
STRUCTURAL STUDIES, ELASTIC AND PHOTOELASTIC
PROPERTIES OF LEAD PHOSPHATE, BARIUM PHOSPHATE

AND LEAD BARIUM PHOSPHATE GLASSES

by

Milad Rezazadeh

Submitted in partial fulfillment of the requirements
for the degree of Master of Science

at

Dalhousie University
Halifax, Nova Scotia

August 2020

© Copyright by Milad Rezazadeh, 2020



Table of Contents

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

List of Abbreviations and Symbols Used . . . . . . . . . . . . . . . . . . x

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xii

Chapter 1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Thesis structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

Chapter 2 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.1 Definition of Glass . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2 Structural Theories of Glass Formation . . . . . . . . . . . . . . . . . 7

2.3 Role of Oxides in Glass . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.4 Structure of Phosphate glass . . . . . . . . . . . . . . . . . . . . . . . 10

2.5 Binary phosphate glasses . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.6 Crystalline Phases . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.7 Elastic Properties of Glass . . . . . . . . . . . . . . . . . . . . . . . . 18
2.7.1 Glass Topology . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.7.2 Elastic modulii . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.7.3 Glass Topology and Elastic Properties . . . . . . . . . . . . . 21

2.8 Photoelasticity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.9 The Stress-Optic Coefficient . . . . . . . . . . . . . . . . . . . . . . . 23

2.10 Theories of Photoelasticity . . . . . . . . . . . . . . . . . . . . . . . . 25
2.10.1 Mueller’s Theory of Photoelasticity . . . . . . . . . . . . . . . 25

2.11 Zwanziger’s Empirical Model . . . . . . . . . . . . . . . . . . . . . . . 25

ii



Chapter 3 Experimental Techniques . . . . . . . . . . . . . . . . . . 27

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.2 Glass preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.3 X-ray Diffraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.4 Elemental Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.4.1 Electron probe micro-analyzer . . . . . . . . . . . . . . . . . . 31

3.5 Density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.6 Elastic Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.6.1 Ultrasonic Echography Method (USE) . . . . . . . . . . . . . 35

3.7 Solid-state nuclear magnetic resonance (ssNMR) . . . . . . . . . . . . 36
3.7.1 Magic Angle Spinning . . . . . . . . . . . . . . . . . . . . . . 36
3.7.2 Spin Echo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.7.3 The Carr-Purcell-Meiboom-Gill (CPMG) Pulse Sequence . . . 39
3.7.4 The WCPMG Pulse Sequence . . . . . . . . . . . . . . . . . . 40
3.7.5 Ultra-wideline NMR . . . . . . . . . . . . . . . . . . . . . . . 41

3.8 Refractive Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.9 Stress Optic Measurement . . . . . . . . . . . . . . . . . . . . . . . . 41

Chapter 4 Structural studies, elastic and photoelastic properties 44

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.2 Glass preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.3 X-ray Diffraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.4 Elemental Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.5 Density measurements . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.6 Solid-State Nuclear Magnetic Resonance . . . . . . . . . . . . . . . . 51
4.6.1 31P Nuclear Magnetic Resonance Spectroscopy . . . . . . . . . 51
4.6.2 207Pb Nuclear Magnetic Resonance Spectroscopy . . . . . . . . 59

4.7 Elastic properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.8 Optical and Photoelastic properties . . . . . . . . . . . . . . . . . . . 78
4.8.1 Refractive Index Measurement . . . . . . . . . . . . . . . . . . 78
4.8.2 Stress Optic Measurement . . . . . . . . . . . . . . . . . . . . 78
4.8.3 Empirical model of photoelasticity . . . . . . . . . . . . . . . 80

iii



Chapter 5 Conclusions and Future Work . . . . . . . . . . . . . . . 83

5.1 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5.2 Appendix A Copyright Permission . . . . . . . . . . . . . . . . . . . . 94

iv



List of Tables

1.1 The nominal compositions and their abbreviated names . . . . 3

2.1 The d/Nc ratio and the sign of C . . . . . . . . . . . . . . . . . 26

4.1 Mass in grams of the reagents used . . . . . . . . . . . . . . . . 45

4.2 Melting time and temperature as well as the annealing temper-
ature in a ternary and binary glass families. . . . . . . . . . . . 45

4.3 Comparison between experimental and nominal compositions . 47

4.4 ρ and Vm of the binary and ternary samples . . . . . . . . . . . 47

4.5 ρ and Vm of crystalline compounds . . . . . . . . . . . . . . . . 50

4.6 31P isotropic chemical shifts and their fraction . . . . . . . . . 56

4.7 Deconvolution of about all 207Pb WCPMG NMR spectra . . . . 67

4.8 The glass compositions and elastic properties of all samples . . 70

4.9 The glass compositions and index of refraction . . . . . . . . . 78

4.10 The glass compositions and the stress optic coefficient . . . . . 80

4.11 Bond length d, cation-anion coordination number Nc, and d/Nc

ratio for oxide components of glasses in this work . . . . . . . . 81

4.12 The glass compositions, predicted and experimental sign of the
stress-optic coefficient . . . . . . . . . . . . . . . . . . . . . . . 82

v



List of Figures

1.1 Composition diagram . . . . . . . . . . . . . . . . . . . . . . . 4

2.1 The volume-temperature diagram for a glass and a crystal . . 7

2.2 A schematic representation of the two-dimensional crystalline
vs amorphous structure . . . . . . . . . . . . . . . . . . . . . . 8

2.3 A schematic representation of the NBO formation through the
introduction of NaO to SiO2-Na2O glass system . . . . . . . . 9

2.4 Phosphate tetrahedra sites . . . . . . . . . . . . . . . . . . . . 10

2.5 Crystal structure of BaP2O6 . . . . . . . . . . . . . . . . . . . 13

2.6 Crystal structure of Ba2P2O7 . . . . . . . . . . . . . . . . . . 14

2.7 Crystal structure of PbP2O6 . . . . . . . . . . . . . . . . . . . 15

2.8 Crystal structure of Pb2P2O7 . . . . . . . . . . . . . . . . . . 16

2.9 Crystal structure of BaPbP2O7 . . . . . . . . . . . . . . . . . 17

2.10 A schematic diagram representing the physical meaning of Pois-
son ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.1 Schematic of the Bragg diffraction . . . . . . . . . . . . . . . . 30

3.2 Schematic of Rowland circle . . . . . . . . . . . . . . . . . . . 32

3.3 Schematic of Density measurement . . . . . . . . . . . . . . . 34

3.4 MAS and Static comparision . . . . . . . . . . . . . . . . . . . 37

3.5 Spin echo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.6 CPMG pulse sequence . . . . . . . . . . . . . . . . . . . . . . 39

3.7 Representation of the experimental apparatus to measure C . 43

4.1 X-ray diffraction patterns of random four glasses . . . . . . . . 46

4.2 Comparison between experimental and nominal compositions . 48

4.3 Vm of all samples as a function of PbO . . . . . . . . . . . . . 49

vi



4.4 Deconvoluted 31P NMR spectra of (PbO)0.60(P2O5)0.40 . . . . 51

4.5 Deconvoluted 31P NMR spectra of (PbO)0.55(P2O5)0.45 . . . . 52

4.6 Deconvoluted 31P NMR spectra of (PbO)0.50(P2O5)0.50 . . . . 52

4.7 Deconvoluted 31P NMR spectra of (PbO)0.40(BaO)0.10(P2O5)0.50 53

4.8 Deconvoluted 31P NMR spectra of (PbO)0.30(BaO)0.20(P2O5)0.50 53

4.9 Deconvoluted 31P NMR spectra of (PbO)0.20(BaO)0.30(P2O5)0.50 54

4.10 Deconvoluted 31P NMR spectra of (PbO)0.10(BaO)0.40(P2O5)0.50 54

4.11 Deconvoluted 31P NMR spectra of (BaO)0.50(P2O5)0.50 . . . . 55

4.12 Deconvoluted 31P NMR spectra of (BaO)0.55(P2O5)0.45 . . . . 55

4.13 31P NMR spectra of all compositions . . . . . . . . . . . . . . 58

4.14 Deconvoluted 207Pb NMR spectra of (PbO)0.60(P2O5)0.40 . . . 60

4.15 Deconvoluted 207Pb NMR spectra of (PbO)0.55(P2O5)0.45 . . . 61

4.16 Deconvoluted 207Pb NMR spectra of (PbO)0.50(P2O5)0.50 . . . 62

4.17 Deconvoluted 207Pb NMR spectra of (PbO)0.40(BaO)0.10(P2O5)0.50 63

4.18 Deconvoluted 207Pb NMR spectra of (PbO)0.30(BaO)0.20(P2O5)0.50 64

4.19 Deconvoluted 207Pb NMR spectra of (PbO)0.20(BaO)0.30(P2O5)0.50 65

4.20 Deconvoluted 207Pb NMR spectra of (PbO)0.10(BaO)0.40(P2O5)0.50 66

4.21 The 207Pb WCPMG NMR spectra for all samples containing
50% mol P2O5 content . . . . . . . . . . . . . . . . . . . . . . 68

4.22 vL and vT as a function of PbO content . . . . . . . . . . . . . 71

4.23 Variation of elastic moduli(GPa) as a function of PbO content
(mol%) in binary and ternary compositions. . . . . . . . . . . 72

4.24 Variation of Bulk modulus as a function of Vm . . . . . . . . . 73

4.25 Variation of shear modulus G as a function Vm . . . . . . . . . 74

4.26 Variation of Young’s modulus E as a function of Vm . . . . . . 75

4.27 Variation of Poisson ratio as a function of Vm . . . . . . . . . 76

4.28 Variation of Poisson ratio as a function of PbO content (mol%)
in binary and ternary compositions. . . . . . . . . . . . . . . . 77

vii



4.29 Phase shift as a function of applied stress from all trials for
(PbO)0.60(P2O5)0.40 glass composition . . . . . . . . . . . . . . 79

4.30 Variation of C as a function of PbO content . . . . . . . . . . 81

5.1 Permission to reproduce Figure 2.3 . . . . . . . . . . . . . . . 94

5.2 Permission to reproduce Figure 3.4 and Figure 3.7 . . . . . . . 95

viii



Abstract

The investigation of the atomic structure of glass and its corresponding crystals not

only allows us to interpret its elastic and photoelastic properties, but it also allows

us to predict the properties of glass which have not been produced yet or are toxic to

synthesize.

In order to find a correlation between elastic and photoelastic properties with

the composition and atomic structure, a series of ternary (PbO)x(BaO)50−x(P2O5)50

(x=10 to 50 mol%) as well as binary (PbO)x(P2O5)100−x (x=50 to 60 mol%) and

(BaO)x(P2O5)100−x (x=50 to 55 mol%) compositions have been synthesized via tra-

ditional melt quenching techniques and their compositions were verified through

wavelength-dispersive spectroscopy (WDS). The local environment of lead and phos-

phorus as well as the glass atomic structure were investigated with 31P and 207Pb

solid-state nuclear magnetic resonance (ssNMR) spectroscopy and derived molar vol-

ume from density measurements.

The longitudinal and transverse wave velocities (vL and vT ) were determined using

Ultrasonic Echography Method (USE). The experimental density values along with

the vL and vT were then used to calculate the elastic properties in each series of glass

compositions: the longitudinal, bulk, shear, and Young’s moduli as well as Poisson

ratio. Refractive indices, the sign and value of stress optic coefficient (C) were mea-

sured via Abbe refractometer, PS-100 Polariscope and the Senarmont compensator

method, respectively. The reliability of the empirical model of photoelasticity was

tested and discussed.
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Chapter 1

Introduction

1.1 Overview

This dissertation describes an investigation of the atomic structure, elastic and pho-

toelastic properties of binary (PbO)x(P2O5)100−x (x=50 to 60 mol%) and binary

(BaO)x(P2O5)100−x (x=50 to 55 mol%) as well as ternary (PbO)x(BaO)50−x(P2O5)50

(x=10 to 50 mol%) glasses, with the primary aim being to understand the effect of

replacement of Pb with Ba on the aforementioned properties.

Phosphate-based oxide glasses have been studied extensively for many years for

various reasons such as their low melting temperature, high thermal expansion coef-

ficient, low glass transition temperature, high transparency, high refractive indices,

high electric conductivity and low optical dispersion [1–6]. These unique functional

properties make them excellent candidates in comparison to their silicate and bo-

rate counterparts for a wide range of technological applications such as: biomaterials,

solid-state lasers, ionic conductors, optical fibers, radiation shield glasses and glass-

to-metal sealing applications [7–11]. However, poor chemical durability and their

high hygroscopic and volatile nature have long constrained their performance [6, 12].

These shortcomings are rooted in the formation of phosphoric acid when phosphorus

structural units with non-bridging oxygen atoms (NBOs) are exposed to moisture [13].

There is a strong correlation between physiochemical properties and molecular-

level structure of phosphate-based oxide glasses. Therefore, numerous studies have

been conducted to improve the physical properties and chemical durability of phos-

phate glasses by introducing one or more oxides such as PbO, Al2O3, ZnO, Fe2O3,

etc into the P2O5 network system [5, 14, 15].

Recent studies have revealed that PbO in lead phosphate glasses not only modifies

the chemical durability, but in addition, the heavy Pb atoms give rise to high shielding

properties against nuclear radiation [16]. For this reason, several studies have been

conducted to probe the complexity of the lead phosphate structure and other unique

1
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properties of this particular system [1, 6, 17, 18]. Furthermore, researchers have not

limited themselves to only binary lead phosphate glasses. Often other oxide additives

such as Al2O3, WO3, Sb2O3, Sm2O3, In2O3 and ZnO to lead phosphate glasses have

gained their attention. This interest is rooted in the unique physical, chemical, optical

and electrical properties that each of the oxides bring to this system [1, 5, 12, 14, 16,

19].

An investigation of lead-barium-aluminum phosphate glasses showed that high

polarizability and a large size of Pb2+ and Ba2+ cations, result in strong bonding to

NBOs in the phosphate chain which significantly improves their corrosion resistance,

index of refraction, infrared performance and visible properties [5]. Moreover, lead

barium phosphate glasses have been shown to have better transparency and radiation

shielding in comparison to commonly used alkali lead silicate glasses which makes

them excellent candidates as radiation shielding glasses [20]. It has also been proven

that the substitution of BaO with PbO in xBaO.(50-x)PbO.50P2O5 glasses increases

their electric conductivity which was interpreted based on different roles of Pb2+

and Ba2+ in the structure [21]. Although the incorporation of PbO and BaO can

bring about unique practical properties to phosphate network, there are currently

no investigations on the structure and elasticity of ternary lead barium phosphate

glasses.

Zwanziger et al. in 2007 proposed an empirical model which can predict a pho-

toelastic response of glass [22]. The reliability of the model was verified for binary

lead phosphate and ternary lead barium phosphate glasses by Galbraith et al. in

2016 [23, 24]. However, due to the volatility of P2O5, it is essential to perform an

elemental analysis to confirm the nominal composition of all phosphate-based glasses

which have not been reported before. Moreover, the photoelastic properties of lead

phosphate and lead barium phosphate glasses were predicted based on the low co-

ordination number of Pb-O (3 or 4) which was not confirmed with 207Pb ssNMR at

that time.

