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Synopsis

Glass is an amorphous (non-crystalline) solid material, which has random structure of the liquid
from which it is derived by cooling below freezing point without crystallization. Glass is also
defined as configurationally frozen liquid which exhibits glass transition behaviour [1]. The glass
transition is a phenomenon in which a solid amorphous phase shows a more or less abrupt
change in derivative thermodynamic properties from crystal like to liquid like values with
change of temperature [1]. Thermodynamically ‘glassy’ state is a meta-stable state which
depends upon the thermal history of the melt and slowly relaxes to a more stable state [2]. In
addition to scientific interest, glass as a substance plays an essential role in technology and
industry. Physical, chemical and optical properties of glasses make them suitable for various
technological applications like hermetic sealing, radioactive waste immobilization, bio-
engineering, optics and optoelectronics material etc. Many industries such as automobiles,
architecture, display technology etc. greatly depend upon glasses due to their functionality, cost
and ease of manufacturing [3].

Crystallization in glasses is usually deleterious to various properties, however; controlled
crystallization of glasses can result in a new kind of polycrystalline material known as glass-
ceramics with improved thermo-physical, electrical, mechanical and chemical properties [4].
Glass-ceramics by definition are the products of controlled crystallization of glasses in which
crystalline phases embedded in a glassy matrix. As a result of improved thermo-physical and
chemical properties, they find application in a number of areas such as dielectrics, cookware,
sealants etc [4]. Glass-ceramics generally result in higher strength compared to glass and allow
fine control over properties such as thermal expansion coefficient (TEC) through control of the
amount, nature and morphology of the phases crystallized.

Even though glasses lack extended periodic arrangement of atoms, most of them possess

considerable extent of short range order (up to a few atomic spacing) and in some cases even



medium range order (ten to thirty angstroms) [5]. For crystalline materials, which consist of
regular repetition of basic unit cells, solving the structure within a unit cell is sufficient to
understand the structural features of crystalline materials. This approach fails in the case of
glasses as they can’t be represented as a regular repetition of such basic structural units. In 1932
Zachariasen made first attempt to understand the structure of glassy materials, who suggested the
existence of a continuous random network (CRN) in glasses [6]. However, the structure for many
glasses known today could not be explained by CRN model alone and a number of other models
have been suggested to understand the structural arrangements of atoms in these glassy materials
[5]. With the discovery of newer structure sensitive material characterization techniques like
high resolution nuclear magnetic resonance (NMR), extended X-ray absorption fine structure
(EXAFS) and high resolution transmission electron microscope (TEM) etc., better understanding
of the structure of glassy phase has been achieved [5]. Based on the extensive studies of various
oxide glasses, it has been observed that, the thermo-physical properties of these glasses like
TEC, micro-hardness, onset of optical absorption, moisture sensitiveness etc. depend on the
nature of different structural units, present in the glass network [5]. Good understanding of the
structure-property relationship in glasses and glass-ceramics is very essential to improve their
properties by suitable substitution as well as to design new compositions for novel applications
i.e. hermetic sealing.

In this dissertation thermo-physical properties and structural aspects of some
technologically important phosphate and silicate glasses/glass-ceramics have been investigated.
And an attempt has been made to correlate the thermo-physical properties of these materials with
their structural features. Thesis covers work carried out on the thermo-physical, optical,
microstructural and structural properties of sodium aluminium titano-phosphate glasses (NATP),
strontium zinc silicate (SZS) and barium zinc silicate (BZS) based glasses and glass-ceramics.

The sodium alumino-phosphate glasses are useful for low temperature sealing [7] and certain

ii



optical applications, while the barium and strontium based silicate glass-ceramics find
application in high temperature sealing like sealant material for solid oxide fuel cell (SOFC)
[8,9]. Precise knowledge of the crystallization temperature is required for glass-ceramic
formation, which is obtained by differential thermal analysis (DTA). The TEC of the parent
glasses and glass-ceramics are measured using thermo-mechanical analyzer (TMA). In order to
assess the hardness of the glasses and glass-ceramics, Vickers micro-hardness measurement is
employed. Since the properties of glass-ceramics are strongly affected by the nature and
morphology of phases, X-ray diffraction (XRD) and SEM are used for the characterization of
glass-ceramics. Structural information of glasses and glass-ceramics has been obtained from
Raman, Fourier transformed infrared (FTIR) and magic angle spinning nuclear magnetic
resonance (MAS-NMR) spectroscopic techniques. Sealing studies with promising compositions
of SZS/BZS glasses were also carried out to ensure that these glasses have adequate
adhesion/bonding properties with other SOFC components such as Crofer-22-APU and YSZ.

This thesis comprises of six chapters and the content of each chapter is briefly described in the

following sections.

Chapter 1: Introduction

This chapter gives briefly an introduction to glasses and glass-ceramics and their important
characteristics. Glasses are defined as non-crystalline materials that lack long range periodic
order and exhibit glass transition behaviour [1,5]. An overview of the glass transition
phenomenon is provided and various theories/models proposed have been mentioned, although
the present understanding is not sufficient to fully explain the phenomenon of glass transition.
Various types of glasses including phosphate and silicate based oxide glasses are described along
with their advantages and disadvantages. Further, the nature of various structural units present in

the representative phosphate and silicate glasses, and the changes brought about in these

iii



structural configuration by addition of different additives have been described. The different
methods of preparing amorphous and glassy materials are also discussed. Subsequently,
crystallization of glasses is discussed in brief along with theoretical perspective relevant to
homogenous and heterogeneous nucleation and crystal growth. The advantages of glass-ceramics
with respect to certain important properties are discussed. The importance of the present work
and various studies carried out on actual glass/glass-ceramics systems investigated in this thesis

are brought out in brief.

