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Investigation was carried out on binary (MgO),(P20s)1.» with x = 20, 25, 30, 35, 40,
45 and 50 mol % and ternary series (ZnO)3;e(MgO)(P205)70
(Z00)(MEO)su(P:03Jr0x and (ZnO)(MgO)s0(P20s)o with x = 5, 8, 10, 13, 15, 18
and 20 mol % in order to determine the role of zinc and magnesium ions in
phosphate glasses. All the samples were prepared by traditional melt quenching
technique. X-ray diffraction (XRD) measurement confirmed that the samples were
amorphous. Dielectric spectroscopy, laser flash technique, differential thermal
analyzer (DTA), UV-visible spectrophotometer, ellipsometry aﬁd inductively
coupled plasma-optical emission spectrometry (ICP-OES) have been used to
characterize the electrical, thermal, optical features and ion released concentration
respectively as well as to shed further light on the structure of the glasses. The
dielectric permittivity (¢') and loss factor (¢") were measured in tﬁe frequency

range of 0.01 Hz to 1 MHz and in the temperature range between 303 and 573 K.
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The empiliicél data were sufficiently fitted and modeled with a superposition of
Harviliak-Negami (HN) dielectric relaxation functions and a conductivity term. The
results showed that the dielectric constant and dielectric loss factor decreased with
frequency and increased with temperature. These interesting variations have been
explained in the light of polarization and ionic interaction. At low frequencies, the
dielectric loss factor spectrum was dominated by dc conduction which was
manifested by the 1/o slope. Activation energy of dielectric relaxation (E,) was
in the range 0.05 to 0.14 eV, 0.40 to 0.51 eV, 0.05 to 0.11 ¢V and 0.06 to 0.09 eV
for binary glasses (MP) and ternary glasses with constant mole fraction of zinc (CZ),
mangnesium (CM) and phosphate (CP), respectiQely. Activation energy of dc
conduction ( £, ) was in the range 1.00 to 1.15 eV, 1.04 to 1.16 eV, 0.92 to 1.07 eV
and 1.06 to 1.12 €V for MP, CZ, CM and CP glass systems, respectively. The values
of EGF is higher than those for E_, which suggest both the conduction and
relaxation processes are due to different mechanisms. Thermal diffusivity
measurements were carried out in the temperature range of ambient to 573 K. The
values decreased from 0.32 to 0.23 mm?s. The response was explained based on
phonon mean free path.v The greater the network connectivity the greater the phonon
mean free path which makes it easier for the phonon to propagate and eventually
lead to higher values of thermal diffusivity. The glass transition temperature (T) of
the glasses was measured by DTA from 25 °C to 700 °C and the values of T was
found in the range of 396 to 544 °C. The variation is proportional to the length of

phosphate chain, cross-linking density and bonding strength of the structure. The
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decreases 1n T, reflects the bond strength of the glass structure is weakened on
account of the rupture of phosphate cross-linked network. The UV spectra of the
glasses were measured in the wavelength range of 190 to 1100 nm at ambient
temperature. The Urbach rule was applied to evaluate the values of optical energy
band gap (Eop) and Urbach energy (Ey) for all the samples from the absorption
spectrum. The Eqpt was found to be in the range of 3.64 to 3.78 eV, 3.36 to 3.44 eV,
3.47 to 3.79 eV and 3.54 to 3.81 eV for MP, CZ, CM and CP glass systems,
respectively. Meanwhile Ey was found to be in the range 0.26 to 0.28 eV, 0.29 to
0.47 eV, 0.27 t0 0.32 eV and 0.27 to 0.45 eV for MP, CZ, CM and CP glass systems,
respectively. The behavior of both E,y and Ey was correlated with structural
disorder in the sample. As the non-bridging oxygen sites increase in the glassy
matrix the valence bands were broadened resulting in a lower Eoy and higher Ey.
_RefractiVe index of the glasses was measured at ambient temperature with
helium-neon laser of 632.8 nm wavelengths. The measured refractive index was
found varying in between 1.508 and 1.575 and was dependent on the amount of

non-bridging oxygen which has higher polarizability than bridging oxygen. This is
because the depolymerization effect brought about retardation of light propagating
through the phosphate network. The refractive index was found to vary
proportionally with density as well. Chemical durability of the studied glasses has
also been investigated in acidic, neutral and basic buffer solutions for 30 days to
express the resistance offered by a glass towards attack by aqueous solutions. In the