Table 1.1 lists the glass nominal compositions as well as their abbreviated names

which are studied in this dissertation. Figure 1.1 shows the composition diagram

of the glass samples studied in this dissertation, as well as the glass forming ranges
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(represented by blue arrows) of the binary compositions [25, 26]. The range of compo-

sitions for ternary glasses was chosen specifically to study the effect of the replacement

of Pb by Ba on properties. While Pb2+ and Ba2+ would appear superficially to have

similar chemical properties, it is known that Pb2+ may participate in covalent bond-

ing under some circumstances while Ba2+ does not. Thus the primary interest here

was to hold the phosphate content of a glass constant while replacing Pb2+ with

Ba2+ systematically and investigating how the properties correlated with the bond-

ing types. The range of compositions for binary glasses was chosen to further explore

the structure of binary phosphate-based glasses at high concentration of PbO and

BaO content. In this dissertation we also aim to answer the following questions: a)

Is there a correlation between glass structures, compositions and their elastic and

photoelastic properties? and b) Is the empirical model able to predict the sign of C

accurately?

Table 1.1: The nominal compositions studied in this dissertation as well as their
abbreviated names.

Compositions Short Names
(PbO)60(P2O5)40 60Pb40P
(PbO)55(P2O5)45 55Pb45P
(PbO)50(P2O5)50 50Pb50P

(PbO)40(BaO)10(P2O5)50 40Pb10Ba50P
(PbO)30(BaO)20(P2O5)50 30Pb20Ba50P
(PbO)20(BaO)30(P2O5)50 20Pb30Ba50P
(PbO)10(BaO)40(P2O5)50 10Pb40Ba50P

(BaO)50(P2O5)50 50Ba50P
(BaO)55(P2O5)45 55Ba45P

1.2 Thesis structure

This dissertation has five chapters, including this introduction.

In the second chapter, general background information is provided. This includes

fundamental background information about the definition, formation, and the struc-

ture of glass followed by a particular focus on relevant phosphate-based crystals and

glass. Moreover, the elastic and photoelastic properties of glass and its correlation to

the structure of different glass systems are reviewed in the second part of this chapter.
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P2O5

Ba
O

PbO

mol %

m
ol 

%
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Figure 1.1: Composition diagram of the glass samples studied in this dissertation,
as well as the glass forming ranges (represented by blue arrows) of the binary com-
positions [25, 26]. Red dots: BaO-P2O5 binary compositions; blue dots: PbO-P2O5

binaries; green dots: BaO-PbO-P2O5 ternaries

This chapter broadly represents the origin of the aforementioned goals of this study.

The theory and implementation of each experimental technique that has been used

in this study is described in the third chapter. Specific experimental details of glass

preparation, elemental analysis, density measurements, the ultrasonic method, ad-

vance solid-state nuclear magnetic resonance (ssNMR) spectroscopy and photoelastic

properties are provided.

In the fourth chapter, the experimental results for ternary lead barium phosphate

glasses as well as binary lead phosphate and barium phosphate glasses are presented
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and discussed. To begin, glass preparation techniques, x-ray diffraction technique and

an elemental analysis of random compositions are presented to verify their amorphous

nature and compositions. This is followed by density measurements and the molar

volume values derived from them. Thereafter, structural studies of our glass systems

performed by ssNMR spectroscopy are provided and interpreted in detail. Finally, the

elastic and photoelastic properties of a series of compositions which were determined

with the aid of ultrasonic techniques and several optical techniques are presented and

interpreted.

In the last chapter, the overall results are discussed with the purpose of finding

the correlation between structure and properties of our glass systems.



Chapter 2

Background

Glass is omnipresent in many aspects of our daily lives. It can be used in packaging

(bottles), construction (windows), telecommunication (fiber-optic cables) and medical

applications (emetic and bioactive glass), to name a few. To foster its applications,

it is crucial to have a deep understanding of its structure. The first goal of this

dissertation is to find the correlation between the structure and elastic properties of

binary and ternary glasses containing a combination of PbO, BaO, and P2O5. The

second target is to determine the photoelastic properties of our glass samples and

confirm the reliability of the empirical model based on our results. This chapter covers

the basic principles of glass structure along with its properties, which is essential in

understanding the following chapters.

2.1 Definition of Glass

Glass can be defined as an amorphous solid or a solid with a liquid-like structure [27].

For any material to be considered a glass, there are two main conditions that need to

be satisfied. Firstly, it has to have long-range disorder of its atomic arrangements [27].

As a consequence of the first condition, it will have isotropic properties in the ab-

sence of internal and external stresses. Secondly, it has to exhibit a unique time and

composition-dependent glass transformation behavior, which is characterized by the

glass transition temperature Tg [27, 28].

To have a clearer picture of the glass transformation behavior, it is important

to first understand how to make crystal vs glass. Crystals are typically obtained by

cooling of the melt gradually below its melting temperature Tm. However, in the glass

making procedure, molten glass remains liquid even below its melting temperature,

where it is called “super-cooled”. This behavior continues with a change in volume

followed by a drastic rise in viscosity to the point that atoms can no longer rearrange

to their equilibrium structure (see Figure 2.1) [28].

6
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Figure 2.1: The volume-temperature diagram for a glass and a crystal [29].

2.2 Structural Theories of Glass Formation

Several theories have been proposed to explain glass structure, which are based on

factors such as atomic coordination number, bonding rules, electronegativity, bond

strength and so on [27].

The most popular and well-accepted theory about glass structure at least for

oxides, was published by Zachariasen in 1932 [30]. This theory is known as the random

network theory [30]. In the random network theory, glass and its corresponding crystal

are considered to be formed by the same short range structural units. However, in a

crystal, structural units repeat in a unique pattern; while, in glass, they are randomly

distributed (see Figure 2.2).

In the random network theory, Zachariasen proposed that the glass compound

AnOm (A is a cation, O is an oxygen anion, m and n are integers) can be formed

under the following four conditions:

1. An oxygen atom cannot be linked to more than two cations;
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Figure 2.2: A schematic representation of a two-dimensional crystalline structure
(left) and a amorphous structure (right) of an oxide A2O3 [30].

2. The cation’s coordination number must be small (bonded to two or three oxygen

atoms);

3. The cation-oxygen polyhedra in 3D structure are only linked via their corners

rather than their edges or faces; and

4. At least three corners of each polyhedra are required to be shared.

2.3 Role of Oxides in Glass

According to the aforementioned conditions by Zachariasen, oxides can be categorized

into three main groups. The first group belongs to some oxides of AO2, A2O3 and

A2O5 formula which each alone can form glass. These oxides are known as glass

network formers. SiO2, B2O3, and GeO2 are the most common glass network formers

which can form a glass as a pure oxide.
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The second category includes oxides of the formula A2O and AO which cannot

form a glass on their own. However, they can participate in a glass network composed

of the glass network former. These oxides are known as a glass network modifier. They

are mostly incorporated into the glass network by the addition of non-bridging oxygen

(NBO) atoms to modify their structure and properties [27]. One of the most common

glass network modifiers is Na2O. In binary SiO2-Na2O glass system, Na2O acts as a

glass network modifier by breaking the long silicon-oxygen chains and transforming

one bridging oxygen (BO) into two NBOs (see Figure 2.3) [29]. This will lead to a

significant reduction in glass viscosity as well as the melting temperature.

Na2O
Na+

+

+

Na+ -
-

Si4+

Bridging Oxygen

Non-Bridging Oxygen

Figure 2.3: A schematic representation of the non-bridging oxygen formation through
the introduction of NaO to SiO2-Na2O glass system. Reprinted and modified with
permission from Dr. Vincent Martin [31].

The final category belongs to oxides which can either act as a glass network

former or a glass network modifier based on their concentration or their interaction

with other oxides. This group of oxides are known as glass network intermediates.

PbO and Al2O3 are one of the most common glass network intermediates. In lead

borate glass, PbO acts as a glass network modifier through ionic Pb - O bonds with a

coordination number of around 6 or 7 at low content. However, at high concentration,

it will act as a glass network former through the formation of a covalent Pb-O bonds

with the coordination number of 3 or 4 [32, 33].
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2.4 Structure of Phosphate glass

The structure of crystalline and non-crystalline phosphates are comprised of PO4

tetrahedra which are linked through their corners to build a chain-like configura-

tion [3]. This configuration is based on the formation of sp3 hybrid orbitals by the

phosphorus outer electrons (3s23p3), of which the fifth electron can from a strong

π-bond with an oxygen 2p electron [34]. Various phosphate anions can be formed by

PO4 tetrahedra through their covalent BO bonds.

The notation Qn is used to classify the PO4 tetrahedra, where n denotes the

number of BOs per tetrahedron (see Figure 2.4). The structure of phosphate glass

can be classified based on their compositions in the following order [2]:

• Cross-linked network of Q3 tetrahedra as found in glass with very high P2O5

content.

• Polymer-like metaphosphate chains of Q2 tetrahedra.

• Glass based on small pyrophosphate (Q1) and orthophosphate (Q0) anions.

P

O O

O

O

P

O- O

O-

O

-1

P

O- O

O-

O-

-2

P

O- O-

O-

O-

-3

Q3 Q2 Q1 Q0

Figure 2.4: Classification of the PO4 tetrahedral sites which can exist in phosphate
glasses. Reprinted and modified from Richard K. Brow [2].
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The structure of complex glass systems such as ternary glasses can not be fully

resolved without comprehensive knowledge of the binary glass. For this reason, it is

necessary to first understand the binary phosphate glass and crystal structures.

2.5 Binary phosphate glasses

Pure P2O5 is comprised of the PO4 tetrahedra which are linked together to build a

three-dimensional random network structure. The introduction of modifying oxide(s)

to this structure breaks up the PO4 tetrahedra network by the creation of the NBOs in

exchange for the BOs. These NBOs coordinate with the cations through the weaker

ionic bonds. In binary phosphate glasses, the depolymerization of the phosphate

network with the addition of A2O (or AO) can be expressed by the following pseudo-

reaction described in Van Wazer’s model [35]:

For x ≤ 0.50, 2 Q3 + A2O 2 Q2 + A2O,

For 0.5 <x ≤ 0.67, 2 Q2 + A2O 2 Q1 + A2O.

Van Wazer’s model predicts that before the formation of the Q1 species, all of

the Q3 sites should be converted to the Q2 sites. In binary (A2O)x(P2O5)(1−x) glass

systems at x = 0.50, all of the chains and rings built by the PO4 tetrahedra should

be in the Q2 sites form. Then, at x > 0.50, Q1 species start to form, along with the

termination of Q2 units. The proportion of different Qn sites in binary phosphate glass

systems was predicted as a function of modifying oxide by Van Wazer’s model [35]:

For 0 ≤ x < 0.5,

fQ3 =
1− 2x

1− x
, (2.1)

fQ2 =
x

1− x
. (2.2)

For 0.5 ≤ x < 0.67,

fQ2 =
2− 3x

1− x
, (2.3)

fQ1 =
2x− 1

1− x
. (2.4)

For 0.67 ≤ x < 0.75,

fQ1 =
3− 4x

1− x
, (2.5)

fQo =
3x− 2

1− x
. (2.6)
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One of the most common experimental techniques to determine the Qn distribution

is the 31P magic angle spinning (MAS) ssNMR. Based on the previous studies on

ultraphosphate (x < 0.5) and alkali polyphosphate (x > 0.5), Van Wazer’s model

prediction of the Qn distribution was experimentally confirmed [2, 36–38].

2.6 Crystalline Phases

In order to have a starting point understanding of the glass atomic structure and

properties, crystals of similar composition were surveyed from previous studies and

compared to each other. Several crystalline compounds are present in the BaO.P2O5

phase diagram of which two (BaP2O6 and BaP2O7) were selected to be compared to

their corresponding glasses [26].

The first crystal of interest is barium metaphosphate, BaP2O6, which has mono-

clinic space group, P21/n (Z = 4), with unit cell dimensions of a = 9.695, b = 6.906,

c = 7.522 Å; β = 94.75 °; Vcell = 501.9Å3 [39]. The crystal structure of BaP2O6 is

displayed in Figure 2.5. It has a single crystallographic Ba2+ site, two P5+ sites and

six O2– sites. In the BaP2O6 crystal structure, the incorporation of barium ions break

up the PO4 tetrahedra network by the creation of NBOs which can coordinate with

the cations through the weaker ionic bonds. The phosphate network mostly consists

of polymer-like metaphosphate chains of Q2 species with a small fraction of Q3 units.

Barium ions represent an ionic environment which are coordinated to 8 oxygen atoms

as [BaO8] between phosphate chains.

The next crystal of interest from the BaO.P2O5 system is barium pyrophosphte,

Ba2P2O7, which is formed in higher BaO content (more than 50 mol%). Ba2P2O7 has

orthorhombic crystal structure, Pnma (Z = 4), with cell dimensions of a = 9.2875, b

= 5.6139 , c = 13.8064 Å; Vcell = 719.85Å3 [40]. This crystal structure is comprised

of two distinct crystallographic Ba2+ sites, two P5+ sites and five O2– sites (See

Figure 2.6). The addition of BaO in the BaO.P2O5 system above 50 mol% results in

the creation of more NBOs with an increase in the Ba-O coordination number from

[BaO8] to [BaO9]. Therefore, the average length of the phosphate chains becomes

shorter and shorter until the structure is comprised of diphosphate anions ([P2O7])

(See Figure 2.6). In this crystal, the phosphate network consists of two Q1 units

linked by a common bridging oxygen.
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Figure 2.5: The room-temperature crystal structure of BaP2O6 [39]. The presented
view is down the crystallographic b axis with a 2 x 2 x 2 super cell. [BaO8] polyhedra
are colored green while [PO4] tetrahedra are colored purple.

Among all the crystalline compounds presented in the PbO.P2O5 phase diagram,

two of them (PbP2O6 and PbP2O7) correspond to our glass compositions [25].

PbP2O6 has monoclinic space group, P21/c (Z = 8), with unit cell dimensions of a

= 7.29, b = 7.95 , c = 17.28 Å; β = 90.5◦; Vcell = 1001.43Å3 [41]. Figure 2.7 displays

the crystal structure of PbP2O6 which has two distinct crystallographic Pb2+ sites,

four P5+ sites and twelve O2– sites.

In PbP2O6 structure, Pb2+ ions break up the PO4 tetrahedra network by the

creation of NBOs which coordinate with the cations through the weaker ionic bonds.
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Figure 2.6: The room-temperature crystal structure of Ba2P2O7 [40]. The presented
view is down the crystallographic b axis with a 2 x 2 x 2 super cell. [BaO9] polyhedra
are colored green while [PO4] tetrahedra are colored purple.
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Figure 2.7: The room-temperature crystal structure of PbP2O6 [41]. The presented
view is down the crystallographic b axis with a 2 x 2 x 2 super cell. [PbO6] and
[PbO7] polyhedra are colored grey while [PO4] tetrahedra are colored purple.