Chapter 2: Experimental Techniques

In this chapter details of the preparation and characterization techniques used in the present work
are given along with basic principles, their merits/demerits etc. In starting the melt quench
method employed for synthesis of bulk and frit glasses is described. In order to prepare glass-
ceramics, the crystallization behaviour of the glasses is studied using DTA. Based on the DTA
data, glasses are crystallized and the phases formed identified by XRD.

The density of the prepared glasses and glass-ceramics were measured using the
Archimedes principle, with distilled water or toluene as the immersion fluid. TEC, glass
transition temperature (T,) and softening temperature (Ty) of the glass and glass-ceramic
samples were measured using a Setaram 92-12 thermo-mechanical analyzer. Mechanical
strength/hardness of glasses was measured using a Vickers micro-hardness tester (VMHT-30M
Leica/Austria). Micro-hardness (MH) is an indicator of the connectivity of the network and
changes with composition and crystallization. The absorption edge and optical gap also depend
on the composition as well as the nature of glass network therefore optical absorption studies
were carried out using UV-Vis spectrophotometer (Jasco V-670 Japan). Non-bridging oxygen

atoms can also lead to the creation of localized centers in the glasses and some of them can give
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luminescence on optical excitation. Luminescence spectra of a few glasses were also recorded
using an Edinburgh fluorescence FLSP 920 instrument.

Raman and FTIR spectroscopic techniques are capable of probing both short range and
medium range order and give valuable information regarding the structural aspects of the glasses
and glass-ceramics. In order to further understand the short range order in glasses and glass-
ceramics, MAS-NMR spectroscopy was employed. This technique allows probing of the
immediate environment of the atoms in the material and enables the characterization of the
glasses. Scanning electron microscopy (SEM) was employed to examine the morphology of the
crystalline phases formed in the glass-ceramics and the energy dispersive spectroscopy of X-ray
(EDS) was used to probe the chemical composition of the phases. To show the efficacy of a few
promising glasses for high temperature sealing application seals were prepared and tested for
vacuum integrity. Therefore, at the end of this chapter seal fabrication and leak testing at

elevated temperature are also discussed.

Chapter 3: Studies on sodium aluminium titano-phosphate (NATP) glasses

In this chapter synthesis, thermo-physical and optical properties along with structural aspect of
sodium aluminium titano-phosphate glasses have been discussed. Studies carried out to
investigate the role of TiO, on thermo-physical and optical properties of the sodium alumino-
phosphate (NAP) glass with substitution of TiO, for P,Os. Sodium alumino-phosphate glasses
with different amounts of TiO, (0, 2, 5, 10, 15 and 20 mol%) incorporated at the expense of
P,Os, were prepared by melt quench method. In these glasses density, T, and MH increased
while TEC and molar volume decreased with increasing TiO, concentration up to 10 mol% and
beyond that these properties show reverse trends. The variation in thermo-physical properties
was explained on the basis of structural changes in the glass with the addition of TiO,. Structural

studies using ’'P MAS-NMR spectroscopy revealed the existence of both Q' and Q* structural



units of phosphorus (where Q" represents the P structural units having ‘n’ number of bridging
oxygen atoms). With the increase of TiO; up to 10 mol%, the concentration of Q' structural units
increase at the expense of Q? structural units due to the depolymerization of polyphosphate
chains as TiO; replaces the P,Os. An increase in the chemical shift of the Q2 structural units has
been attributed to the decrease in the chain length as well as the formation of P-O-Ti" linkages
at the expense of P-O-P linkages [10,11]. Incorporation of TiO, at the expense of P,Os in the
glass can also lead to a change in the coordination of AI** ions in the glass. ”’Al MAS-NMR
studies revealed the change in the coordination of AI’* ions from octahedral to tetrahedral with
incorporation of TiO, more than10 mol%. It is inferred that AI’* ions extend the glass network
by forming P-O-Al type linkages, with tetrahedral configuration of AI’* ions in the glass [10].
Raman and FTIR studies of these glasses also reflected the significant structural changes in the
glass. Raman spectroscopy revealed that Ti** exits in these glasses in the form of TiO4 and TiOg
units. At lower concentration of TiO,, TiOg units are more favourable and at higher
concentration (more than 10 mol%) TiO4 units are more favourable [10]. Based on these studies
it is concluded that TiO, behaves as a network modifier up to 10 mol% and above that TiO, acts
as network former and a Ti-O-Ti/Al based network connected with discrete PO, structural units
that exist in the glass. The Eqyica values (value of the optical gap) were found to decrease with an
increase in TiO,. Eqpical Values decreased significantly up to 5 mol% and marginally beyond that.
This has been attributed to the conversion of bridging oxygen to non-bridging oxygen atoms,
which facilitates the excitation of electrons attached to the oxygen atom [11]. Thus the observed
variation in thermo-physical and optical properties are consistent with the structural changes in
the NATP glass by TiO; incorporation. The degradation behaviour of the glass surface in humid
atmosphere is a crucial parameter in determining the success of the glass in its final application.
Weathering (degradation) studies of prepared NATP glasses revealed that glasses containing

more than 5 mol% TiO, are more durable than the NAP glass.
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Chapter 4: Studies on strontium zinc silicate (SZS) glass/glass-ceramics