corrosion test, all the glass specimens experienced hydration, hydrolysis and



precipitation éteps. The dissolution rate (Dg) of these glasses was in the range of 108
to 107 g/cm2 min and subjected to the relative concentration of Zn* or Mg2+ ions
and glass compositions. The binary compositions exhibit excellent chemical
durability which is comparable to window glass. The surface morphology of the CZ
glass system was found to be the most affected by the buffer solutions on account of
the formation of asymmetric bridging oxygen which tend to accelerate the
hydrolysis process once the surface is hydrated. The pH values of all the solutions
decreased as a ﬁmcjtion of time and this was attributed to the release of phosphate
species from the dissolving glasses and subsequently the formation of phosphoric
acid in the solution. ion released measurement showed that all ions in the glass
structure leached out of the glass surface when reacted in an aqueous solution. In

addition, the ion leaching concentration strongly depended on the glass composition

and the pH of the aqueous solution.
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Kajian telah dibuat ke atas system perduaan (MgO),(P,0s)1., dengan x = 20, 25, 30,
35, 40, 45 dan 50 mol % dan pertigaan (Zn0)30(MgO0)x(P205)70-x,
(Zn0)MgO0)s0o(P205)70x dan (Zn0)(MgO)s0(P:0s)ro dengan x = 5, 8, 10, 13, 15,
18 dan 20 mol % untuk menentukan peranan.ion iink dan magnesium dalam system
asas kaca fosfat. Semua sampel kaca yang dikaji telah dihasilkan dengan
menggunakan teknik sepuh lebur. Semua sampel dalam péngajian ini telah disahkan
sebagai amorfus melalui pengukuran pembelauan sinar-X (XRD). Spektroskopi
dielektrik, teknik sinaran laser, | perbezaan terma analisis, UV-visible
spektrofotometer, ellipsometer dan inductively coupled plasma-optical emission
spektrometer (ICP-OES) telah digunakan untuk menggambarkan ciri-ciri dielektrik,
haba, optik dan perlepasan jon termasuk juga struktur yang tersirat dalam semua
sa;npel. Ketelusan dielektrik dan factor kehilangan dielektrik telah diukur pada
frekuensi dari 0.01 Hz hingga 1 MHz dan julat suhu dari 303 hingga 573 K. Semua

empirikal data didapati padan dengan model yang terdiri daripada dua fungsi
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istirahat dic;lektrik Harviliak-Negami (HN) dan satu konduksi. Data rﬁenunjukkan
ketelusan dielektrik dan faktor kehilangan dielektrik bagi semua sampel menurun
dengan peningkatan frekuensi dan meningkat dengan peningkatan suhu. Perubahan
tersebut telah dijelaskan berdasarkan polarisasi dan ionik interaksi. Di frekuensi
rendah, spektrum factor kehilangan dielektrik didominasi oleh arus terus di mana
dinyatakan dengan kecerunan 1/w. Tenaga pengaktifan dielektrik istirahat (E,)
didapati di dalam julat 0.05 ke 0.14 eV, 0.40 ke 0.51 eV, 0.05 ke 0.11 eV dan 0.06
ke 0.09 eV untuk kaca binari (MP) dan ternari dengan malar fraksi mol zink (CZ),
magnesium (CM) dan fosfat (CP) masing-masing. Tenaga pengaktifan pengaliran
arus terus ( E;) didapati di dalam julat 1.00 ke 1.15 eV., 1.04 ke 1.16 eV, 0.92 ke
1.07 eV dan 1.06 ke 1.12 eV untuk MP, CZ, CM dan CP sistem kaca masing-masing.
Nilai E; didapati lebih tinggi daripada E_, dicadangkan kedua-dua prosess
konduksi dan istirahat adalah berlainan mekanism. Pengukuran keresapan haba
dilakukan dari suhu bilik hingga 573 K. Data keresapan terma didapati menurun dari
0.32 to 0.23 mm?/s. Perubahan tersebut dijelaskan dari segi fonon mean free path.
Sambungan’rangkaian yang lebih besar meningkatkan fonon mean free path dimana
memudahkan phonon merebak dan akhirnya membawa kepada nilai-nilai yang lebih
tinggi kemeresapan haba. Suhu peralihan kaca dikaji dari suhu 25 "C kepada 700 °C.
Nilai T, didapati berada di dalam julat 396 to 544 °C. Nilai T berkadar langsung
terhadap panjang rantai fosfat, persilangan dan kekuatan ikatan struktur. Penurunan
nilai 7, mencerminkan kekuatan struktur kaca nienjadi lemah disebabkan oleh