PbP2O6 consists of long chains and rings of PO4 tetrahedra with an ionic environment

of lead atoms which are coordinated to 6 or 7 oxygen atoms as [PbO6] or [PbO7]

between phosphate chains. In this structure, the network mostly consists of polymer-

like metaphosphate chains of Q2 species with a small fraction of Q3 units.

Another crystal from the PbO.P2O5 system is lead pyrophosphate, Pb2P2O7,

which has a high PbO content (more than 50 mol%). Pb2P2O7 has triclininc space

group , P1 (Z = 4), with unit cell dimensions of a = 6.914, b = 6.966 , c = 12.751

Å; α = 96.82, β = 91.14, γ = 89.64◦; Vcell = 609.65Å3 [42]. This crystal structure

is comprised of four distinct crystallographic Pb2+ sites, four P5+ sites and fourteen

O2– sites (See Figure 2.8). The addition of PbO in the PbO.P2O5 system above 50

mol% results in the creation of more NBOs with an increase in the lead coordination

number from [PbO6] and [PbO7] to [PbO8] and [PbO9]. Therefore, the average length

of the phosphate chains becomes shorter and shorter until the structure is comprised

of diphosphate anions ([P2O7]) which is made up of two tetrahedral PO4 groups shar-

ing an oxygen atom (See Figure 2.8). The structure network is comprised of two Q1

units linked by a common bridging oxygen.
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Figure 2.8: The room-temperature crystal structure of Pb2P2O7 [42]. The presented
view is down the crystallographic b axis with a 2 x 2 x 2 super cell. [PbO8] and
[PbO9] polyhedra are colored grey while [PO4] tetrahedra are colored purple.

The BaPbP2O7 crystal structure has been found to have similar structural fea-

tures to our ternary lead barium phosphate glass compositions. BaPbP2O7 has an

orthorhombic unit cell, Pnmb (Z = 4), with unit cell dimensions of a = 5.594, b =

9.108 , c = 13.426 Å; Vcell = 684.06Å3 [43]. This crystal structure is comprised of one

distinct crystallographic Pb2+ site, one Ba2+ site, two P5+ sites and five O2− sites

(See Figure 2.9).

In BaPbP2O7 crystal structure, Pb2+ and Ba2+ cations terminate the PO4 tetra-

hedra network by the creation of NBOs to the point until the length of the phos-

phate chains and rings becomes shorter and shorter until the structure is comprised

of diphosphate anions ([P2O7]) surrounded by [PbO6] and [BaO8] polyhedra. This

phosphate network is comprised of two Q1 units linked by a common bridging oxygen.
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Figure 2.9: The room-temperature crystal structure of BaPbP2O7 [43]. The presented
view is down the crystallographic a axis with a 2 x 2 x 2 super cell. [PbO6] polyhedra
are colored grey, [BaO8] polyhedra are colored green and [PO4] tetrahedra are colored
purple.
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2.7 Elastic Properties of Glass

Glass materials play a prominent role in numerous technological and industrial appli-

cations. However, their brittleness to high thermal or mechanical stress has always

limited their roles. Therefore, novel approaches toward producing stronger and more

damage resistant glass, as well as new methods of measuring their elastic properties

have been highlighted extensively in recent years [44]. Here we overview the structural

features believed to be important in glass elasticity.

2.7.1 Glass Topology

There are various parameters responsible for mechanical behavior in any material.

Among them, the microstructure of single and polycrystalline materials (grain bound-

aries) along with their structural defects (e.g., stacking faults) are found to be most

responsible. However, it should also be noted that glass does not possess a long-range

order in an atomic organization or microstructure to control its mechanical proper-

ties. Therefore, the topology of the disordered glass network such as the degree of

polymerization, channel formation, structural dimensionality, and packing density are

found to be responsible for its mechanical properties [45].

The degree of polymerization can be defined by the number of glass former bonds

forming the glass network system, such as Si-O-Si bonds in pure silica. The addition of

network modifier(s) creates NBOs which leads to a termination of the network connec-

tivity. Furthermore, the introduction of modifier(s) can change its structural dimen-

sionality from a three-dimensional network to a two-dimensional chain-like structure.

It was also shown that a sufficient amount of modifier content can create ion channels

which can ease the way of ionic diffusion throughout its structure [46].

Atomic packing density (Vf ) is defined as the theoretical volume occupied by

atoms vs. free volume. Vf can be calculated by assigning volume to each ion (4
3
πR3

i )

and comparing the total to the molar volume [47]:

Vf =
1

Vm

∑
i

NAxi
4

3
πR3

i , (2.7)

where Vm is the molar volume, NA is Avogadro’s number and Ri is the Shannon-

Prewitt ionic radius corresponding to the expected coordination number in oxide
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crystals [48]. It should be noted that the ionic radii in glass is assumed to be iden-

tical with its corresponding crystal [47]. It was also found that Vf and network

dimensionality are inversely correlated for various types glass systems [45].

2.7.2 Elastic modulii

Young’s modulus E, is one of the elastic properties which predicts the stiffness of solids

by determining the relationship between stress σ, and strain ε, in the linear elasticity

regime under uniaxial compression or tension [49]. Within the linear elasticity regime,

the relationship between stress and strain is described by Hooke’s law. Therefore,

stress is proportional to strain and the deformation is reversible [49]. Young’s modulus

can be calculated by use of the following equation based on the linear portion of the

stress-strain curve:

E =
σ

ε
=

F
A

∆L
Lo

, (2.8)

where F is the exerted force on a solid, A is the area of the cross-section perpendicular

to the applied force, ∆L is the amount of change in the length of a solid and lastly

Lo represents the initial length of a solid. Glass materials are considered elastic and

obey Hooke’s law well below their glass transition temperatures.

Poisson ratio ν, is another elastic property which is defined as the negative ratio

of transverse contraction strain, to axial stretched strain, in the direction of applied

force [45]. Poisson ratio is dimensionless, and represents the resistance of a solid to

volume change with respect to its shape change [45] (see Figure 2.10).

Poisson ratio can be calculated by the following equation which is visualized in

Figure 2.10.

ν = −εt
εl

= −
∆W
W
∆L
L

, (2.9)

where εt is the transverse contraction strain, εl is the longitudinal extension strain,

L is the length and W is the width of an object. Poisson ratio and Young’s modulus

of inorganic glass are found to be extending from 0.1 to 0.4 and from 5 to 180 GPa,

respectively [45].

Bulk modulus K, is the third elastic property. K is described as the resistance

of the object to uniform compression. In another words, K can be defined as the

relative reduction in the volume of an object while the infinitesimal pressure applied
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Figure 2.10: A schematic diagram representing the physical meaning of Poisson ratio.

on that object increases. The bulk modulus can be defined by the following equation:

K = −V
(∂P
∂V

)
T
, (2.10)

where V is the volume, P is pressure and T is the temperature.

Shear modulus, G, is the last elastic property which is defined as the response

of an object to shear stress [49]. It is also defined as the ratio of shear stress to the

shear strain [49]. With the knowledge of two elastic moduli, the remaining two can

be calculated.
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2.7.3 Glass Topology and Elastic Properties

Elastic properties of glass are found to be correlated with its atomic organization [45].

Glass atomic organization including its inter-atomic bonding energy, coordination

number, polymerization degree and atomic packing density are all found to be ac-

countable for its elastic behaviors [45]. It is therefore essential to investigate the

atomic organization of glass, not only to interpret the elastic properties of the known

glass, but also to predict the ones that have not been produced yet or are unsafe to

synthesize. The atomic-scale or short- to medium range order studies of glass can be

conducted with the aid of ssNMR, X-ray or neutron scattering, Raman spectroscopy

and in some cases, atomic force microscopy.

The physio-chemical nature of the inter-atomic bonds is one of the parameters

which was mentioned earlier to be responsible for the glass mechanical behavior.

Unfortunately, the inter-atomic bond distance, along with the coordination number

and the directionality of each atom in glass structure is usually unknown. Therefore,

elastic properties of glass are mostly interpreted based on the estimated inter-atomic

bonding energies and cationic field strength [50]. Another major parameter which

needs to be taken into account for the interpretation of the elasticity data is the

atomic packing density or molar volume (Vm).

Young’s modulus has been found to be intimately related to both the average inter-

atomic bond energy and the volume density of bonds [44]. In mechanical design, the

specific stiffness of glass can be obtained via either bond strength or by filling the free

volume (inter-molecular space) through the addition of different sized modifier(s) [44].

The type and strength of the bonds in a glass network structure can significantly

influence its elastic properties. For instance, the addition of modifiers in silicate and

phosphate glasses creates NBOs through the termination of Si-O-Si and P-O-P bonds,

which results in an increase in E and K [44].

On a molecular scale, Poisson ratio ν, the atomic packing density and glass net-

work dimensionality have all been found to be strongly correlated [45]. Atomic pack-

ing density increases monotonically with Poisson ratio which is also verified within

certain chemical compositions. Therefore, atomic packing density values can be esti-

mated based on the ν. It is also worth mentioning that due to the lack of accuracy in

actual atomic radii, the exact value of atomic packing density cannot be calculated.
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Makishima and Mackenzie proposed a linear trend between ν and Vf for glasses of

similar systems (ν = 0.5 - 1
7.2Vf

) [51]. However, in a global review by Tanguy Rouxel,

a sigmoidal-like trend between ν and Vf was proposed, which is more complex.

The Poisson ratio has also been found to be correlated to the glass network di-

mensionality or the number of BO in each glass-forming cation nBO (or the average

coordination number). Based on the experimental data reviewed by Tanguy Rouxel,

ν decreases monotonically while nBO is decreasing [45]. For instance, amorphous sil-

ica exhibits a small Poisson ratio (ν = 0.15) due to its highly cross-linked structure

with four BO per glass-forming atom (3D network). On the contrary, chain-based

chalcogenide glass have a higher Poisson ratio (ν = 0.3). Additionally, B2O3 and

P2O5 glasses with nBO = 3 ( P is coordinated to five oxygen with P = O double

bond and three BO atoms) have a Poisson ratio around 0.3 [52]. This trend was also

observed within given chemical systems which is more noticeable when modifiers with

very different valencies or coordination numbers replace one for the other.

2.8 Photoelasticity

Glass is isotropic in a homogeneous and stress-free state, thus properties are the same

in all directions. Consequently, optical properties of glass including its index of re-

fraction are the same in all directions [27]. However, the isotropy of glass can be

broken under the application of mechanical stress, which leads to a different index

of refraction in the extraordinary and ordinary directions. The difference between

extraordinary and ordinary refractive indices is the phenomenon known as birefrin-

gence. The stress induced birefringence is called photoelasticity or the pizezo-optic

effect. Photoelasticity is also an experimental technique which describes the stress

and strain distribution of a material.

The stress distribution can be observed through a polariscope in the form of

fringe patterns [53]. There are various types of polariscopes which are designed for

different purposes; however, linear polarizers and quarter-wave plates are the main

components of all of them. The Senarmont method of compensation is considered to

be the simplest technique to measure the stress optic coefficient (C) of a glass [54].

The complete description of this method is provided in section 3.9.
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2.9 The Stress-Optic Coefficient

The difference between two refractive indices along the extraordinary axis, ne, and in

the ordinary plane, no is given in the following equation:

∆n = ne − no, (2.11)

where ∆n is the birefringence. This difference is proportional to applied mechanical

stress, σ, by the following equation:

∆n = Cσ, (2.12)

where C is the constant of proportionality which is known as the Stress optic coeffi-

cient and its unit is Brewsters (1B = 1× 10−12Pa−1).

When there are different refractive indices in three cartesian directions x1, x2 and

x3, their relative magnitude and directions can be described by an ellipsoid called the

indicatrix. The indicatrix is given by:

x1
1

n2
1

+
x1

2

n2
2

+
x1

3

n2
3

= 1, (2.13)

where n1, n2 and n3 are refractive indices in three cartesian directions. Bi is the rela-

tive dielectric impermeability which can be defined as Bi = 1
n2
i
. Hence, equation 2.13

can be rewritten as:

B1x
2
1 +B2x

2
2 +B3x

2
3 = 1. (2.14)

The stress-induced birefringence can also be described by the elasto-optic tensor ele-

ments pijkl and piezo-optic tensor elements πijrs. These fourth-ranked tensors relate

the applied stress or strain to the change in the inverse of dielectric constant which

is given in the following equations:

∆Bij = πijrdσrs = pijklskl, (2.15)

Bij = (
1

n2
)ij = (

1

ε
)ij, (2.16)

where Bij is the inverse dielectric tensor, σrs and skl are the stress and strain tensor,

respectively [27, 55]. The stress and strain tensor elements are related to each other

by the following equation:

pijkl = πijrsCrskl, (2.17)
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where Crskl is the elastic tensor.

Due to fact that glass has isotropic properties, only three elements of elasto-optic

and piezo-optic tensor elements are non-zero, of which two are independent. They

can be related to each other by the following relationships:

2p44 = p11 − p12, (2.18)

2π44 = π11 − π12. (2.19)

The change in the refractive index (n) is small for small stresses. Therefore, the

equation 2.15 can be simplified for a uniaxial stress as follows:

∆Be =
1

n2
e

− 1

n2
=
n2 − n2

e

n2
en

2
=

(n− ne)(2n)

n4
= π11σ3, (2.20)

so that,

(n− ne) =
n3

2
π11σ3. (2.21)

In the same way:

∆Bo =
1

n2
o

− 1

n2
=
n2 − n2

o

n2
on

2
=

(n− no)(2n)

n4
= π12σ3, (2.22)

so that,

(n− no) =
n3

2
π12σ3. (2.23)

Consequently, the stress-optic coefficient, birefringence and piezo-optical elements can

all be related to each other and expressed by following equations:

∆n = ne − no = −n
3

2
(π11 − π12)σ3 = Cσ3, (2.24)

C = −n3π44, (2.25)

Or,

C = − n
3

2G
p44, (2.26)

where G is the shear elastic modulus (G = C44).

The stress-optic coefficient can have positive, negative or zero values based on

the glass composition. Most common glass network formers such as silicates, borates

and phosphates express positive C. Heavy modifier oxides can induce negative bire-

fringence which gives rise to a reduction in C values. These modifiers include lead,

bismuth, thallium, tin and antimony oxides.
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2.10 Theories of Photoelasticity

2.10.1 Mueller’s Theory of Photoelasticity

Mueller’s theory was proposed by Mueller in 1938. It indicates that the photoelastic

response of glass under the application of stress originates from two factors [56]. The

first factor is the displacement of atoms in the lattice structure, which is known

as the lattice effect. The second factor is the polarization of the electronic cloud

corresponding to each atom in the structure, which is known as the atomic effect.

According to Mueller’s theory, the stress-optic coefficient decreases with the lattice

effect while it increases with the atomic effect.