In this chapter strontium zinc silicate based glasses and glass-ceramics were investigated as
potential sealants for high temperature applications such as solid oxide fuel cells (SOFC).
Recently glasses in this system have also been reported as prospective bone graft materials [12].
In the present study glasses having composition (in wt.%) 51SrO-9Zn0O-(40-x)Si0, (SZS), where
x represents the different additives like B,0O;, Al,O3, Cr,03, Y;0s;, TiO; and V,05 have been
synthesized and converted into glass-ceramics through a controlled crystallization process.
Thermo-physical, microstructural and structural properties of these glasses and glass-ceramics
have been presented here. Adhesion/bonding characteristics of a few selected glasses with
Crofer-22-APU (commonly used interconnect in SOFC) and YSZ (an electrolyte material for
SOFC) were also investigated using SEM and EDS.

It is observed that investigated glasses and glass-ceramics have desired range of TEC
(90-120 x 107/°C) and sufficiently high softening temperature (Tq), as required for SOFC
sealant materials [13]. These glasses have densities in the range of 3.66-3.78 (103 kg/m3 ) and
MH in the range of 6.26-7.17 GPa. MH of all these glasses is quite high, reflecting higher bond
strength thereby may withstand higher load [13]. Prolonged use of glasses at high temperature
will results the crystallization of glasses. Therefore, crystallization kinetics of SZS glasses has
been studied by DTA using the Ozawa [14], Kissinger and Matusita-Sakka equations [15]. Study
revealed the diffusion controlled bulk crystallization of base SZS glass with two and three
dimensional growth. Further, we obtained quite high activation energy for crystallization of base
glass, indicating the highly thermal activated kinetics, which makes poor control over the
crystallization during the sealing process [16]. Effect of additives on crystallization of SZS glass
has also been investigated. It is observed that, with the addition of B,Os, V,0s5 and Cr,0O;
constituents in the glass, the surface crystallization mechanism starts dominating over bulk

crystallization and the activation energy decreases. A composition, having B,O; and V,05 shows
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lower activation energy thereby better control over the crystallization. Microstructural evolution
of SZS glass, having composition 51SrO-9Zn0-40Si0, (wt.%), during heating suggests that the
glass undergoes a phase separation apparently by spinodal decomposition mechanism prior to
crystallization and resulted in a highly interconnected microstructure of two crystalline phases
[16]. Structural modifications in the glass with the additives and also with the temperature are
studied using Raman, FTIR and NMR spectroscopic techniques. An attempt has been made to
correlate these structural changes with the thermo-physical and crystallization properties.
Studies revealed that mainly Q' and Q7 silicate structural units are present in the network of the
SZS glass. With addition of B,0O3; and other additives glass network depolymerizes and
concentration of Q' units increases at the expense of Q” units. Formation of crystalline phases
during heat treatment is related to the presence of different silicate structural unites in the glass
network. B,O3 goes into the glass network as triangular (BO3) borate structural units [13]. X-ray
diffraction studies revealed that Sr,ZnSi;O; and Sr3SizO9 phases crystallize in SZS Glass-
ceramics and Sr,ZnSi;O; solid-solution phase formed in compositions having B,O; and/or
AL,O3. The Sr,ZnSi,0; (Sr-hardystonite) is one of the members of melilite group of minerals
having a general formula X,Y(T,07). Al/B may occupy the position of Y and T sites in
tetrahedral coordination. ’Al and ''B MAS-NMR spectra show the crystallization of B and Al in
tetrahedral coordination. MAS-NMR studies along with XRD suggest the formation of
S1,ZnSi,0; solid-solution by incorporation of B and Al atoms in the Sr,ZnSi,O; crystalline
phase. Raman and NMR studies indicate that Sr,ZnSi,O; phase crystallizes first at a lower
temperature and later Sr3Si309 phase. Raman spectra depict a 3 membered ring structure for the
Sr3Si30g crystalline phase.

A few glass compositions showed good bonding with YSZ and Crofer-22-APU reflected
from the inter-diffusion of elements across the interface. On the basis of thermo-physical and

bonding properties, a glass having B,O3 and V,0s seems to be more suitable for SOFC sealant
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applications [13]. As a demonstration of suitability of material for high temperature sealing, seals

have been prepared and tested for vacuum integrity up to 950°C [13].