pemecahan rangkaian fosfat. Spektra UV sampel kaca diukur dalam suhu bilik
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dengan jlilat‘ panjang gelombang 190 ke 1100 nm. Melalui kajiaﬁ pinggir
penyerapan, nilai bagi jurang tenaga jalur optik (Eop) dan jurang tenaga Urbagh (Ev)
telah dinilai dengan menggunakan peraturan penyerapan Urbach keatas semua
spektra yang telah diperolehi.. Nilai E, didapati berada di dalam julat 3.64 ke 3.78
eV, 3.36 ke 3.44 eV, 3.47 ke 3.79 eV dan 3.54 ke 3.81 eV untuk MP, CZ, CM dan
CP sistem kaca masing-masing. Manakala nilai Ey didapati berjulat 0.26 ke 0.28 €V,
0.29 ke 0.47 eV, 0.27 ke 0.32 eV dan 0.27 ke 0.45 eV untuk MP, CZ, CM dan CP
sistem kaca masing-masing. Sifat Eqy dan Ey dikaitkan dengan struktur rawak dalam
sampel. Kuantiti oksigen-tidak-terikat meningkat di kaca matriks telah
mengembangkan jalur valens dan menyebabkan E,y yang lebih rendah dan lebih
tinggi Ey. Indek biasaq telah diukur dalam suhu bilik pada 632.8 nm. Nilai indek
biasan yang diukur berada dalam julat 1.508 hingga 1.575 dan bergantung kepada
bilangan oksigen-tidak-terikat dimana mempunyai polarisasi yang lebih tinggi
berbanding dengan oksigen-terikat. Ini adalah kerana kesan depolymerization telah
menghalang cahaya menyebar’ melalui rangkaian fosfat. Nilai indek biasan juga
didapati berubah secara berkadar langsung dengan ketumpatan kaca. Kajian
terhadap ketahanan kimia juga telah diteliti dalam larutan buffer berasid, neutral dan
beralkali selama 30 hari untuk menyatakan rintangan yang ditawarkan oleh kaca
terhadap serangan atas larutan b;rair. Dalam ujian kakisan semua kaca specimen
mengalami prosess penghidratan, hidrolisis dan pemendakan. Kadar larut kepada
sampel kaca berada dalam julat 10 hingga 10® g/cm® min dan bergantung kepada |

konsentrasi relatif Zn®* atau Mg®" ion dan komposisi kaca. Kaca berkomposisi
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binary mer;unjukkan ketahanan kimia yang gangat baik setanding denygan. tingkap
kaca. Permukaan morfologi sistem kaca CZ dipengaruhi oleh larutan »buffer
disebabkan pembentukan ikatan oksigen tak simetri telah mempercepatkan prosess
hidrolisis sekali permukaan terhidrat. Nilai pH kepada semua larutan bufer menurun
dengan masa disebabkan perlepasan spesies fosfat dari kaca dilarut dan
menghasilkan asid fosforik di dalam larutan. Kajian perlepasan ion menunjukkan
semua jenis ion di dalam struktur kaca diluluhkan dari permulfaan kaca apabila
reaksi di dalam larutan bufer. Konsentrasi ion yang diluluhkan bergantung kepada

komposisi kaca dan nilai pH kepada larutan akuous.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Glasses are noncrystalline or amorphous substances. “Amorphous”, meaning
structureless or capable of assuming any structure (Feltz, 1993). In the other words,
glass has no long-range order or regularity in its molecular (Doremus, 1973) and
exhibit glass transformation behaviour (Elliott, 19'90). Glass has numerous empty
sites or vécancies and do not contain planes of atoms. Thus, Bragg reflection is

unavailable.

Glasses are amazing material no matter as an artistic medium or an industrial
material and its properties have always intrigued man. Even nowadays in 21st
century, scientists and researchers still keeping the enthusiasm and passion for new
glass research in term of fundamental understanding and develop the physics of

amorphous solids to impetus further commercial exploitation development.