Mueller also states that if a tensile stress applies to a cation-oxygen chain (a

cation is bonded to a BO and NBO), the chain will extend toward the direction of

the stress. This elongation is a result of the high polarizability of the oxygen atoms.

In this case, the BO experiences a much higher deformation in comparison to the

NBO [57]. Therefore, the NBO reduces the stress-optic coefficient whereas the BO

increases it, according to Mueller’s theory. It can also be concluded that in order

to minimize the stress-optic coefficient or produce a zero-stress optic glass, the glass

structure must contain the maximum number of NBOs.

2.11 Zwanziger’s Empirical Model

The focal point of this model is to describe the stress-optic response of glass based

on the chemical bonding environment (anion-cation bond length), d, and the coordi-

nation number, Nc, of its constituents [58]. Glass with a high d/Nc ratio was shown

to have a negative stress-optic coefficient, whereas glass with a low d/Nc ratio was

shown to have a positive stress-optic coefficient. The d/Nc ratio has been calculated

for various compounds with known stress-optic coefficient signs, some of which are

listed in Table 2.1, compiled by Guignard et al. [58].

For glasses with (d/Nc) > 0.5 Å, C is typically negative, whereas glasses with

(d/Nc) ≤ 0.5 Å have positive C. Therefore, the composition of positive, negative and

zero stress-optic glasses can be obtained by using the following formula:∑
i

xi(
d

Nc

)i ≈ 0.5 Å, (2.27)
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Table 2.1: The d/Nc ratio and the sign of C for compounds compiled by Guingard et
al. [58].

Compound d/Nc (Å) Sign of C

Tl2O 0.84 -
PbO 0.58 -
Bi2O3 0.55 -
BaO 0.46 +
SiO2 0.40 +
P2O5 0.38 +

where d is the cation-oxygen bond length, Nc is the cation coordination number of the

ith compound and xi is the molar fraction of the ith oxide in glass. Zero stress-optic

glass (C = 0 Brewster) can be obtained when the overall sum of the components is

approximately equal to 0.5 Å [58].

The empirical model thus far is consistent with known glass families and it is

able to predict the sign of C and zero-stress optic compositions [23, 24, 32, 58, 59].

However, it is not able to estimate the magnitude of C. Furthermore, the value of

d and Nc were estimated in some cases, but have yet to be confirmed by structural

studies such as ssNMR.



Chapter 3

Experimental Techniques

3.1 Introduction

This chapter briefly describes the basics and background information of the experi-

mental techniques implemented in this study in the following order: glass prepara-

tion, x-ray diffraction, elemental analysis, density measurements, elastic properties,

solid-state nuclear magnetic resonance (ssNMR), refractive index and stress optic

measurement.

3.2 Glass preparation

All of the glasses in this study were synthesized via a traditional melt-quenching

technique through the following steps:

1. Mixing and grinding the stoichiometric amounts of reagents in a porcelain mor-

tar and pestle.

2. Calcining the mixture in the oven below the reagents’ melting temperature to

remove gaseous by-products.

3. Melting the calcined powder in a platinum crucible inside the furnace.

4. Rapidly pouring the molten glass into a mold (also called quenching).

5. Annealing the quenched glass inside an oven at a temperature below the glass

transition temperature to eliminate internal stress.

The first series of binary and ternary glass in this study was produced by the

following reagents:

• Ammonium phosphate monobasic (NH4H2PO4, ≥ 98%, Sigma-Aldrich) as the

source of the P2O5.

27
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• Barium carbonate (BaCO3, ACS reagent, ≥ 99%, Sigma-Aldrich) as the source

of BaO.

• Lead(ll) oxide (PbO, powder, < 10 µm, ReagentPlus, ≥ 99.9%, Sigma-Aldrich)

as the source of PbO.

The stoichiometric amounts of the aforementioned reagents were mixed in the

porcelain mortar and pestle and then transferred to the platinum crucible. After

that, powder samples were first calcined at 550oC followed by another calcination at

850oC based on their compositions for 22 and 24 hours, respectively. The by-product

gases including NH3, H2O and CO2 were removed during the calcination procedure

through the following reactions:

NH4H2PO4(s) HPO3(s) + NH3(g)↑ + H2O(g)↑

BaCO3(s) BaO(s) + CO2(g)↑

After the calcination procedure, binary lead and barium phosphate glasses were

melted at 1000oC for 1 hour and 1200oC for 2 hours, respectively. The ternary lead

barium phosphates were melted at 1050-1200oC for 2 hrs based on their compositions.

The calcination, melting time and temperature were selected based on the previous

investigation in our group by Justine Galbraith on the same glass compositions [23,

24]. The molten glasses were quenched into a steel mold on a brass plate which was

preheated to around 200oC to prevent them from fracture due to their high thermal

stress. After being cast, glasses were transferred quickly to an oven for the annealing

procedure. Binary lead and barium phosphate glasses were annealed at 150oC and

450-550oC, respectively. The ternary glass compositions were all annealed at 400oC

and cooled down slowly to room temperature.

The annealing procedure relaxes a glass from the residual thermal stress which

might cause a fracture while being cut or polished. Therefore, all of our samples were

checked to be fully relaxed from the residual thermal stress with a light table. If glass

has residual internal stress, the rainbow fringe lines can be observed between two

cross polarizers, due to inhomogeneous index of refraction throughout the sample.

Some of the experimental techniques such as elemental analysis and optical mea-

surements require glass with a flat polished surface. For that reason, all of the sam-

ples were cut (removing any bubbles or crystalline top layer) with a low-speed saw
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(Buehler IsoMet, using a Lapcraft diamond saw blade) to have a square base of around

10 × 10mm2 with a height of the sample > 1 mm. Finally, two faces of glass were

polished with 1200 grit silicon carbide paper followed by diamond paste of decreas-

ing grain sizes ( 30 micron, 15 micron, 9 micron, 6 micron, 3 micron and 1 micron,

MetaDi polishing compounds, Buehler).

After performing the elemental analysis on our first series of glasses, the experi-

mental compositions were not in good agreement with the nominal compositions. The

discrepancies were ascribed to the volatile nature of P2O5. To elaborate, P2O5 mass

loss can occur during the calcination procedure of BaCO3, specifically for glasses with

high BaO mol% contents. Therefore, the P2O5 experimental composition in most of

the glasses were around 7% off from the nominal compositions. To overcome these

issues, the calcination procedure for BaCO3 was avoided by using pure barium oxide

(BaO, 99.99% trace metals basis, Sigma-Aldrich) as a source of BaO. Furthermore,

the melting temperature and time were optimized and a Pt crucible with a lid was

utilized in producing the second series of glasses with the same compositions.

3.3 X-ray Diffraction

X-ray powder diffraction is a powerful technique used in the identification of crys-

talline phases. In this work, this technique was used to confirm that an amorphous

structure was achieved and the samples were free from crystalline compounds. Bragg’s

law is mostly used to describe the diffraction of wavelength λ from parallel atomic

planes (separated by distance d). Equation 3.1 defines Bragg’s law and Figure 3.1

shows a diffraction from parallel atomic planes based on Bragg’s condition.

nλ = 2d sin θ, (3.1)

where n is a positive integer and θ is a scattering angle. In this method, X-rays are

generated from a Cu Kα source and collimated via a divergence slit. After that, the

sample is bombarded by the emitted X-rays and the diffracted X-rays from the sample

are collected by a detector after being passed through receiving slit. Diffracted X-rays

also pass through a monochromator which is typically a single crystal with a known

d-distance (only detect specific wavelengths) prior to detection. The intensity of

diffracted X-rays and the diffraction angle (2θ) are plotted against each other to give



30

d

!

!

!

!
Figure 3.1: Schematic diagram showing the Bragg diffraction from two parallel planes
of atoms separated by distance d. If the path length difference between reflected
beams is an integer multiple of the wavelength λ (equal to 2dsin θ), the interference
is constructive.

a diffraction pattern which is unique for each structure. All diffraction measuremnets

in this study were conducted using Siemens D500 equipped with a Cu anode, X-ray

tube and monochromator. Angular steps of 0.04 and dwell times of 1s have been used

in this work.

3.4 Elemental Analysis

Elemental Analysis (EA) is one of the most crucial techniques when it comes to glass

investigations. Since there are a lot of contamination sources which can alter a glass

composition as it is melting, accurate EA is always highly recommended before other

experiments. A common source of contamination is the type of crucible used for

synthesizing glass. For example, silica or alumina can be easily incorporated into a

glass composition if they are used as crucibles. Other sources of contamination can

be due to the hygroscopic and volatile nature of some oxides (e.g., P2O5, B2O3) at

high temperature which can be reduced by using a lid and low melting temperature
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if possible. Therefore, EA allows glass scientists to have an accurate sense of compo-

sitions, optimize their glass making procedure and derive a trend between structural

and physical properties of glasses based on their compositions.

There are various types of EA techniques used in order to acquire quantitative

and/or qualitative data of glass composition. Due to specific type of glass compo-

sition used in this study, an electron probe micro-analyzer (EPMA) was chosen to

characterize the elemental composition of our samples.

3.4.1 Electron probe micro-analyzer

EPMA provides a non-destructive quantitative elemental analysis of solids, including

crystalline and non-crystalline minerals. This method implements characteristic X-

rays which are released by the sample to diagnose and measure the concentration

of elements. EPMA is equipped with different detectors that allow both energy-

dispersive and wavelength-dispersive spectroscopy (EDS and WDS).

In this method, free electrons are first produced by heating a tungsten filament

to high temperature. Then with the use of a strong voltage (typically 15-20 keV)

and a series of magnetic lenses, the low-energy electrons are focused into a high

energy and well-collimated electron beam. After that, the sample is bombarded by

the primary electron beam. Throughout the bombardment, the sample interacts with

the electron beam in various ways to generate: secondary electrons, Auger electrons,

back-scattered electrons, low energy light and X-rays [60]. The X-ray is the most

important scattering for EPMA. When the primary electron beam reaches the core

electrons in the sample, it can displace the core electron and leave a hole behind.

This hole is then replaced by an electron from a higher energy level and emits energy

in the form of photons ( a characteristic X-ray and secondary electron) [61]. Due

to the fact that each element has a unique set of X-ray emissions, EPMA is able to

distinguish the elements in a given specimen. All the released X-rays from the sample

can be separated based on either their energy or wavelength, that is, EDS and WDS,

respectively.

In EDS, the detector is a semiconductor block which is able to count the number

of electrons entering into its conduction band from an emitted X-ray. Emitted X-rays
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Figure 3.2: Schematic diagram showing a sample, analytical crystal and detector on
the circumference of a Rowland circle.

can be determined and separated based on their energy [62]. However, in WDS, spe-

cific X-rays are detected and separated based on their wavelengths [63]. Consequently,

analytical crystals are implemented to filter X-rays with respect to Bragg’s law (See

equation(3.1) and Figure 3.1) [64]. In order to pass multiple characteristic X-rays

to the detector at the same time, several different analytical crystals simultaneously

rotate on Rowland’s circle (See Figure 3.2).

WDS wavelength resolution outweighs the energy resolution in EDS, which not

only facilitate the elemental selectivity but also reduces the detection limitation. EDS

collection times are significantly faster than WDS times since WDS cannot analyze

different elements simultaneously [63]. However, EDS data interpretation suffers from

a substantial overlap between peaks of similar energies for different elements. Thus,

identification of elements and the quantification of their abundance require a sophis-

ticated deconvolution procedure. Furthermore, the EDS detector is equipped with a
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beryllium window which attenuates X-rays emitted from the lighter elements such as

boron [62]. Therefore, due to the fact that oxygen is considered to be a light element

for EDS and due to the higher precision and less uncertainty of WDS, we chose WDS

to analyze and quantify the elements presented in our samples.

WDS data in this investigation was collected by Dr. Dan MacDonald in the

Department of Earth and Environmental Sciences at Dalhousie University; JEOL

JXA-8200 Superprobe was utilized with a 15kV running voltage along with the proper

standards for ZAF correction. All of the glasses were polished to 1µm and coated with

carbon prior to the experiment. The electron beam spot size of 5 µm was used to avoid

the electron damage which can lead to unreasonable results. Generally, five to ten

data points are required to have a robust confidence of each elemental weight percent.

Ten data points were obtained for each samples via quantitative point analysis which

has errors of 0.2-1 mol% (calculated from the standard deviation of the mean).

3.5 Density

Density (ρ) is a very important physical property in the investigation of glass. The

densities of all samples in this study were measured via Archimedes’ principle. This

method was performed using a Mettler Toledo density kit, absolute ethanol and an

analytical balance. Based on this method, the density of a given sample can be

obtained by measuring the mass of the sample in air (mair), the mass of the sample

in liquid (mliquid) and the density of the liquid (ρliquid).

The density of the sample (ρsample) is then calculated by the following equation:

ρsample = ρliquid

(
mair

mair −mliquid

)
. (3.2)

The mass of the sample in the air is recorded by placing the sample on the scoop

which is installed on an analytical balance (See Figure 3.3). The mass of the sample

in liquid is measured by placing the sample on the bottom scoop which is immersed in

the liquid. The liquid used in this study was absolute ethanol due to the hygroscopic

nature of phosphate-based glass. Its temperature dependent density was collected

from the literature values [65]. The accuracy of the set-up was calibrated by mea-

suring the density of the fused quartz ( ρ = 2.20g.cm−3). The density of each glass

was measured three times showing an acceptable error < 1%.
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Figure 3.3: Schematic of the density measurement set-up.

An alternative way to present density data is molar volume (Vm). Vm is the volume

which one mole of glass occupies. Therefore, Vm of all samples were calculated using

the acquired data based on the following equation [27]:

Vm =

∑
i xiMi

ρ
, (3.3)

where ρ is the density of the glass calculated by Archimedes principle, xi is the mole

fraction and Mi is the molar mass of the oxide components in the prepared glass

samples.

3.6 Elastic Properties

Elastic properties are the quantities that represent the deformation resistance of a

material under the application of stress within the elastic region [66]. Within the
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elastic region, the material will regress to its original shape when the stress is reduced.

The amount of strain s (deformation) is proportional to the applied stress σ, according

to Hooke’s law in the linear-elastic region. Due to the directional dependency of stress

and strain, a tensor equation is required to explain this behavior as follows [67]:

σij = Cijklskl, (3.4)

where Cijkl is the elastic stiffness tensor (the elastic constants) of the material. Based

on the symmetric nature of the elastic stiffness tensor, its order can be reduced by

Voigt notation [68]. Due to the isotropic properties of glass, there are only three

non-zero tensor elements, of which only two are independent:

C44 =
1

2
(C11 − C12). (3.5)

Elastic moduli of a material include the Young’s modulus E, the shear modulus G,

the bulk modulus K and the Poisson’s ratio ν. The elastic moduli of an isotropic

material are related to the elastic tensor elements by the following equations:

C11 =
E(1− ν)

(1 + ν)(1− 2ν)
, (3.6)

C12 =
Eν

(1 + ν)(1− 2ν)
, (3.7)

C44 = G =
E

2(1 + ν)
. (3.8)

The shear, bulk and Young’s modulus of glass are on the order of GPa. The Young’s

modulus and Poisson’s ratio extend from 5 to 180 GPa and 0.1 to 0.4, respectively [45].

