the beginning of the experiment, o can be
determined by a maximum or a miminum in the graph Intensity = f(#). Before to
start the measurement, the position of the analyser has to be set up. To do so no

stress has to be applied on the sample. Two cases are possible:

e Casel: If the polarizing axis of the analyser is parallel to the axis of the
first polarizer, therefore a maximum transmission (minimum absorption) is
measured.

e (Case 2: If the polarizing axis of the analyser is perpendicular to the axis of
the first polarizer, therefore a minimum transmission (maximum absorption)
is measured.

Therefore in case 1 « is given by a maximum transmission and in case 2 « is given

by a maximum absorption.

A.5 DETERMINATION OF THE STRESS OPTIC

COEFFICIENT

A.5.1 DIRECT CALCULATION

The stress optic coefficient C is calculated through the formula:

6PL =Clo (A23)
¢ = oL (A.24)
lo

Where ép, is the effective path length difference, [ the sample thickness and o the

mechanical stress applied on the glass sample.
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In the part 2.1, it was said that the angular phase retardation is a. The effective
path length difference dp; and the angular phase retardation « are related trhough
the equation:

. 27T(5PL

a=— (A.25)

The value of a has to be in radian. The angle 8 measured with the analyzer is equal

to /2 and is measured in degrees, therefore 6 has to be changed in radian:

e(degree) 27 e(degree)’/T

0 radian) = = A2
(radian) 360 180 (A.26)
«
5 = e(radian) (A27)
a e(degree)ﬂ-
—= A28
2 180 ( )
20 egree 9 egree
_ “Y(degree)™ _ U(degree)™ (A.29)
180 90
From Equation A.25, the effective path length difference can be written:
aA
Opp = — A.30
PL= o ( )

H(degree)wi _ e(degree))\

A31
90 27 180 (A.31)

5PL =

The mechanical stress is the ratio of a pressure by a surface, it can be calculated
from the strength applied on the surface of the glass:

_ Py
A

Where P is the weigh applied on the sample (in kg), g is the standard gravitational

g

(A.32)

acceleration (in m.s~2) and A is the area of the sample on which the weigh is applied.
The stress calculated from these units is given in Pascal (Pa).

The stress optic coefficient C is given in Brewsters which is equivalent to 10~ 2m~2.N~!;
to be able to obtain this unit, the mechanical stress has to be given with the unit

10°N.m=2. Therefore Equation A.32 has to be slightly transformed:
P
o= 7910*5 (10°N.m™2) (A.33)
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This point will be explained in the next part about the units.
If Equation A.31 and Equation A.33 are introduced in Equation A.24, the expression
of the stress optic coefficient is given by:

= %&g’;e x 107° (A.34)
Where: A: wavelength (in A)
A: area of the sample (in m?)
Odegree: angle measured with the analyser (in degree)
I: thickness of the sample (in mm)
P: weight applied on the surface A of the sample (in kg)
g: standard gravitational acceleration (9.8 m.s™?%)
This equation gives the value of stress optic coefficient in brewster directly from the
parameters given by the experiment
However, it can also be convenient to calculate C by another way. The Equation

A .23 can be written:

5’% = Co (A.35)

From all the data given by the experiment (A, A, Ogegree, 1 and P), épy, and o can
be calculated from Equation A.31 and Equation A.33. The graph for dpr/l = f(0)

(Equation A.35) must give a line and its slope is the stress optic coefficient C.

A.5.2 COHERENCE OF THE UNITS

A brewster is a unit equivalent to 107?m? N~ This section will demonstrate that
Equation A.34 is coherent and that the combination of the different parameters gives
a stress optic coefficient in Brewster.

The mechanical stress has the unit of a pressure, it is the ratio of a strength by a
surface and its value is given by Equation A.33. In this equation, P is in kg, g in

m.s~2 and A in m2.

k m
o] = Lt
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The mechanical stress should be the ratio of a strength by a surface, but in this
expression the strength does not appear. By definition a newton is equivalent to

kg.m.s72.

[N] = [kg][m][s]

9] = [m][s]* = [kg][m][s]*[kg] ™" = [N][kg] ™

Therefore the unit for the mechanical stress is:

— [Pllg] — [kgl[N] — [N]

The effective path length difference has to be in angstrom, which is equivalent to

10~'%m; its expression is given by Equation A.31.

[5] = [Odegreel[N — [degree]10~10[m] = 10710

[180°]  — [degree] [m]

The thickness of the sample has to be in mm which is equivalent to 1073 m.

1] = 10-%m]
Therefore the unit of C is:
— [0 _ 107m]m]* _ 1H=7[m]>
€] = gy = oy = 107w

From all these considerations the unit of C is not a brewster but 10~ brewster.
To obtain a brewster, the solution can be to introduce a mechanical stress with a
value corresponding to 10°N.m ™2 (equivalent to 10°Pa). This operation is done in

Equation A.33.

[C] = o] — 107 0m|[m]>  _ jq-12[m?

= Tl = 10 3[m]10°[N] — T = [brewster]
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jurisdiction of such court, waives any objection to venue in such court and consents to service of
process by registred or certified mail, return receipt requested, at the last known address of such
party. . BY CLICKING ON THE "I ACCEPT" BUTTON, YOU ACKNOWLEDGE THAT YOU HAVE READ
AND FULLY UNDERSTAND EACH OF THE SECTIONS OF AND PROVISIONS SET FORTH IN THIS
AGREEMENT AND THAT YOU ARE IN AGREEMENT WITH AND ARE WILLING TO ACCEPT ALL OF
YOUR OBLIGATIONS AS SET FORTH IN THIS AGREEMENT.

v1.4

Gratis licenses (referencing $0 in the Total field) are free. Please retain this printable
license for your reference. No payment is required.

If you would like to pay for this license now, please remit this license along with your
payment made payable to "COPYRIGHT CLEARANCE CENTER" otherwise you will be
invoiced within 48 hours of the license date. Payment should be in the form of a check
or money order referencing your account number and this invoice number
RLNK10990669.

Once you receive your invoice for this order, you may pay your invoice by credit card.
Please follow instructions provided at that time.

Make Payment To:
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Copyright Clearance Center
Dept 001

P.0O. Box 843006

Boston, MA 02284-3006

For suggestions or comments regarding this order, contact Rightslink Customer
Support: customercare@copyright.com or +1-877-622-5543 (toll free in the US) or +1-
978-646-2777.
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