In recent years, there was a great awareness of the need to study the relation between
the structure and properties of materials. Once the atomic concentration has been
fixed, the properties and the structure are largely defined (Gaskell, 1997). Glass is a
complex material and its electrical properties as measured over a wide frequency

range are a considerably interesting subject. The study on dielectric behavior of
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glasses over a wide range of frequency and temperatures is expected not only to
reveal comprehensive idea about the nature and origin of the loss occurring in these
materials as well as conduction mechanism but also provide information on the
structural aspect of the glasses (Murali Krishna et al. 2008 & Sahaya Baskaran et al.
2008). Dielectric measurements are also performed in an attempt to identify how
local motions of charge carrier might be affected by the structural changes induced
from modification effect (Button et al., 1981). The dielectric properties of usual
interest are the real (&') and imaginary (&") components of the complex permittivity
e* (m) = a'((o)— ie" (co) Worth for noting until today is that there has been no theory
of ionic transport which is accepted widely. Thus, ionic diffusion in ionic conducting
glass material has been an issue of interest because of its importance in

technological uses. Therefore, a better understanding of its electrical conductivity is

required.

Glasses are considered ideal host materials for athermalisation as they are versatile
and can be physically and coﬁpositionally tailored to meet various optical and
thermal requirements (Owen, 2007). Athermalization, in the context of temperature
measuring instruments, is the practice of designing an instrument so that temperature
changes do not affect what is beiﬁg measured. Thermal properties of glass are
getting important and its thermal diffusivity is one of the most important parameters
Wwhen heat transfer phenomena are involved. Therefore, study on thermal diffusivity

is important to investigate the dynamical aspect of atoms and molecules in materials
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and also the structure of the materials with the help of the knowledge of the
dynamical properties obtained (Hiki et al., 1994). In addition, DTA measurement

also provides some useful information on the structure of glasses.

In optical field, glasses are among the few solids whic;h transmit light in the visible
region of the spectrum (Fuxi, 1992). Glass is the basic elements in all optical
instruments and refractive index is a fundamental parameter that is intimately
connected to optical devices performance and reliability. However, refractive index
varies with structural or compositional changes. To figure out the relationship
between the refractive index and compositions of the present glass systems it is

crucially important to study their optical properties.

Study of the optical absorption edge in UV-region has proved to be very useful
method for clarification of optical transitions and electronic band structure of the
materials (Mott and Davis, 1979). Glass has generally an inherent absorption in the
ultraviolet range (Abdel-Baki & El-Diasty, 2006). However, the prediction of the
location of the ultraviolet absorption edge of oxide glasses especially phosphate
glasses is expected to be quite complex, since its structural changes occur with
change in the composition (Dayanénd et al., 1994). Therefore, understanding the
mechanism responsible for the optical absorption edge of the glass system under

investigation in this study would shed further light on the structural of those glasses.
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Good chemical durability is a very important parameter for operation glassés which
should not exhibit any noticeable degradation caused by environment under normal
conditions. For this reason, knowledge of chemical durability is becoming more
important and good chemical durability is a critical requirement as these glasses are
either in use or proposed for use in applications (Desirena et al., 2009). Hence, the
present study focus on the chemical durability improvement of phosphate glasses
with the mixture of magnesium oxides and zinc oxide to investigate how the current

finished new products: zinc magnesium phosphate glasses will stand up to aqueous

attack.

Phosphate glass can be prepared over a wide range of composition. It is well known
that addition of different oxides to phosphate (P,0;) results in depolymerization of
the network and formation of different structures. Phosphate glass structure is
strongly depencient on the ratio of its oxygen and phosphate (O/P ratio) as set by
glass composition and properties of the other participating oxides (Maczka et al.,
2006). The structural units in f)hosphate network are classified according to their
connectivities by Q' notation, where i represents the number of bridging oxygen
atoms per POy tetrahedron. In the present study, the structural units in phosphate

network were mainly composed of ultraphosphate, Q* and Q units.
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1.2 Potential of Phosphate Glass

The intent of the present work was to study dielectric properties on phosphate-based
glasses consisting of zinc oxide and magnesium oxide. Over the years, phosphate
glasses have been developed for numerous applications on account of phosphate
glasses having several advantages over conventional silicate and borate glasses. Its
superior physical properties such as high thermal expansion coefficient, low melting
and softening temperatures have helped to promote them as an ideal candidate for

sealing to high expansion metals such as stainless steels and aluminium alloys

(Brow et al., 1988).

Phosphate glasses are high ultra-violet and far infrared transmissible. The
ultra-violet absorption edge in alkaline-earth phosphate glasses can be varied by the
choice‘ of the metal ion (Matz et al., 1988). Phosphate glasses have also considerable
potential for applications in optical data transition, detection, sensing, laser
technologies (Higazy, 1995) even as nuclear waste storage (Devidas et al., 2007).
Phosphate glasses are also suitable materials for high power lasers because of low
thermo-optical coefficient and large emission (Marek Nocun, 2004). It also could
provide superior laser characteristics which are line width, laser cross section, etc.,
as well as low, nonlinéar refractive index and essentially zero dependence of optical

path length on temperature (Kurkjian & Prindle, 1998).