3.6.1 Ultrasonic Echography Method (USE)

The elastic moduli of a glass can be determined via different methods such as Bril-

louin scattering (BS), mechanical vibration and the Ultrasonic Echography Method

(USE). USE is one of the most convenient techniques used in glass studies [27]. USE

takes advantage of the fact that the elastic moduli are related to the speed of sound

in isotropic materials such as glass. In order to determine the elastic moduli, the

longitudinal velocity (vL) and transverse velocity (vT ) need to be obtained. vL and

vT can be obtained by measuring the total travel time of the wave (t) of the polished
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sample with a known thickness (d), using a thickness gauge. The gauge was calibrated

with stainless steel and glass of a known thickness and velocities. Each measurement

was repeated at least five times with a standard error of < 1%. Accuracy of the

measurements rely on several factors such as the thickness of the glass (less than

1 mm), inhomogeneity of samples (cracks and bubbles), calibration procedure and

so on. The elastic moduli can be calculated using both longitudinal and transverse

velocities through the following equations [27]:

ν =
1− 2(vT

vL
)2

2− 2(vT
vL

)2
, (3.9)

E =
ρv2

T (3v2
L − 4v2

T )

v2
L − v2

T

, (3.10)

G = ρv2
T , (3.11)

K = ρ

(
v2
L −

4

3
v2
T

)
. (3.12)

3.7 Solid-state nuclear magnetic resonance (ssNMR)

Solid-state NMR spectroscopy is a method of probing the structure of glass. In this

study, 31P and 207Pb ssNMR were used to probe the local environment of phospho-

rous and lead, due to the fact that their chemical shielding reflects the underlying

structure. The following information is based on the assumption that the reader has

basic knowledge of NMR spectroscopy. This section focuses on the aspects of ssNMR

which have relevance to this study.

3.7.1 Magic Angle Spinning

Magic angle spinning (MAS) is one of the most widely used techniques in the field of

ssNMR. Due to the various interactions in ssNMR such as the quadrupole interaction

for I > 1/2 and the anisotropy of chemical shielding, the NMR spectra of solids

suffer from line broadening. A number of interactions contain the second Legendre

polynomial:

P2(cos θm) =
1

2
(3 cos2 θm − 1) = 0. (3.13)

At magic angle, which is approximately θm = 54.74o [69], cos θm = 1√
3

and the term

P2(cos θm) is equal to zero. Therefore, the chemical shift anisotropy (CSA), dipolar
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Figure 3.4: Comparison of Static and MAS 31P NMR spectra for P2O5. Reprinted
with the permission from Dr. Vincent Martin [31].

coupling and first-order quadrupolar interactions are eliminated by using MAS. CSA

of 31P spectra is very large in glasses (hundreds of ppm) [70]. The application of

MAS results in the splitting of the broad 31P peak into narrow sidebands and the

enhancement of resolution (see Figure 3.4).

This technique involves loading the solid sample (usually powder) into a cylin-

drical container, called a rotor (typically ZrO2), and then rapidly spinning at an
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Figure 3.5: Schematic diagram of two successive r.f. pulses. The first pulse generates
the FID and the second one creates the spin echo.

aforementioned angle along its symmetry axis. The spinning speed depends on the

size of the rotors.

3.7.2 Spin Echo

Even though the main interest of NMR spectroscopy is to take advantage of the

relaxation times, there are always other factors such as the inhomogeneous magnetic

field that lead to a decay in FID. The inhomogeneity of the static magnetic field

causes different spins to precess with different rates. This results in a phase difference

and a loss of the transverse magnetization. Furthermore, the beginning of the FID

contains so much information which can be distorted due to the dead time problem

such as coil-ringing. To overcome these issues, FID can move away from the end of

the r.f. pulse by the application of an echo pulse sequence (see Figure 3.5), which

was implemented by Erwin Hahn in 1950 [71].
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Figure 3.6: Schematic diagram of the CPMG pulse sequence

The introduction of second 180o pulse refocuses the certain dephased components

of the original FID into the spin echo which is generated after τ time of the second

pulse. This experiment is also useful for measuring the spin-spin relaxation time (T2).

3.7.3 The Carr-Purcell-Meiboom-Gill (CPMG) Pulse Sequence

Although the Hahn echo pulse sequence prevent the loss of transverse magnetiza-

tion and fix the phasing issues, the are still some limitations to this technique. For

instance, there is a possibility of random diffusions between spins under the homo-

geneous magnetic field. This diffusion can lead to an additional loss of spin echo

amplitude away from the relaxation. This is more dominant for nuclei with large T2

such as 125Te. This issue was initially addressed by Carr and Purcell in 1954 [72] and

further explored by Meiboom and Gill [73]. The sequence application π pulses after

the first π/2 excitation pulse (known as CPMG pulse sequence) was introduced to

neglect the diffusion effect (see Figure 3.6). In this method, a ”train” of spin echoes

are generated by repeatedly refocusing the magnetization. After each excitation, the

magnitude of the spin echo decays due to the transverse relaxation.
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After the Fourier Transformation of the train of echoes, a spectrum consisting

of ”spikelets” can be obtained. The spacing of the echoes control the density of

the spikelets and the intensity of the spikelets delineate the powder pattern of the

spectrum. On the one hand, the resolution of the spectrum can be enhanced by the

application of more densely packed spikelets with a greater delay between echoes. On

the other hand, the greater delay between echoes causes the reduction of the total

number of echoes collected. Therefore, echo spacing need to be carefully chosen to

have a balance of signal and resolution.

3.7.4 The WCPMG Pulse Sequence

The WCPMG pulse sequence was first implemented by O’Dell and Schurko in 2008 [74].

The WCPMG is the execution of a wideband, uniform rate and smooth trunca-

tion (WURST) pulses with the same pulse sequence in CPMG. WURST pulses were

initially introduced by Kupce and Freeman in 1995 [75, 76]. WURST pulses have

rounded-end cylinder shapes in comparison to the square pulses in CPMG. The time-

dependent amplitude (ω1(t)) and the phase (φ) of a WURST-N pulse are given by

the following equations:

ω1(t) = ωmax

(
1− | cos(

πt

τw
) |N

)
, (3.14)

φ(t) = ±2π

{(
νoff +

∆

2

)
t−
(

∆

2τw

)
t2
}
, (3.15)

where ωmax is the maximum radio frequency (r.f.) amplitude, τw is the pulse duration,

N is the number that determines the overall shape of the pulse, ∆ is the total frequency

sweep width of the pulse and νoff is the offset frequency of the sweep center. The

exponent N is typically between 20 and 80. The larger the N number, the sharper

and more square truncated the pulse will be. The phase modulation enables the

frequency to sweep in both positive (low to high frequencies) and negative (high to

low frequencies) directions to provide the homogeneous excitation. In conclusion,

the introduction of WURST pulses to CPMG results in lower signal-to-noise ratios,

greater bandwidth and greater net integrated intensity. Therefore, the number of

collected echoes slightly decrease due to the longer pulse length. This results in faster

acquisition time for homogeneous spectral collection in comparison to CPMG pulse

sequence.
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3.7.5 Ultra-wideline NMR

The chemical shift anisotropy (CSA), dipolar coupling and first-order quadrupolar

interactions are eliminated by using MAS, which leads to narrower line widths of

spectra. However, in some cases, anisotropic interactions are too large (the line widths

exceed into the MHz region) to be approached by MAS. NMR signals of this range

are known as ultra-wide line. In most cases, ultra-wide line NMR not only suffers

from the broad range of frequencies, but they also have a low natural abundance

and gyro-magnetic ratio (i.e., 207Pb). One of the methods to acquire the ultra-wide

spectra is the variable offset cumulative spectrum (VOCS) [77, 78]. In VOCS, the

main spectrum can be collected in multiple slices (sub-spectra) at different transmitter

frequencies.

3.8 Refractive Index

Refractive indices of all glass samples were measured via ATAGO’s multi-wavelength

Abbe refractometer (DR-M4/1550) at 656 nm. The desirable sample dimension is a

glass sample which is 40mm in length, 8mm in width and 1 to 10mm in thickness.

Proper contact liquid and interface filter frame were first chosen based on an estimated

sample refractive index (The refractive index of contact liquid must be higher than

the sample). After that, the sample was placed on contact liquid drip on the center

of the prism. The refractive index can be measured with high accuracy (four decimal

numbers) by adjusting the boundary line.

3.9 Stress Optic Measurement

The sign of C was determined using a PS-100 Polariscope (Strainoptic) which is

also known as a light table. The value of C was measured with the Senarmont

compensator method. The PS-100 polariscope is comprised of a light table, linear

polarizer, quarter-wave plate and analyzer which are all set up vertically. The loading

stage, which includes a stressed sample, is placed on top of the light table and the

linear polarizer, while the quarter wave plate and analyzer are attached to a pole

standing above them. The induced stress fringe in the sample and corresponding angle

are determined visually by rotating the analyzer. Both the Senarmont compensator
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method and the light table employ the same principle in obtaining the sign and value

of C which is illustrated in Figure 3.7.

In the Senarmont method, the light source is 670nm laser diode. The loading stage

which includes the stressed sample is placed on a goniometer in accurate alignment

with the laser beam. The laser beam initially passes through a linear polarizer and

a pinhole to be linearly polarized at 45◦ with respect to the direction of the uniaxial

stress. Then, it will pass through the stressed sample and turn out to be circularly

polarized. This elliptical polarization should be linearly polarized again by passing

through a liquid crystal variable retarder (LCVR) which acts as a quarter-wave plate.

At the end, the intensity of laser beam is measured with a computer-controlled an-

alyzer which can rotate by 20◦ on both sides of minimum intensity. The intensities

are plotted and parabolically fit against different angles to find the extinction angle,

θ (minimum transmitted angle). The phase shift ∆ can then be calculated by having

the intensity of minimum angle through the following equation:

∆ = −2θ+
π

2
, (3.16)

and finally the stress-optic coefficient can be found as a slope of σ against ∆ plot

through the following equation:

∆ =
2πd

λ
Cσ, (3.17)

where λ is the wavelength of the laser source, σ is the applied mechanical stress and

d is the thickness of the sample.
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Figure 3.7: Representation of the experimental apparatus to measure the sign and
value of C. Reprinted with the permission from Dr. Vincent Martin [31].



Chapter 4

Structural studies, elastic and photoelastic properties

4.1 Introduction

This chapter contains the experimental results and a discussion of the glass systems

that have been investigated throughout this study. The results and discussion are

presented in the following order: glass preparation, elemental analysis, density mea-

surements, solid-state Nuclear Magnetic Resonance (ssNMR), ultrasonic echography

methods (USE), refractive index, and stress optic measurements.

4.2 Glass preparation

All of the glasses in this study were synthesized via the traditional melt-quenching

technique. The stoichiometric amounts of the reagents used to produce 10 g of each

composition are reported in Table 4.1. The glass making procedure to produce binary

and ternary glass families were explained in details in the experimental techniques

(see section 3.2). Glass families which were synthesized in this study along with their

melting and annealing temperatures, as well as the time required for each steps can

be seen in Table 4.2. The range of compositions of interest for this study are reported

in Table 1.1.

4.3 X-ray Diffraction

Four samples from each series of glass were selected for the X-ray powder diffrac-

tion technique to confirm the amorphous nature of their structure. All diffraction

measuremnets in this study were conducted using Siemens D500 equipped with a Cu

anode, X-ray tube and monochromator. Angular steps of 0.04o and dwell times

of 1s have been used in this work. Figure 4.1 shows the diffraction pattern of

(PbO)0.30(BaO)0.20(P2O5)0.50, (PbO)0.20(BaO)0.30(P2O5)0.50, (PbO)0.50(P2O5)0.50 and

44
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Table 4.1: Mass in grams of the reagents used. See also Table 1.1 for abbreviated
names.

Sample PbO (g) BaO (g) NH4H2PO4 (g)
60Pb40P 7.0227 0.0000 4.8257
55Pb45P 6.5776 0.0000 5.5470
50Pb50P 6.1127 0.0000 6.3005

40Pb10Ba50P 5.0847 0.8732 6.5513
30Pb20Ba50P 3.9716 1.8188 6.8228
20Pb30Ba50P 2.7622 2.8462 7.1178
10Pb40Ba50P 1.4435 3.9665 7.4394

50Ba50p 0.0000 5.1928 7.7915
55Ba45p 0.0000 5.6901 6.9855

Table 4.2: Melting time and temperature as well as the annealing temperature in a
ternary and binary glass families.

Glass family
Melting

temperature
Melting

time
Annealing

temperature
Barium

phosphates
1100− 1200oC 2 hr 450− 550oC

Lead
phosphates

1000oC 1-2 hr 150oC

Lead barium
phosphates

1050− 1200oC 2 hr 400oC
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(BaO)0.55(P2O5)0.45 compositions. None of the spectra show sharp diffraction peaks,

which is consistent with amorphous patterns.

10 20 30 40 50 60 70 80
2𝛉 (degrees)

30Pb20Ba50P

50Pb50P

55Ba45P

20Pb30Ba50P

Figure 4.1: X-ray diffraction pattern of (PbO)0.30(BaO)0.20(P2O5)0.50,
(PbO)0.20(BaO)0.30(P2O5)0.50, (PbO)0.50(P2O5)0.50 and (BaO)0.55(P2O5)0.45 com-
positions. See also Table 1.1 for abbreviated names.

4.4 Elemental Analysis

As described in chapter 3.2, the first series of binary and ternary glass samples (re-

ported in Table 1.1) were synthesized by using BaCO3 as a source of BaO. However,

after performing the elemental analysis (WDS) on almost all of the samples, most

of them were around 7% far from their nominal compositions, which was a result of

the volatile nature of P2O5. Due to fact that BaCO3 requires a higher calcination

temperature and a longer calcination time compared to other reagents, P2O5 could

evaporate during this process. To overcome this issue, the calcination procedure for

BaCO3 was avoided by using pure barium oxide (BaO, 99.99% trace metals basis,

Sigma-Aldrich) as a source of BaO in all the glass families containing BaO. Further-

more, the melting time and temperature were decreased in comparison to the first

series. In addition, platinum crucible with a lid was used to prevent the P2O5 mass

loss. With these procedures, the analyzed sample compositions were brought into

much closer agreement with the desired compositions. Quantitative comparison is
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Table 4.3: Comparison between experimental and nominal compositions. See also
Table 1.1 for abbreviated names.