Chapter 5: Studies on barium zinc silicate (BZS) glasses and glass-ceramics

This chapter has been devoted to the studies carried out on barium zinc silicate based glasses and
glass-ceramics. Glasses having composition (in wt.%) 51Ba0-9Zn0-(40-x)Si0, ( BZS), where x
represents the additives like B,O3, Nd,O3, V,0s, and TiO, were prepared by melt-quench method
and transformed into glass-ceramics by controlled crystallization. Based on thermo-physical
properties it is found that these materials have the requisite thermal properties for making
suitable seals to different cell components of the SOFC. These glasses were characterized using
dilatometry, DTA, X-ray diffraction and micro-hardness measurements. These have shown glass
transition temperatures higher than 670°C and crystallization temperatures more than 830°C,
which are advantageous for the high temperature sealant. All these glasses and glass-ceramics
have TEC in the range 93-150 x 107/°C (30-600°C), which is desirable for making seals with the
SOFC components. It is found that Nd,Os increases T, and Tgys and reduces the TEC. It is also
observed that B,0; increase the flow property (reduces viscosity) but its higher amount
suppresses the crystallization tendency. The crystallization studies have revealed that the weight
ratio of B,Os; to SiO, decides the crystallization of different barium silicate phases.
Crystallization kinetics of the BZS glass has been determined by DTA using the Ozawa,
Kissinger and Matusita-Sakka equations. Kinetic parameters suggest the bulk crystallization with
two and three dimensional growth of crystals by diffusion controlled growth mechanism.

As a demonstration of suitability of material for high temperature sealing, seals have been
prepared and tested for vacuum integrity up to 800°C for 500 h. Studies revealed that B,Os;

containing BZS glasses are more suitable for making the seal with Crofer-22-APU.
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Chapter 6: Summary and conclusions

This chapter summarizes the work carried out in the thesis and presents important findings along
with future scope of the work. In the present study we have investigated some technologically
important phosphate and silicate based glasses and glass-ceramics. Effect of different additives
on thermo-physical and crystallization properties has been explored through a comprehensive
structure-property correlation. In the case of NATP glasses an attempt has been made to
demonstrate that, the thermo-physical properties are sensitive function of the different structural
configurations present in these glasses and can be modified by incorporating suitable additives. It
is found that up to 10 mol% TiO; acts as a modifier and beyond that as a glass former. Decrease
in the degradation of glass surface in humid environment was observed with the TiO,
incorporation in NAP glasses, which reflect the higher chemical durability of NATP glasses.
Development of a phosphate glass composition with higher chemical durability is beneficial to
use unique properties of phosphate glasses in various fields of technology. NATP glasses with
~10 mol% TiO, have TEC around 168 x 107/°C which is closely matched with the thermal
expansion of Cu and Cu-Be alloy, therefore suitable for making matched type glass-to-metal
seals with these metals and alloys. For SZS and BZS glasses studies demonstrate the utility of
structural and thermo-physical characterization in optimization of composition of glasses/glass-
ceramics for novel applications. Studied compositions of SZS and BZS glasses fulfill the most
important criteria (TEC and T,) of thermo-physical properties for making suitable sealant for
high temperature applications. Adherence/bonding behaviour of investigated SZS and BZS glass
compositions reveled that B,O3; and V,0s are useful constituents for increasing the flow of glass
at the sealing temperatures. Structural studies of SZS glasses and glass-ceramics indicate the
depolymerization of silicate network with the incorporation of different additives. This is
associated with the modification of thermo-physical properties of glasses. Raman and FTIR

studies show the decisive role of structural units on the formation of crystalline phases during



heat treatment. XRD studies revealed the formation of solid-solution of Sr,ZnSi,O7 phase in SZS
compositions containing B,0O; and/or Al,Os, but it is difficult to identify the nature and
composition of the solid-solution. It is also difficult to distinguish crystallization of Sr,B,Si0-
and Sr;Al,S107 phases from the crystalline Sr,ZnSi,O; phase in XRD due to close proximity in
their Bragg peaks; however, the use of MAS-NMR throws some light on it. Al and ''B MAS-
NMR spectra confirm the crystallization of B and Al in tetrahedral coordination, although it is
difficult to say that B/Al making a solid-solution in the Sr,ZnSi,O; phase or separate phases.
Here on the basis of NMR and XRD studies we attribute that B and Al make a solid-solution in
the Sr,Al,Si0; phase. Information about crystallization kinetics and mechanism is important to
develop suitable glass-ceramic sealants and sealing procedure. Crystallization kinetics studies
indicate that, with the incorporation of additives in the glass, surface crystallization mechanism
starts dominating over bulk crystallization and activation energy decreases. A composition,
having B,0; and V,0s shows lower activation energy thereby better control over the
crystallization during sealing process. Liquid in liquid phase separation by spinodal
decomposition mechanism has been observed prior to the crystallization in the SZS glass.
Studies carried out so far demonstrate the potentiality of SZS and BZS glass-ceramics for high
temperature sealant application.

In the thesis an effort has been made to show that the thermo-physical properties of the
investigated glasses are sensitive function of structural configurations present in these glasses
and can be modified by incorporation of suitable additives. However, there is a need to augment
this information about the structure of glasses with a variety of other structure sensitive
techniques like high resolution EXAFS, XPS, as well as small angle X-ray and neutron
scattering. It is proposed to carry out these studied in near future. MAS-NMR experiments like
spin echo double resonance (SEDOR) and rotational echo double resonance (REDOR) are being

proposed to investigate the structure and environment around the next nearest neighbour of Si