Poor chemical durability of phosphate glasses is a unique physical property that is
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being exploited in biomedical field especially for tissue engineering 'industry.
Phosphaté-based glasses are a range of glasses made up of components which all
occur naturally in the body, and are suited to applications for devices in areas related
to guided tissue regeneration and treatment of bone defects. By tailoring the
composition of phosphate-based glasses it is possible tp control the dissolution rates
ranging from those that would completely degrade in water in a few hours to those
that are stable for years (Drake and Allen, 1985). Controlling degradation behavior
is a critical property in orc_ier to give enough time for the cells to lay down their own
extracellular matrix and regenegrate the injured bone and at the same time to ensure
that the biomaterial does not last longer than needed (Wang 2009). Poor durability of

phosphate glasses is also useful for applications like the controlled release of

oligo-elements in soils (Pyare et al., 1996).

Phosphate glassés can generally be formed at lower temperatures than silicate based
Systems. For this reasons, a number of phosphate glasses have been identified as
being potentially applicable to disposition of nuclear waste especially of plutonium
(Nirex Report, 2004). The most extensive use of phosphate glasses for vitrifying
nuclear wastes has occurred in the former Soviet Union (Polykov et al., 1994).
Magnesium phosphate glass with up to 55 mol % P,0s can accommodate up to 45
mass % of simulated high level nuclear wastes (HLW) (Toshinori Okura, 2006)

while iron phosphate glasses of composition 40(Fe;03)60(P20s) (mol%) can
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accommodate in excess of 50% of certain HLW constituents while maintaining

excellent chemical durability (Day et al., 1998).

The wide use of incandescent lamps and gaseous discharge devices generated a need
for sealing metal conductors through glass envelopes (Wei et al., 2001). Phosphate
glasses are attractive as glass-metal seals due to their low melting temperature, low
viscosity and high thermal expansion coefficient. For instant, zinc polyphosphate
glasses have thermal expansion coefficients similar to many metals, and find it is

practical use for sealing and welding between glassy and metallic parts (Tischendorf

et al., 2003).

1.3 Research Aim

MgO - P,0; énd ZnO-P,0; glasses well-known as anomalous glass (Kordes et
al., 1953). However, it is of interest to investigate the properties of simultaneous
admixture of MgO and ZnO in"(o the phosphate compositions. The aim of this study
is to investigate the dielectric, thermal, optical properties and chemical durability of
binary (MgO),(P205),« and ternary (Zn0)30(MgO)x(P205)70-x,
(Zn0)(MgO0)30(P205)70.x, (ZnO)x(MgO)30.x(P205)70 glass systems. The different
properties between these glass systems will help in assessing the insulating character
of -these glasses and may throw some light on the structural aspects, and to

understand in more detail the natural behavior of phosphate glasses. In addition, the
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study will also attempt and elucidate the role undertaken by zinc and mégnesium

ions introduced into the phosphate network.

1.4 Objectives
The main objectives of the present study are summarized below:

1. Studying the frequency and temperature dependencies of dielectric response
parameters on binary (MgO)«(P,05), glasses and ternary
(ZnO)x (MgO)y_x (P205 )Z glasses and deducing the nature of dielectric
polarization involved.

2. Determination of an equivalent electrical circuit model that well describes the AC
response of the sample.

3. Chafacterization of the thermal and optical properties in order to deduce the
information on structural aspect of the studied glass samples.

4. Characterization of the effect of composition to chemical durability of the glass
and to evaluate the dissolution rate of the glass in solution with pH 4.01, pH 7.00
and pH 10.01.

5. Examining the pH changes of solutions in order to understand the behavior of the

glass corrosion.



1.5 Chapter Organization

This thesis is divided into six chapters. Chapter 1 gives general introduction of glass.
Chapter 2 discusses on the literature review of phosphate glass. Chapter 3 mentions
abopt the general theory of glassy state, phosphate glass fundamental structure,
dielectric, thermal, optical and chemical durability. Chapter 4 discusses the
experimental procedures and theoretical aspects that have been employed in this
research. Chapter 5 is about results and discussion. The experimental results and
findings with discussion will be presented in this chapter. Finally, the conclusion and
suggestions for future work are described in Chapter 6. Various derivations of

equations and calculations are included in the Appendices to supplement the main

text within this thesis.
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