Sample
PbO (mol%) BaO (mol%) P2O5 (mol%)

Nom. Expt.(+1) Nom. Expt.(+1) Nom. Expt.(+1)
50Pb50P 50 52 0 0 50 48

40Pb10Ba50P 40 44 10 9 50 46
30Pb20Ba50P 30 33 20 18 50 47
20Pb30Ba50P 20 23 30 29 50 47
10Pb40Ba50P 10 13 40 39 50 48

50Ba50P 0 0 50 51 50 49

Table 4.4: Density and molar volume of the binary and ternary samples in comparison
to the literature results on the same compositions. See also Table 1.1 for abbreviated
names.

Sample Density (g.cm−3) Density(g.cm−3) [24] Molar volume (cm3.mol−1)
60Pb40P 5.398(5) 5.42 35.33(3)
55Pb45P 5.008(2) 5.02 37.27(1)
50Pb50P 4.640(3) 4.65 39.34(2)

40Pb10Ba50P 4.453(2) 4.39 39.43(1)
30Pb20Ba50P 4.228(1) 4.19 39.876(9)
20Pb30Ba50P 4.020(1) 4.00 40.20(1)
10Pb40Ba50P 3.808(1) 3.80 40.60(1)

50Ba50p 3.608(1) 3.65 40.92(1)
55Ba45p 3.796(1) 3.84 39.04(1)

provided in Table 4.3 and Figure 4.2 for the 50 mol % P2O5 tie-line.

4.5 Density measurements

Densities of all the binary and ternary glass samples were measured via Archimedes’

principle. This method was performed using a Mettler Toledo density kit, absolute

ethanol and analytical balance. The complete description of the density measurement

procedure is explained in section 3.5 of this dissertation. The density of each sample

was measured three times showing an acceptable error < 1%. The molar volume

of all glass samples were calculated using the acquired density results based on the

equation 3.3.

The measured densities and the calculated molar volumes as well as, the density

values from the literature [24] on the same compositions are given in Table 4.4.
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Figure 4.2: Comparison between experimental and nominal compositions. The filled
dots are the nominal compositions and the unfilled dots are the experimental compo-
sitions.

Almost all of the measured density values are consistent with the literature values,

indicating that the measurement procedure was conducted accurately. In all binary

and ternary compositions, the increase of PbO content results in an increase in density

or decrease in molar volume. The atomic volume and atomic mass of the constituent

element can be used to explain this trend. The atomic masses of the Pb, Ba and

P atoms are 207.20, 137.33 and 30.97 g.mol−1 and their atomic radii are 1.75, 2.17

and 1.10 Å, respectively. Therefore, the addition of PbO or BaO followed by the

decrease in P2O5 content in binary lead phosphate or barium phosphate glasses give
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Figure 4.3: Variation of molar volume of all samples as a function of PbO contents.

rise to an increase in their densities and a decrease in their molar volume. It can

also be concluded that the incorporation of Pb2+ and Ba2+ alter the glass structure

to have less open space and be more compact by the formation of NBOs in the

network. Formation of NBOs can also decrease the network connectivity and network

dimensionality of the glass structure.

Due to the fact that the lead has a higher atomic mass and lower atomic radius in

comparison to the barium, substitution of the PbO for BaO while the P2O5 content

remains the same in ternary glass, leads to an increase in their densities and a decrease

in their molar volume. Molar volume as a function of PbO and BaO content are shown

in Figure 4.3.

Molar volume decreases linearly by replacing BaO with PbO content while P2O5

content remains the same. The coordination number of phosphorous and lead remain

the same in all of the samples based on the 31P and the 207Pb ssNMR results which are

given in section 4.6. One of the main reasons for the change in molar volume can be

attributed to the fact that Pb cations have a higher field strength and attract oxygen

ions more so than Ba cations in phosphate glasses (Ba-O bond length is longer than

Pb-O [2]). Therefore, it is concluded that the substitution of BaO for PbO results in
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a more compact and less connected structure.

As was explained in section 2.6, crystal structures corresponding to our glass com-

positions were extracted with the purpose of being compared to our glass. Crystalline

compounds density and their derived molar volume values are reported in Table 4.5.

Table 4.5: Density and molar volume of crystalline compounds.

Crystal Density (g.cm−3) Molar volume (cm3.mol−1)
PbP2O6 4.844 37.691
Pb2P2O7 6.409 30.595
BaP2O6 3.908 37.781
Ba2P2O7 4.139 36.124

BaPbP2O7 5.034 34.328

The density of crystalline compounds is higher than their corresponding glass

sample (Vm is lower) due to the fact that the structure of glass is more open than their

corresponding crystals. The density of crystalline compounds increases by increasing

the PbO or BaO content followed by a reduction in P2O5 content. This trend was also

observed in Table 4.4 which is pronounced based on the atomic volume and atomic

masses of their constituent elements.

As it is reported in Table 4.4, the addition of PbO or BaO content in binary

glass compositions results in a decrease trend in their molar volume values which is

also observed in their corresponding crystalline compounds (See Table 4.5). The mo-

lar volume of lead phosphate crystalline compounds decreases from 37.691 to 30.595

cm3.mol−1 and the molar volume of barium phosphate crystalline compounds de-

creases from 36.124 to 34.328 cm3.mol−1. This trend is caused by the formation of

more NBOs in the structure which alters the structure to have less free space and be

more compact. It is also concluded that lead cations can compact the structure more

than barium cations. This is explained by the fact that lead cations have a higher

field strength which allows them to attract the oxygen atoms more so than barium

cations.

Unfortunately, only one crystalline phase corresponding to our ternary glass com-

positions was found for the purpose comparison. Therefore, we are not able to com-

pare the structural behavior of BaPbP2O7 compound to different PbO and BaO

contents in ternary glass compositions. However, it is concluded that BaPbP2O7
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structure is more compact than the barium phosphate crystalline compounds, but

less compact than high lead content crystal (Pb2P2O7).

4.6 Solid-State Nuclear Magnetic Resonance

4.6.1 31P Nuclear Magnetic Resonance Spectroscopy

The 31P ssNMR results were obtained by loading glass powder into a 2.5 mm di-

ameter sample rotor on a Bruker Avance NMR spectrometer with a 9.4 T magnet

(162.02 MHz 31P Larmor frequency) using magic angle spinning (see Figure 4.4 to

Figure 4.12). NH4H2PO4 was used as a secondary reference to scale a 31P chemical

shift at 0.81 ppm. Samples were spun at 18 kHz and the final 1-D MAS spectra

was obtained with a 0.75 µs pulse. The 90 degree pulse time was determined based

on the 20 degree flip angle at 74 kHz r.f. field strength and a 60s recycle delay.

All of the spectra with their spinning side bands were fitted by the program Dmfit

20150521 [79].

-300-200-1000100200300

Chemical Shift (ppm)

60PbO-40P2O5

Q1

Q2

*
*

**
*

*
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Figure 4.4: Deconvoluted 31P MAS NMR spectra of (PbO)0.60(P2O5)0.40 glass. The
gaussians peaks used to fit the spectrum as well as the spinning side bands.
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Figure 4.5: Deconvoluted 31P MAS NMR spectra of (PbO)0.55(P2O5)0.45 glass. The
gaussians peaks used to fit the spectrum as well as the spinning side bands.
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Figure 4.6: Deconvoluted 31P MAS NMR spectra of (PbO)0.50(P2O5)0.50 glass. The
gaussians peaks used to fit the spectrum as well as the spinning side bands.
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Figure 4.7: Deconvoluted 31P MAS NMR spectra of (PbO)0.40(BaO)0.10(P2O5)0.50

glass. The gaussians peaks used to fit the spectrum as well as the spinning side
bands.
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Figure 4.8: Deconvoluted 31P MAS NMR spectra of (PbO)0.30(BaO)0.20(P2O5)0.50

glass. The gaussians peaks used to fit the spectrum as well as the spinning side
bands.
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Figure 4.9: Deconvoluted 31P MAS NMR spectra of (PbO)0.20(BaO)0.30(P2O5)0.50

glass. The gaussians peaks used to fit the spectrum as well as the spinning side
bands.
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Figure 4.10: Deconvoluted 31P MAS NMR spectra of (PbO)0.10(BaO)0.40(P2O5)0.50

glass. The gaussians peaks used to fit the spectrum as well as the spinning side bands.
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Figure 4.11: Deconvoluted 31P MAS NMR spectra of (BaO)0.50(P2O5)0.50 glass. The
gaussians peaks used to fit the spectrum as well as the spinning side bands.
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Figure 4.12: Deconvoluted 31P MAS NMR spectra of (BaO)0.55(P2O5)0.45 glass. The
gaussians peaks used to fit the spectrum as well as the spinning side bands.
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Table 4.6: 31P isotropic chemical shifts of Qn species and their fraction. See also
Table 1.1 for abbreviated names.

Composition
Q1 Q2

δ(ppm) Fraction (%) δ(ppm) Fraction (%)
60Pb40P -9.05 41.11 -23.25 50.85
55Pb45P -9.51 18.42 -24.31 80.28
50Pb50P -11.43 2.96 -26.71 96.95

40Pb10Ba50P -11.51 3.42 -26.74 96.24
30Pb20Ba50P -11.23 4.77 -26.69 94.85
20Pb30Ba50P -10.72 2.83 -26.8 96.65
10Pb40Ba50P -10.61 2.12 -26.86 97.17

50Ba50P -10.68 3.57 -26.7 96.43
55Ba45P -8.69 18.26 -23.87 81.32

The 31P MAS NMR revealed the presence of three overlapping isotropic peaks with

δ values around -11, -26 and -40 ppm for all the binary and ternary lead phosphate

glasses containing 50% mol P2O5 content with their associated spinning side bands

(labeled with asterisks). These three isotropic peaks are referred to Q1, Q2 and Q3

sites based on the 31P chemical shift in a previous investigation on lead phosphate

glasses [80]. The 31P spectra were fitted with Gaussian line shapes for each Qn species.

The isotropic chemical shifts along with their fraction of each Qn sites were extracted

for each glass composition. Assignment of the 31P isotropic chemical shifts of Qn

species as well as their fraction are shown in Table 4.6.

As reported in Table 4.6, the 31P isotropic chemical shifts varies with the glass com-

positions. The 31P isotropic chemical shifts of the individual peaks increase slightly

(become less shielded) with the addition of PbO and BaO content in binary lead phos-

phate and barium phosphate glasses. This trend was also observed in other binary

phosphate glass compositions [19, 37, 38]. The increase in chemical shifts is explained

by a decrease in the average bond order (π-bonding within the P-O bonds), which

is caused by the formation of more NBOs as well as the increase in the ionic nature

of NBOs [37]. Furthermore, in binary glasses, the amount of Q1 species increases

significantly with the addition PbO and BaO content. This variation is caused by

the termination of Q2 units which leads to the depolymerization of the phosphate

network. This depolymerization is caused by the creation of more NBOs and a pro-

gressive reduction in a phosphate chain length [2].
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The termination of Q2 species has been observed based on the crystalline phases of

their corresponding glass compositions. As shown in Figure 2.7 and Figure 2.5, crys-

talline compounds corresponding to 50 mol% P2O5 are comprised of long chain and

rings of PO4 tetrahedra which are coordinated with the cations through the weaker

ionic bonds. However, the addition of PbO and BaO above 50 mol% creates more

NBOs with an increase in the Ba-O and Pb-O coordination numbers. Therefore, the

length of phosphate chains and rings becomes shorter and shorter until the structure

is comprised of diphosphate anions ([P2O7](See Figure 2.8 and Figure 2.6).

Consistent with previous investigations, as well as the crystalline phases given

in section 2.6, the 31P MAS NMR spectrum of the phosphate glasses with around

50%mol P2O5 are associated with an intense isotropic peak at around -24 ppm which

corresponds to dominant Q2 sites involved in polymer-like chains or rings [81]. These

chains or rings are linked by an ionic bonds between lead or barium cations and

NBOs that can also be seen in their corresponding crystalline compounds (PbP2O6

in Figure 2.7 and BaP2O6 in Figure 2.5).

The last isotropic chemical shift at about -40 ppm which corresponds to the Q3

sites. Its fraction is negligible in comparison to other units even though it was taken

into account in our simulation.

31P MAS NMR spectra of the binary and ternary glasses containing 50% mol

P2O5 content are shown in Figure 4.13. Due to the fact that P2O5 content remains

constant in all of the ternary compositions, the isotropic chemical shifts and their

fraction for both Q1 and Q2 units are approximately similar throughout the samples.
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Figure 4.13: 31P MAS NMR spectra (18 kHz spinning speed) of binary and ternary
phosphate glasses containing 50% mol P2O5 content. The asterisks mark spinning
sidebands. See also Table 1.1 for abbreviated names.
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4.6.2 207Pb Nuclear Magnetic Resonance Spectroscopy

207Pb ssNMR spectra of all binary and ternary glasses were obtained with a Bruker

Avance NMR spectrometer on a 9.4 T (83.7 MHz 207Pb Larmor frequency)(see Fig-

ure 4.14 to 4.20). Samples were loaded into 7 mm glass bulb rotors after being finely

ground in a mortar and pestle. All of the ssNMR spectra were acquired by imple-

menting the WCPMG pulse sequence under static conditions [74]. The WURST-800

pulses of 15µm duration with 500 kHz width were implemented to perform a homo-

geneous excitation. The number of echoes were collected based on the T2 relaxation

time of each sample which were roughly between 60 to 250. The transmitter offset

of either 50 kHz or 100 kHz were conducted to acquire spectral slices. Based on the

lead content of the sample, between 128 and 800 number of scans per slice were used.

The total experimental time was around 2 hours, depending on the optimized recy-

cle delay (5 sec), number of scans and number of slices. 207Pb chemical shifts were

referenced to Pb(NO3)2 solid and all of the spectra were fitted by the program Dmfit

20150521 [79].

All of the 207Pb ssNMR spectra were decomposed to 3 Gaussian peaks which were

reported in Table 4.7. All samples express ultra wide peaks typical of 207Pb ssNMR.

For binary compositions, a slight evolution from a lower chemical shift to a higher

one was observed by increasing the molar fraction of PbO, which is consistent with

previous studies [82–84]. For ternary systems, the chemical shifts remain the same

throughout different compositions. Consequently, the lead environment and the Pb-O

coordination number remained unchanged. However, the intensity of the spectrum

increased with the increase of PbO content (See Figure 4.21). At (PbO)0.60(P2O5)0.40

composition, only two Gaussian peaks with low chemical shifts were required to fit

the spectrum. A third Gaussian peak appeared in all other compositions.

At high content, lead was expected to act ionically with a high coordination

number as [PbO6] to [PbO9] based on its corresponding crystalline phases (PbP2O6

and Pb2P2O7) which can be seen in Figure 2.7 and Figure 2.8.