X1



atom. Further such experiments can also give information regarding cation distribution in the
glass. 0 MQMAS is planned to understand the environment around the oxygen atom as well as
to estimate the different types of oxygen atoms in the glass and glass-ceramics. 'V MAS-NMR
is also proposed to investigate the effect of V,0s on the structure and therefore on properties of
the glass. ZnO can behave as a glass modifier or glass former depending on the composition of
the glass. It will be interesting to study the structural surrounding of Zn atom in investigated
SZS/BZS glasses by means of EXAFS. To show the insulating properties of studied glasses and
glass-ceramics, the measurement of electrical conductivity with temperature is planned in the
near future. Effect of two intermediate oxides (mixed intermediate effect) can be investigated as
a function of the TiO,/(Al,03+TiO,) ratio with fixed amounts of Na,O and P,0s. The phase
quantification may be initiated for these systems using MAS-NMR and XRD. The chemical
durability of prepared glasses in different media (acidic, alkaline and neutral) and at different
temperature is also worth to investigate. Other studies include long term phase stability by a
combination of XRD and MAS-NMR in wet oxidizing and reducing environments that mimic
the operational conditions of fuel cells. Further scope also exists in terms of reaction studies with
other fuel cell components, especially over the long-term use. It has been reported that
incorporation of ZnO reduces the formation of detrimental SrCrO, phase [17]. Therefore, effect

of ZnO and other additives on the formation of SrCrO4/BaCrO4 needs to be investigated.
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Chapter 1

General Introduction

Glass, one of the most ancient materials, has fascinated and attracted enormous interest both
scientifically and technologically. This age-old material plays a key role in numerous
applications like electronics [1], photonics [2], biomedicine [3], radioactive waste storage [4]
and many others, along with classical ones like windows, architecture, lenses, containers etc.
Glass which was earlier considered mainly an optical, dielectric or passivating material can
now be used to make active devices like switches, memories, sensors, solar cells, catalysts etc
[5]. These widespread uses reflect an ever increasing role of glass in our modern technical

society and industry.

1.1 Glass: A Historical Perspective

Glass is one of the most ancient materials known and used by the mankind. Before people
learned to make glasses, they had found naturally formed glasses like obsidian, fulgurites,
impactites and tektites and used these as arrow heads, knives and primitive jewelry [6]. The
origin of first synthetic glass is lost in antiquity and legend. However, according to
archeologists glass formation was discovered in ancient Egypt and Mesopotamia as far back
as 3500 BC [7]. The invention of glass blowing around I* century BC in the region of what is
modern day Syria greatly expanded the application of glasses. From 1500 BC onwards,
commerce helped spread glass making to Europe and Eastern Asia. Glasses also grew in
importance from being merely decorative materials to materials with utility. By the 15"

century, the use of glass in architecture was well established. In the next two centuries,
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Europe was a centre of glass related activity. By the end of the 17" century, glass making was
industrialized in England. There, at the end of the 17 century, Ravenscroft invented lead
glass: a combination of silica with potash and lead oxide. The development of lead glass
allowed the construction of long range telescopes in the 18" century and nowadays still
widely used due to its radiation shielding properties. Development of glass sheets with
uniform thickness and very flat surface by float glass process (invented in 1959 by Pilkington
Brothers) revolutionized architecture industry. Flat panel display glasses for television and
computer screens are also produced by this process. Thus, glass-making process has evolved
over centuries and most commercial glass production is now part of heavy industrial

complexes.

1.2 Definition of Glass

A glass is defined in ASTM [8] as ‘an inorganic product of fusion, which has been cooled to
rigid condition without crystallization’. According to this definition, a glass is a non-
crystalline solid material obtained by a melt-quenching process. Glass is also defined as an
amorphous/non-crystalline solid completely lacking in long-range periodicity and exhibit
glass transition behaviour [9,10]. The terms amorphous and non-crystalline are synonymous.
The glass transition is a phenomenon in which a solid amorphous phase shows an abrupt
change in the derivative thermodynamic properties from solid like to liquid like values with
change of temperature [9]. Nowadays, non-crystalline materials that can’t be distinguished
from melt-quenched glasses of the same composition are obtainable by using various other
techniques such as chemical vapor deposition, sol-gel process, etc. Therefore, most glass

scientists regard the term ‘glass’ as covering ‘all non-crystalline solids that show a glass
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transition’ regardless of the preparation method. Glass is also defined as a configurationally
frozen liquid which exhibits glass transition behaviour [10].

From a thermodynamic point of view, the ‘glassy’ state is a meta-stable state and
unlike crystalline state it is not unique. The ‘glassy’ state depends upon the thermal history of
the melt and represents a local minimum in the free energy. Given adequate time, the system
will relax to a more stable state, of lower free energy, provided the energy barrier separating
these states can be crossed [11]. For practical purpose however, the time taken for relaxation

of most everyday glasses is so long that the question of metastability is purely academic.

1.3 Glass Transition Phenomenon

The glass transition is an essential attribute of any glassy material. The glass transition
phenomenon is quite complex and many theories have been suggested based on various
parameters/properties, which characterize the glasses. These theories have been successful
only to a limited extent as the glass transition is a function of many parameters like heat
capacity, thermal conductivity, melting temperature, cooling rate etc. Significant variation in
the value of glass transition temperature (T,) has also been observed depending on the
method used for its measurement. This is because when a melt is quenched to form a glass,
the different degrees of freedom get arrested and during heating these degrees of freedom
start getting relaxed. These different degrees of freedom, corresponding to different
properties, which are used to evaluate Ty, relax at different rates and result in different values
of T, being measured. When a liquid is cooled either crystallization may take place at the
freezing point (or melting point ‘T,,’), or else the liquid will become 'supercooled’ for