The 207Pb WCPMG NMR spectra also indicate that the ionic environment of lead

does not evolve with the composition. An estimate of lead coordination number was

obtained based on its chemical shift which was obtained from an investigation by

Fayon et al. [83]. The lead coordination number was found to be 6 or 7 based on
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60PbO-40P2O5

Chemical Shift (ppm)

Figure 4.14: Deconvoluted 207Pb NMR spectra of (PbO)0.60(P2O5)0.40 glass. The
Gaussian peaks used to fit the spectrum are also displayed. The parameters used to
fit this spectrum are reported in Table 4.7.

the low chemical shift region. This estimation is consistent with other investigations

on lead environment that used various spectroscopic methods, such as 207Pb NMR

[82, 83, 85], 31P MAS NMR [80], Raman and infrared spectroscopy [19] and EX-

AFS [86]. Furthermore, all of the investigations on lead local environment confirmed

that an increase in PbO content in lead phosphate glasses give rise to a progressive

depolymerization of phosphate networks and a decrease in the Pb-O bond length.
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Figure 4.15: Deconvoluted 207Pb NMR spectra of (PbO)0.55(P2O5)0.45 glass. The
Gaussian peaks used to fit the spectrum are also displayed. The parameters used to
fit this spectrum are reported in Table 4.7.
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Chemical Shift (ppm)

-9000-8000-7000-6000-5000-4000-3000-2000-1000010002000

50PbO-50P2O5

Figure 4.16: Deconvoluted 207Pb NMR spectra of (PbO)0.50(P2O5)0.50 glass. The
Gaussian peaks used to fit the spectrum are also displayed. The parameters used to
fit this spectrum are reported in Table 4.7.
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40PbO-10BaO-50P2O5

Figure 4.17: Deconvoluted 207Pb NMR spectra of (PbO)0.40(BaO)0.10(P2O5)0.50 glass.
The gaussians peaks used to fit the spectrum are also displayed. The parameters used
to fit this spectrum are reported in Table 4.7.
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30PbO-20BaO-50P2O5

Figure 4.18: Deconvoluted 207Pb NMR spectra of (PbO)0.30(BaO)0.20(P2O5)0.50 glass.
The Gaussian peaks used to fit the spectrum are also displayed. The parameters used
to fit this spectrum are reported in Table 4.7.
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20PbO-30BaO-50P2O5

Figure 4.19: Deconvoluted 207Pb NMR spectra of (PbO)0.20(BaO)0.30(P2O5)0.50 glass.
The Gaussian peaks used to fit the spectrum are also displayed. The parameters used
to fit this spectrum are reported in Table 4.7.
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10PbO-40BaO-50P2O5

Figure 4.20: Deconvoluted 207Pb NMR spectra of (PbO)0.10(BaO)0.40(P2O5)0.50 glass.
The Gaussian peaks used to fit the spectrum are also displayed. The parameters used
to fit this spectrum are reported in Table 4.7.
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Table 4.7: Deconvolution of the 207Pb WCPMG NMR spectrum (Figure 4.14 to 4.20).
The table columns include glass composition, chemical shift of Gaussian δ, width of
Gaussian ∆δ, relative area of each Gaussian peak, and coordination number of Pb-O
Nc. See also Table 1.1 for abbreviated names.

Glass sample
δ

ppm, +140
∆δ

ppm, +240
Area Nc

60Pb40P
-2802
-2381

532
1168

28.7
71.3

7
6

55Pb45P
-2918
-2513
-1826

482
846
980

26.4
58.2
15.3

7
6
6

50Pb50P
-3010
-2684
-2129

464
789
1096

26.3
43.8
29.9

7
6
6

40Pb10Ba50P
-2997
-2615
-1911

453
813
710

26.3
57.9
15.9

7
6
6

30Pb20Ba50P
-2972
-2604
-1894

466
842
740

26.1
57.6
16.2

7
6
6

20Pb30Ba50P
-2966
-2658
-1909

424
835
902

18
58.3
23.7

7
6
6

10Pb40Ba50P
-2957
-2574
-1938

487
805
708

25.3
58.2
16.5

7
6
6
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Figure 4.21: The 207Pb WCPMG NMR spectra for all samples containing 50% mol
P2O5 content at 9.4T. The spectra are provided as WCPMG spikelet patterns with
relative intensities.
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4.7 Elastic properties

The molar volume (Vm) of the binary and ternary samples, along with their lon-

gitudinal and transverse sound velocities (Vl and Vt), calculated elastic constants

(Longitudinal modulus (C11) and Shear modulus (C44 = G)), Poisson ratio (ν), Bulk

modulus (K), and Young’s modulus (E) are reported in Table 4.8.

The longitudinal (vL) and shear (vT ) velocities in binary and ternary composi-

tions with different PbO content(mol%) are depicted in Figure 4.22. The measured

longitudinal and transverse velocity values were approximate to the measured vL and

vT values of the same compositions from other studies [23, 24], which confirms that

the ultrasonic velocity measurements was conducted accurately.

For almost all of our samples, both velocities vL and vT decrease slightly with the

increase of PbO or BaO content. It has been proven that the speed of sound in solids

is inversely proportional to their densities [87]. Therefore, based on our density values

reported in Table 4.4, the addition of PbO in both binary and ternary compositions

results in an increase in density and decrease in vL and vT .

Figure 4.23 shows the variation of elastic moduli: C11, C44, K and E as a function

of mol% of PbO. On one hand, the values of elastic moduli depict an increasing

pattern with the increase of PbO content in binary (PbO)x(P2O5)100−x (x from 50

to 60) compositions which was observed in another investigation on similar composi-

tions [6]. On the other hand, the values of elastic moduli show a decreasing trend by

replacing BaO with PbO content in ternary (PbO)x(BaO)50−x(P2O5)50 (x=10 to 50)

compositions.

The interstitial incorporation of Pb or Ba ions followed by a creation of NBOs

result in the depolymerization of the phosphate network and the breakdown of the

P-O-P bonds which are replaced by ionic bonds between Pb or Ba ions and singly

bonded oxygen (formation of P-O-Pb or P-O-Ba linkages) [2].



70

T
ab

le
4.

8:
T

h
e

gl
as

s
co

m
p

os
it

io
n
s,

m
ol

ar
vo

lu
m

e
(V

m
),

lo
n
gi

tu
d
in

al
an

d
tr

an
sv

er
se

so
u
n
d

ve
lo

ci
ti

es
(V

l
an

d
V
t)

,
ca

lc
u
la

te
d

el
as

ti
c

co
n
st

an
ts

(
L

on
gi

tu
d
in

al
m

o
d
u
lu

s
(C

1
1
)

an
d

S
h
ea

r
m

o
d
u
lu

s
(C

4
4

=
G

))
,

P
oi

ss
on

ra
ti

o
(ν

),
B

u
lk

m
o
d
u
lu

s
(K

),
an

d
Y

ou
n
g’

s
m

o
d
u
lu

s
(E

)
of

b
in

ar
y

an
d

te
rn

ar
y

gl
as

s
sa

m
p
le

s.
S
ee

al
so

T
ab

le
1.

1
fo

r
ab

b
re

v
ia

te
d

n
am

es
.

C
om

p
os

it
io

n
s

V
m

(c
m

3
.m
ol
−

1
)

V
l

(k
m
.s
−

1
)

V
t

(k
m
.s
−

1
)

C
1
1

(G
P

a)
C

4
4

(G
P

a)
ν

K
(G

P
a)

E
(G

P
a)

60
P

b
40

P
35

.3
3(

3)
3.

31
1(

1)
1.

74
5(

4)
59

.1
4(

1)
16

.4
3(

1)
0.

30
8(

4)
37

.2
6(

1)
42

.9
(4

)
55

P
b

45
P

37
.2

7(
1)

3.
31

7(
1)

1.
78

5(
5)

55
.1

0(
1)

15
.9

6(
2)

0.
29

6(
5)

33
.8

3(
2)

41
.4

(6
)

50
P

b
50

P
39

.3
4(

2)
3.

33
0(

4)
1.

83
7(

1)
51

.4
6(

2)
15

.6
76

(3
)

0.
28

1(
4)

30
.5

5(
2)

40
.2

(3
)

40
P

b
10

B
a5

0P
39

.4
3(

1)
3.

43
7(

3)
1.

83
2(

3)
52

.6
0(

2)
14

.9
4(

1)
0.

30
2(

4)
32

.6
7(

1)
38

.9
(3

)
30

P
b

20
B

a5
0P

39
.8

76
(9

)
3.

56
7(

1)
1.

91
(4

)
53

.8
5(

1)
15

.4
2(

1)
0.

29
9(

4)
33

.2
8(

2)
40

.1
(4

)
20

P
b

30
B

a5
0P

40
.2

0(
1)

3.
73

0(
3)

2.
01

6(
5)

55
.9

3(
2)

16
.3

4(
2)

0.
29

4(
5)

34
.1

5(
1)

42
.3

(6
)

10
P

b
40

B
a5

0P
40

.6
0(

1)
3.

83
4(

1)
2.

08
4(

5)
56

.3
6(

2)
16

.5
4(

2)
0.

29
0(

5)
34

.3
0(

2)
42

.7
(6

)
50

B
a5

0P
40

.9
2(

1)
4.

02
2(

1)
2.

14
7(

1)
58

.3
6(

1)
16

.6
29

(4
)

0.
30

1(
1)

36
.1

84
(5

)
43

.3
(1

)
55

B
a4

5P
39

.0
4(

1)
4.

14
9(

6)
2.

27
6(

1)
65

.3
6(

4)
19

.6
64

(4
)

0.
30

9(
6)

39
.1

4(
4)

44
.9

(7
)



71

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 5 10 15 20 25 30 35 40 45 50 55 60 65

So
un

d 
Ve

lo
ci

tie
s (

km
.s-
1 )

PbO content (mol%)

Vl Vt

(PbO)x(BaO)50-x(P2O5)50
(PbO)x (P2O5)100-x

Figure 4.22: Longitudinal and transverse sound velocities (vL and vT ) as a function
of PbO content(mol%) in binary and ternary compositions.

As for the 31P ssNMR results of (PbO)50(P2O5)50 and (BaO)50(P2O5)50 composi-

tions which are reported in section 4.6.2, their networks are comprised of phosphate

chains and rings(Q2 tetrahedra) which are connected through ionic bonds between

Pb or Ba cations and NBOs. The addition of PbO or BaO above 50 mol% causes

more ions to fill up the network and the length of phosphate chains become shorter

(termination of Q2 by Q1 tetrahedra) [2].

All of the 207Pb ssNMR data in section 4.6.2 along with the coordination number

of Pb in the lead phosphate crystalline phases (reported in section 2.6) as well as

the Raman and infrared spectroscopy of another investigation on the same composi-

tions [19], confirm that lead acts ionically with high coordination numbers (6 or 7)

in all of our glass structures and the Pb-O bond length decreases as the lead content

increases.

Crystalline phases of barium phosphate (BaP2O6 and BaP2O7) which are given



72

0

10

20

30

40

50

60

0 10 20 30 40 50 60

E
la

st
ic

 m
od

ul
i (

G
Pa

)

PbO content (mol%)

C11

G

K

E

(PbO)x(BaO)50-x(P2O5)50 (PbO)x (P2O5)100-x

Figure 4.23: Variation of elastic moduli (GPa) as a function of PbO content (mol%)
in binary and ternary compositions.

in section 2.6 combined with the information from other studies confirm that Ba ions

enter the glass network interstitially and can coordinate ionically with 8 or 9 oxygen

atoms [2, 32, 50]. Therefore, the incorporation of Pb and Ba cations alter the glass

structure to be more compact and less connected which is consistent with a decrease

trend observed in their molar volume values (reported in Table 4.8 and Table 4.5).

Although the rupture of the phosphate network is supposed to reduce the elastic

moduli, simultaneous incorporation of Pb and Ba ions (the increase in packing den-

sity) reduce the average atomic spacing and increase the inter-atomic forces during

the elastic deformation. This leads to an increasing trend in elastic moduli. This

trend was also observed in another study on the same compositions [6].

Elastic properties of various glass compositions have been found to be simultane-

ously correlated to their molar volume Vm and their inter-atomic bonding energy [45].

For instance, the bulk modulus of a solid (K) can be expressed based on the following
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equation [88]:

K = Vo(
∂2U

∂V 2
)Vo =

mn

9Vo
Uo, (4.1)

where Vo is the equilibrium atomic volume, Vm ∼ NAVo, NA is the Avogadro num-

ber , Uo is the atomic bonding energy and m and n are the exponents explaining

the attractive and the repulsive terms. Figure 4.24 shows a different correlation

between K and Vm for ternary compositions from (PbO)0.10(BaO)40.0(P2O5)0.50 to

(PbO)40.0(BaO)0.10(P2O5)0.50, and binary compositions from (PbO)0.50(P2O5)0.50 to

(PbO)60.0(P2O5)0.40.
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Figure 4.24: Variation of Bulk modulus as a function of molar volume Vm for ternary
compositions from (PbO)0.10(BaO)40.0(P2O5)0.50 to (PbO)40.0(BaO)0.10(P2O5)0.50, and
binary compositions from (PbO)0.50(P2O5)0.50 to (PbO)60.0(P2O5)0.40

As it is shown in Figure 4.24, the bulk modulus decreases from 37.226 to 30.555

GPa by increasing the molar volume for binary glasses which can be explained by the

inverse effect of their molar volume on the bulk modulus based on the equation 4.1.

However, the bulk modulus increases by increasing the molar volume for ternary

glasses. This trend can be explained based on the higher inter-atomic bonding energy
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of Ba-O in comparison to Pb-O (UoBa−O(562 kJ/mol) > UoPb−O(382 kJ/mol)) [89],

which can compensate the inverse effect of molar volume on bulk modulus and in-

crease them from 32.673 to 34.305 GPa. The same correlation was observed in other

glasses [6, 45].

Figure 4.25 and Figure 4.26 depict a similar tendency between shear modulus (G)

and Young’s modulus(E) with molar volume Vm for ternary and binary compositions.

These trends were observed in an investigation of similar compositions [6].
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Figure 4.25: Variation of shear modulus G as a function of molar
volume Vm for ternary compositions from (PbO)0.10(BaO)40.0(P2O5)0.50 to
(PbO)40.0(BaO)0.10(P2O5)0.50, and binary compositions from (PbO)0.50(P2O5)0.50 to
(PbO)60.0(P2O5)0.40

The comparison between Figure 4.24 and Figure 4.25 shows that the correlation

between K and Vm is slightly stronger than the one between G and Vm. The differ-

ent tendencies between K and G with Vm motivates us to determine the correlation

between the Poisson ratio and Vm for our compositions. Figure 4.27 shows a clear

trend between the Poisson ratio and molar volume of ternary compositions from
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Figure 4.26: Variation of Young’s modulus E as a function of mo-
lar volume Vm for ternary compositions from (PbO)0.10(BaO)40.0(P2O5)0.50 to
(PbO)40.0(BaO)0.10(P2O5)0.50, and binary compositions from (PbO)0.50(P2O5)0.50 to
(PbO)60.0(P2O5)0.40.

(PbO)0.10(BaO)40.0(P2O5)0.50 to (PbO)40.0(BaO)0.10(P2O5)0.50, and binary composi-

tions from (PbO)0.50(P2O5)0.50 to (PbO)60.0(P2O5)0.40. It was observed in a compre-

hensive study on various metallic glasses, that glass containing smaller molar volume

values possess a larger Poisson ratio [90], which is consistent with our compositions

(See Figure 4.27).