temperatures below Tp. This ‘supercooled’ liquid becomes more viscous with decreasing
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temperature, and ultimately attains the viscosity (n = 10" dPa s) characteristic of a solid [9].
Although glass has atomic arrangement akin to liquid state, in terms of all other properties
such as rigidity etc., glass is unequivocally a solid. This phenomenon can be understood
readily by monitoring the changes in enthalpy/volume as a function of temperature (Figure
1.1). The crystallization process is manifested by an abrupt change in extensive
thermodynamic variables like enthalpy ‘H’ or volume ‘V’ at Ty,, whereas glass formation is
characterized by a gradual change in slope. The temperature range over which the change of
slope occurs is called the 'glass-transformation range' [9,10]. As the transition of liquid to the
glassy state is continuous, the T, cannot be uniquely defined. However, for convenience the
T, is expressed as 'fictive' temperature “T¢’, the temperature obtained by intersection of the
extrapolated liquid and glass curves (Figure 1.1). It depends on the rate of cooling of the
supercooled liquid. The slower the rate of cooling, the larger is the region in which the liquid
may retain supercooled state, implying lower T; or T, as shown in Figure 1.1. Thus, the ‘T,’
of a glass is not an intrinsic property but depends on its thermal history [10]. Dependence of

T, on the cooling rate ¢ is given as:

o)

g =¢qoe °\'9 ™ (1.1)
where ¢ and ¢, are constants [10]. The experimentally measured value of T, is not unique.
The value of T, depends on the time scale of the experiment used to observe it.

The relaxation process is another very important aspect of glass transition. The
configurational changes, which are responsible for the relaxation process, become
increasingly slow as the temperature decreases. At T, the material shows a solid like
behaviour for observation time ‘t,” which is smaller than the structural relaxation time ‘t,’.

For t. < to, the material behaves like a liquid. A transition is said have taken place when the
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parameters corresponding to liquid like behaviour differ significantly from solid like ones, as
in the case for heat capacity. In other words, T, should occur when ty is equal or comparable

to t.
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Figure 1.1: Variation in enthalpy or volume of a glass forming melt with the temperature
[10].

The glass transition can also be expressed as a phenomenon in which a solid glassy
phase shows abrupt change in the derivative thermodynamic properties such as heat capacity,
thermal expansion coefficient (TEC) etc [10] at the transition temperature. The order of a
phase transition in Ehrenfest scheme is defined as the order of the lowest derivative of Gibbs
free energy (G), which shows a discontinuity at the transition point [10]. In liquid to crystal
transition at freezing (or melting) temperature ‘T’ the volume ‘V’ and enthalpy ‘H’, which
are the first derivative Gibbs free energy, are discontinuous. Hence, liquid to crystal transition
is a first order transition. However, in liquid to glass transition, the thermodynamic variables
such as volume, enthalpy and entropy are continuous and the quantities such as thermal
expansion ‘oq’ compressibility ‘K7’ and heat capacity ‘Cp’, which are the second order
derivative of Gibbs free energy, are discontinuous. Hence, the glass transition is a
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manifestation of a second order phase transition [10]. However, this simple model is unable
to explain the change in T, values, depending on the thermal history of the glass samples.
Therefore, the glass transition is not a simple second-order phase transition. However,
without involving a second-order thermodynamic transition, Prigogine and Defay [12]

showed that the ratio R defined as follows:

_ AKrACy
~ TV(Aar)?

(1.2)
is equal to unity if a single ordering parameter determines the position of equilibrium in a
relaxing system, but if more than one ordering parameter is responsible, then R > 1; the latter
case seems to describe most glasses. Nevertheless, there is a thermodynamic aspect in
addition to the relaxation character of the transition evinced by Kauzmann's paradox [13].
Although the glass transition appears superficially to be a second-order thermodynamic phase
transition, it is not ideally second order.

Tendency of a material to form a glass has been described by Hruby [14] by defining a

parameter ‘K,’, which involves the T, Ty, and the crystallization temperature (T.) as follows:

T, — T,
K, =——2
TM_TC

(1.3)

If (Tc-Tg) is large and (Ty-T¢) is small, the inhibition to the process of nucleation and
crystallization is strong and consequently the glass-forming tendency of the system is high.
T, is also defined in terms of the experimental time scale as that temperature at which the
liquid attains viscosity of a solid (~10"® dPa.s). In this kinetic approach, glass can be
considered as a ‘frozen in liquid’. It is well known that the viscosity, or equivalently the
relaxation time of glasses increase very rapidly on cooling the liquid to the vicinity of the

glass transition. The point at which the viscosity, or relaxation time, are so large that
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equilibrium no longer exists between the thermal state of the glass-forming system and the
surrounding heat bath, is the thermodynamic T,. This commonly occurs at about two thirds of
the melting temperature in silica based glasses. There are two typical phenomenological
behaviors of the viscosity as a function of the temperature. The first one is the Arrhenius
relaxation law as given in Eq. (1.4), according to which viscosity (as well as relaxation time)

grows exponentially at low temperature [15].

1 = noexp (g) (1.4)

Here, 7y is a constant while A is the activation energy for viscous flow. The second one is the

Vogel-Fulcher-Tammann equation, which is expressed as [16]

B
1 = Noexp (T — T0> (1.5)

where 1o, B and Ty are constants. This equation describes the viscosity n(T) of glass at any
temperature T more successfully and diverges even faster than Arrhenius equation. Glasses
have been distinguished in two categories; strong and fragile, according to the temperature
dependence of viscosity around the glass transition. The distinction is based on the flow
behaviour of glasses in the molten state. The glasses for which viscosity obeys Arrhenius
behaviour are designated as strong glasses, whereas; glasses whose viscosity follows the
Vogel-Fulcher-Tammann law, come in the category of fragile glasses.

Glass transition phenomenon has also been explained by invoking the free volume
theory [17]. In this model a glass is assumed to consist of hard spheres. The total volume of
the glass is divided into two parts namely the one occupied by molecule or spheres, V. and
another part, Vg, in which molecules are free to move. For a glassy material free volume is

independent of temperature and gets frozen at certain locations when glass is formed. For
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liquids, with decrease in the temperature both free and occupied volumes decrease and there
occurs a redistribution of free volume. According to free volume theory, the glass transition
occurs when the free volume of a liquid is decreased below a critical value. The fractional

free volume is given by the expression,

Vo =J9 1 xa (1.6
1=y T e ar .6)

where Vi, is the free volume of the glass and Vy is the volume of glass and Ay = ar, — ar,,
where ar, and Qr, represent volume thermal expansion of liquid and glass respectively. It

has been demonstrated that for several glasses, 10% of the total volume is free at T, [15].
Free volume theory has been modified for wider applicability by incorporating percolation
theory [18,19], which accounts for the exchange of free volumes between the nearest
neighbour liquid like cells without any simultaneous change in the volumes of any solid like
cells. In conclusion it may be mentioned that no single theory can explain all aspects of glass
transition phenomenon completely. However, these theories are qualitatively successful in
explaining glass transition phenomenon for a variety of systems. Any complete theory
describing the formation of a glass from the liquid state must therefore combine both
relaxation and thermodynamic aspects in a natural way; the recent developments of free-

volume theory using percolation arguments perhaps point the way to this goal.

1.4 Structural Aspects of Glasses
Good understanding of the structural arrangements of atoms in any material is a key factor to
a detailed understanding of its physical and chemical properties. The structure of crystalline

materials is well established and is classified according to structure of the unit cell. However,
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the lack of symmetry and periodicity in amorphous materials make such approach
inapplicable for them. Even though there is lack of long range periodic order, these materials
often possess considerable structural order over length scale of many A [20]. Therefore, a
length scale may be arbitrarily defined, which separates microscopic structure from
macroscopic structure in amorphous solids [21]. Understanding of the structure of amorphous
solids has advanced with the development of experimental techniques like nuclear magnetic
resonance (NMR), extended X-ray absorption fine structure (EXAFS) spectroscopies and
small angle X-ray/neutron scattering (SAXS/SANS) [22]. Diffraction methods (X-ray,
neutron or electron) can be used to get information about the first and second co-ordination
spheres around an atom and the interconnection of the regions of short-range order [23].
Raman and infrared (IR) vibrational spectroscopies are also extremely valuable for structural
exploration in heteronuclear glass forming systems [23].

Glass formation does not depend on the type of bonding. Besides the large class of
inorganic glasses with mixed covalent ionic bonds there exist metallic glasses and organic
glasses with van der waals bonds. Therefore, determination of structure for every class of
glass is a wide scientific field with a number of different theories and experimental methods
to confirm them. The most important structural model for oxide glasses was proposed by
Zachariasen [24] in 1932 based on continuous random network hypothesis. Continuous
Random Network (CRN) model was based on the existence of the polyhedra that are linked
together to form an overall random network. He suggested that the crystalline and the glassy
form of an oxide should have the same type of oxygen polyhedra joined in a similar way
except that in the glassy phase there is range of bond angles and bond lengths. Further, the
network should be sufficiently flexible to incorporate the disorder, which is characteristic of

the glassy phase, and the internal energy of both the crystalline and glassy phase should be
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comparable. The X-ray diffraction (XRD) studies carried out by Warren [25] supported this
theory. The difference in structure of crystalline and glassy forms of a hypothetical two-

dimensional oxide, say, A,O; is shown in Figures 1.2(a) and 1.2(b).

% g6 kPR pd o
I°% ° 37 oh

Figure 1.2: Atomic structural representation of a A,O; crystal (a) and a A,O; glass (b) (Filled
circles are A = cations and open circles are O = oxygen).

Thus, both the crystalline and the glassy forms are composed of AQO; triangles joined
to each other at corners, except that the glassy form has disorder introduced by changes in the
A-O-A bond angles and A—O bond length. The triangles or O—A-O angles themselves need
not be deformed much. According to the Zachariasen’s CRN theory, the following criteria are
valid for glass formation in simple compounds like SiO,, B,03, P,0s, GeO,, As,Ss3, As,Ses,
BeF,, ZnCl; etc:

1. An oxide or compound tends to form a glass if it easily forms polyhedral groups as the
smallest building units.

2. The cation polyhedra share only corners not edges or faces.

3. Anions (like 0%, S*, Se*, F"", CI",...) should not bind more than two central atoms (in
simple glasses anions form bridges between two adjacent polyhedral).

4. The number of vertices of polyhedron should be less than six.

10
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5. At least three vertices of a polyhedron must be shared with neighbouring polyhedral in
order to form a three-dimensional (3D) network.