Figure 4.28 shows the variation of the Poisson ratio as a function of PbO mol%

content. The Poisson ratio increases from 0.281 to 0.308 by increasing the PbO

content in our binary compositions and increases from 0.290 to 0.302 in our ternary

compositions by replacing BaO with PbO content. Poisson ratio has been found to

be correlated with the molar volume (packing density) and network dimensionality

of glass.
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Figure 4.27: Variation of Poisson ratio as a function of molar volume Vm for ternary
compositions from (PbO)0.10(BaO)40.0(P2O5)0.50 to (PbO)40.0(BaO)0.10(P2O5)0.50, and
binary compositions from (PbO)0.50(P2O5)0.50 to (PbO)60.0(P2O5)0.40.

Pb cations have a higher field strength and attract the oxygen ions more than Ba

cations (Pb-O bond length is shorter than Ba-O one [2]). This gives rise to a decrease

in the size of the interstices and a more compact structure which is shown in their

molar volume values (See Fig 4.3). Therefore, substituting BaO with PbO content

in ternary compositions results in more compact structures and an increase trend of

Poisson ratio.

Based on our 31P ssNMR results, the phosphate structure of those glasses with 50

mol% of P2O5 content remains the same and expresses the polymer-like chains and

rings which corresponds to 2D structure. Based on the previous studies [45, 52], this

structure is supposed to possess a Poisson ratio around 0.3 which is consistent with

our measured Poisson ratio.
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4.8 Optical and Photoelastic properties

4.8.1 Refractive Index Measurement

Refractive indices of all samples were measured via ATAGO’s multi-wavelength Abbe

refractometer (DR-M4/1550) at 656nm described in section 3.8. Table 4.9 lists the

glass compositions and their refractive indices which are consistent with the index of

refraction values from another investigation on the same compositions [23, 24].

Table 4.9: The glass compositions and index of refraction at 656nm. See also Table 1.1
for abbreviated names.

Compositions Refractive Index
60Pb40P 1.800
55Pb45P 1.761
50Pb50P 1.697

40Pb10Ba50P 1.692
30Pb20Ba50P 1.667
20Pb30Ba50P 1.640
10Pb40Ba50P 1.610

50Ba50P 1.585
55Ba45P 1.599

It has been proven that an increase in electron density and polarizability of glass

constituent ions give rise to an increase in its refractive index [28]. Due to the fact

that NBOs are more polarizable than BOs, the addition of PbO or BaO in binary

compositions increases their refractive indices. It has been shown that Pb-O has

significantly higher polarizability in comparison to Ba-O which can be seen in higher

refractive indices of lead phosphate glasses in comparison to the barium phosphate

glasses [23]. Therefore, the substitution of BaO with PbO in ternary compositions

results in an increasing trend of refractive indices from 1.610 to 1.692.

4.8.2 Stress Optic Measurement

The stress optic coefficient (C) of each sample was determined by the laser based Sen-

armont method of compensation. Its sign was confirmed by the PS-100 Polariscope

which is also known as a light table (detailed description is given in section 3.9).

Figure 4.29 depicts a phase shift as a function of applied stress from all trials for the
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(PbO)0.60(P2O5)0.40 glass composition. Based on equation 3.17 as well as the knowl-

edge of λ, d and A of our sample, the stress-optic coefficient is determined from the

slope of the phase shift vs applied stress. Due to the high precision but low accuracy

of the laser based Senarmont method, the sign of C for each sample was confirmed

by the light table.
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R² = 0.9964

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

-2.5 -2 -1.5 -1 -0.5 0

Ph
as

e 
Sh

ift
 Δ

(r
ad

) 

Stress 𝜎 (MPa)

Figure 4.29: Phase shift as a function of applied stress from all trials for
(PbO)0.60(P2O5)0.40 glass composition. Based on equation 3.17, the stress-optic coef-
ficient is determined from the slope of phase shift vs applied stress.

Table 4.10 lists the glass compositions and the value of C of each sample. The

sign of C for each sample was consistent with the investigation of Galbraith et al. on

the same compositions with except to the (PbO)0.40(BaO)10.0(P2O5)0.50 which shows a

negative sign even though it was reported to has a positive value [24]. This contradic-

tion may be rooted in the discrepancy of the compositions of previous investigation.

We were able to resolve this discrepancy and a detailed description of this can be

seen in section 3.2 and section 4.4. The stress-optic coefficient in binary lead phos-

phate glasses show a negative trend while a positive trend appears in binary barium

phosphate glasses.
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Table 4.10: The glass compositions and the stress optic coefficient. Uncertainties are
in parentheses. See also Table 1.1 for abbreviated names.

Compositions C (Brewsters)
60Pb40P -3.48(7)
55Pb45P -1.27(8)
50Pb50P -0.55(6)

40Pb10Ba50P -0.22(5)
30Pb20Ba50P +0.13(1)
20Pb30Ba50P +0.37(5)
10Pb40Ba50P +0.52(4)

50Ba50P +0.80(5)
55Ba45P +0.47(4)

Figure 4.30 shows the variation of the stress-optic coefficient, C, as a function of

PbO mol% content. The addition of PbO reduces the stress-optic coefficient of all

PbO containing glasses until it yields zero-stress optic composition at x≈35, and ends

with a negative stress-optic response.

4.8.3 Empirical model of photoelasticity

The empirical model of photoelasticity can predict the sign of the stress-optic coeffi-

cient of glass based on its composition and the structure of its constituents [58]. The

focal point of this model is to describe the stress-optic response of glass based on the

chemical bonding (anion-cation bond length), d, and the coordination number of its

constituent, Nc.

According to this model, glass with a high d/Nc ratio (high metallicity and low

coordination number) has a negative or zero stress-optic coefficient, whereas glass with

a low d/Nc ratio (lower metallicity and higher coordination number) has a positive

stress-optic coefficient. Therefore, the sign of the stress-optic coefficient and the zero-

stress optic glass was predicted based on equation 2.27. For glasses with (d/Nc) >

0.5 Å, C has a negative value, whereas glasses with (d/Nc) ≤ 0.5 Å have positive C.

Table 4.11 lists the structural data for each constituents of our glass compositions.

The anion-cation bond length (d) is derived from a combination of crystal data and

previous literature on structural studies of phosphate-based glass [2, 37]. The coor-

dination number of cations (Nc) was derived from a combination of crystal data and

ssNMR results of 207Pb and 31P (see section 4.6.2 and section 4.6.1).
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Figure 4.30: Variation of stress-optic coefficient (C) as a function of PbO content for
all binary and ternary glass compositions containing PbO.

Table 4.11: Bond lengths (d) are derived from X-ray and neutron diffraction [91, 92],
coordination numbers (Nc) are derived from NMR and crystalline compounds [2, 40,
41], and d/Nc ratio for all oxide components of glasses investigated in this work.

Compound d (Å) Nc d/Nc (Å)
PbO 2.47(2) 6.5(5) 0.38(3)
BaO 2.79(4) 8 0.349(5)
P2O5 1.59(3) 4 0.397(7)

Table 4.12 lists the glass compositions, the average molar d/Nc ratio for stoichio-

metric families, predicted sign of C (derived from Table 4.11 data and equation 2.27)

and the experimental sign of C (derived from Table 4.10).
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Table 4.12: The glass compositions, the molar averaged d/Nc ratio for stoichiometric
families, predicted sign of C (derived from Table 4.11 data and equation 2.27) and
experimental sign of C (derived from Table 4.10). See also Table 1.1 for abbreviated
names.

Compositions <d/Nc> (Å) Predicted sign of C Experimental sign of C
60Pb40P 0.385(18) + -
55Pb45P 0.387(16) + -
50Pb50P 0.389(13) + -

40Pb10Ba50P 0.385(24) + -
30Pb20Ba50P 0.381(19) + +
20Pb30Ba50P 0.379(16) + +
10Pb40Ba50P 0.375(15) + +

50Ba50P 0.372(6) + +
55Ba45P 0.371(4) + +

The empirical model, thus far is consistent with known glass families and it is

able to predict the sign of C and zero-stress optic compositions [23, 24, 32, 58, 59].

Typically, the incorporation of better data (coordination number) from ssNMR to

the empirical model results in a more accurate prediction of C [31]. For instance, in

borate glasses, using a mixture of 3 and 4 coordination number for boron (derived from

ssNMR) instead of 3 gives rise to a more accurate prediction of C [32]. However, we

observed that the addition of a more accurate coordination number of lead (6 instead

of 4) to lead phosphate glasses results in an inaccurate prediction of the sign of C.

This implicates that we need to go beyond the empirical model to predict the sign of

C for lead phosphate glasses.



Chapter 5

Conclusions and Future Work

The initial goal of this study was to find the correlation between elastic properties,

glass structure and compositions. The second goal of this work was to explore the

photoelastic properties of our glass families of interest and confirm the reliability of

the empirical model for our samples. To achieve these goals, we first examined the cor-

relation between elastic properties and network structures in various types of glasses.

It was found that glass elastic properties are strongly correlated to its molar volume

(or atomic packing density), interatomic bonding energies, and glass network dimen-

tionality (or coordination number) [45, 90]. To confirm our hypothesis, we explored

the local environment of constituent atoms, network compactness and connectivity

as well as elastic properties by the use of advanced experimental techniques.

A series of lead phosphate, barium phosphate and lead barium phosphate glass

systems were synthesized via the traditional melt and quench technique and their

compositions were verified by elemental analysis (WDS). The glass network compact-

ness and connectivity were determined via density measurements which enabled us

to derive the molar volume values (described in section 4.5). We then compared our

values to molar volume values of their corresponding crystals.

The addition of PbO or BaO followed by a decrease in P2O5 content in binary

compositions and lead phosphate crystals result in an increase in their densities and

a decrease in their molar volume. It is concluded that the incorporation of Pb2+ and

Ba2+ cations alter the glass structure and their corresponding crystalline compounds

to have less open space and more compact in structure by the formation of NBOs in

the network. Formation of NBOs can also decrease the network connectivity and net-

work dimensionality of the glass structure. In ternary compositions, the substitution

of PbO for BaO leads to an increase in their densities and a decrease in their molar

volume values. This trend is explained by the fact that lead cations have a higher

field strength which allows them to attract the oxygen atoms more so than barium

83
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cations.

The 31P ssNMR results (described in section 4.6.1) revealed that the 31P chemical

shifts of the individual peaks increase slightly (become less shielded) with the addition

of PbO and BaO content in binary compositions. The increase in chemical shifts is

explained by a decrease in the average bond order (π-bonding within the P-O bonds),

which is caused by the formation of more NBOs as well as the increase in the ionic

nature of NBOs [37]. Furthermore, the amount of Q1 species increases significantly

with the addition PbO and BaO content. This variation is caused by the termination

of Q2 units which leads to the depolymerization of the phosphate network. This

depolymerization is caused by the creation of NBOs and a progressive reduction in the

phosphate chain length [2]. These chains or rings are linked by ionic bonds between

Pb or Ba cations and the NBOs. Due to the fact that P2O5 content remains constant

in all of our ternary compositions, the isotropic chemical shifts and their fraction for

both Q1 and Q2 units remain approximately similar throughout the samples.

The 207Pb WCPMG ssNMR spectra (depicted in section 4.6.2) indicate that lead

acts ionically with a high coordination number (either 6 or 7) which does not evolve

with the composition and gives rise to a progressive depolymerization of the phosphate

network and a decrease of the Pb-O bond length.

The longitudinal and transverse wave velocities were determined using the ultra-

sonic method (described in section 4.7). The experimental density values along with

vL and vT were then used to calculate the elastic properties in each series of glass

systems. In binary compositions, their networks are comprised of phosphate chains

and rings (Q2 tetrahedra) which are connected through ionic bonds between Pb or

Ba cations and NBOs. The interstitial incorporation of Pb and Ba above 50 mol%

followed by the formation of more NBOs leads to a decreases in the average atomic

spacing and an increase in the inter-atomic forces during the elastic deformation.

This leads to an increase in elastic moduli and Poisson ratio.

In ternary compositions, the elastic moduli decreases by replacing BaO with PbO

mol% content, which shows an opposite trend in comparison to the binary samples

based on an increasing pattern in their molar volumes. Therefore, it is concluded

that although the glass network structure becomes more compact by substitution of

PbO with BaO, the inverse effect of molar volume can be compensated by the higher



85

interatomic bonding energy of Ba-O in comparison to Pb-O (UoBa−O(562 kJ/mol)

> UoPb−O(382 kJ/mol)) [89]. The Poisson ratio of binary and ternary compositions

both confirmed an existing strong correlation between ν and molar volumes [45, 90].

Their correlation indicates that the Poisson ratio increases by increasing the molar

volume values (having a less compact and connected structure).

Last but not least, the increase in PbO mol% content in both binary and ternary

samples leads to an increase in refractive indices. This is due to the higher level of

polarizability in Pb-O and NBOs in comparison to Ba-O and BOs. Furthermore,

the incorporation of better data (coordination number) from ssNMR to the empirical

model typically results in a more accurate prediction of C [31]. However, we observed

that the addition of a more accurate coordination number of lead (6 instead of 4)

to lead phosphate glasses results in an inaccurate prediction of the sign of C. This

implicates that we need to go beyond the empirical model to predict the sign of C for

lead phosphate glasses.

5.1 Future Work

The local environment of lead and phosphorus were investigated with the aid of

207Pb and 31P ssNMR in this study. However, the coordination number of barium

was estimated based on their corresponding crystals which can be experimentally

confirmed by the synchrotron X-ray or neutron diffraction techniques. Furthermore,

due to the X-ray diffraction patterns observed from our samples, there is a possibility

of the formation of nanocluser which could be confirmed with the use of scanning

electron microscope (SEM). Transmission electron microscope (TEM) could also be

employed to observe the nanostructure of glasses and determine whether the samples

are homogeneous or physical mixtures. The correlation between elastic properties and

glass compositions and structures have been discussed in this dissertation. However,

different computational approaches could be implemented in future work to confirm

the existing correlation which allows us to predict the properties of glass which have

not been produced yet or are toxic to synthesize.

The empirical model of photoelasticity allows us to predict the sign of C and a

zero-stress optic glass composition. Due to environmental and safety concerns, use of

lead is prohibited in all materials, including glass. In order to produce lead-free zero
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stress-optic glass, it is essential to confirm the reliability of the empirical model for

various types of glass compositions. Therefore, a major field of investigation could be

focused on understanding the origin of the empirical model limitation in predicting

the sign of C for lead phosphate compositions. Moreover, independent elasto-optic

tensor elements (P11 and P12) and its correlation to ternary lead barium phosphate

compositions can be investigated in the future.
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5.2 Appendix A Copyright Permission

Figure 5.1: Permission to reproduce Figure 2.3.
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Figure 5.2: Permission to reproduce Figure 3.4 and Figure 3.7.
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