Zachariasen classified the cations in a glass as follows:

1. Network-formers (NWF) e.g. Si, B, P etc. with the coordination number 3 or 4.

2. Network-modifiers (NWM) e.g. Li, Na, Sr, Ba etc. with coordination numbers generally
greater or equal to 6.

3. Intermediates that may either reinforce the network by cross-linking (coordination
number 3 or 4) or weaken the network by depolymerization (coordination number 6-8).
Moreover the intermediate cations solely cannot form the single component glass.

NWM oxides (e.g. Na,O) depolymerize the perfectly connected continuous random network

of glass formers (e.g. Si0;). The action of the modifier is to break up the continuous silica

network by introducing "dangling or non-bridging oxygens (NBOs)". This process is shown
in Figure 1.3 and is not limited to silica glass only, but can occur in other inorganic systems

as well.

Figure 1.3: Two-dimensional schematic diagram of the silicate glass structure in the presence
of modifier ions such as Na* and the formation of non-bridging oxygens.

The original CRN model of glass structure [24] can also be extended to describe the structure

of strongly ionic or covalent non-oxide glasses such as halides and chalcogencides,
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respectively. A modified random network (MRN) model was given by Greaves to describe
the structure of modified oxide glasses [26]. At the other extreme, the structure of organic
glasses where molecular units are held by van der Waals forces requires a random-packing
type of description, similar to the structure proposed for metallic glasses [27,28]. The lack of
experimental information about the structure of glass and the difficulties in describing the
polymerized structure in the long range extent can be partially solved by the concept of atom-

specific structure elements (ASEs) developed by Sprenger [22,29].

1.5 Types of Glasses

Glasses have been broadly classified into two different ways. First one is based on the actual
components present in them and second one, based on their end use. Glasses based on
silicate, phosphate, borate, borosilicate etc, networks belong to the first category; whereas
optical glasses, sealing glasses, laser glasses etc, correspond to the second category. Other
types of glasses include metallic glasses, halide glasses, organic glasses, mixed anion glasses,
ionic glasses and chalcogenide glasses. Brief description regarding the different structural

aspects and properties of some of the glasses is presented in the following section.

1.5.1 Oxide glasses

Oxide glasses are historically the oldest and industrially the most exploited. Human uses of
these range from the ancient and the mundane (containers, windows) to the leading edge of
new technologies of data processing and transmission (lasers, optical fiber, semiconductor
devices) and the long-term nuclear waste storage. Most of the present day industrial glasses

are silicate or alumino-borosilicate glasses containing a variety of monovalent and divalent
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oxides [30]. Oxide glasses not containing silica are generally of limited volume in terms of

consumption and used only in specialty applications.

1.5.1.1 Silicate glasses

Pure silica (SiO,) glass is compositionally simplest and technologically one of the most
important glasses. Pure silica glass is prepared by heating sand in a refractory metal or
graphite crucible at around 2000°C. However, high purity silica glasses for optical
applications have been prepared either from the hydrolysis or oxidation of SiCly in flame.
Silica is structurally an archetypal example of a CRN model made of corner-sharing SiOy4
tetrahedra. XRD studies of vitreous silica, carried out by various authors [31,32], revealed
that each silicon is surrounded by four nearly equidistant oxygen atoms at an average distance
of 1.60820.004 A. The 0-O bond distance is 2.626 A with a mean bond angle of 109.710.6°.
The Si-O-Si angle distribution in silica glass was obtained by *’Si magic angle spinning
(MAS) NMR studies [31] and this agrees quite well with the results obtained from XRD.
Introduction of NWM oxides to silica results in the breakage of extended Si-O-Si network,
creating non-bridging oxygen atoms. Thermo-physical properties like micro-hardness (MH),
T, etc, decrease with increase in non-bridging oxygen atoms as the more rigid and covalent
Si-O-Si bonds are converted to less rigid Si-O-M" linkages (M is NWM metal ion). The
different silicon structural units present in modified silicate glasses have been designated as
Q" units, where n represents the number of bridging oxygen atoms attached to silicon as
shown in Figure 1.4. 2Si MAS-NMR studies of Na,0-SiO, glasses [33,34], revealed that
glasses containing 33.3 mol% Na,O exhibit only Q’ structural units of Si, with further

increase in Na;0, the progressive conversion of Q3 units to Q2 units of Si takes place and at
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50 mol% of Na,O mainly Q? structural units are present. Unlike alkali metal oxides, certain
other metal oxides like PbO, ZnO etc [35,36] have been found to behave both as network
former as well as network modifier depending on their concentration.

e ©
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Figure 1.4: Silicate tetrahedral units that can exist in silicate glasses.

1.5.1.2 Phosphate glasses

Glasses having P,Os as one of the major components are called phosphate glasses.
Electronically phosphate glasses often have larger band gaps than silicates and, therefore,
better ultraviolet (UV) transmission [37]. Phosphate glasses have comparatively low T,
making them easily processable and with high TEC well matched to those of metals, so are
prime materials for hermetic seals especially with low melting and high expansion metals like
Al Cu etc [38]. Al and Al alloys are important materials for space applications because of
lower weight and cost and desired mechanical properties. Certain phosphate glass
compositions (e.g. aluminium phosphate) have large rare-earth stimulated emission cross-
sections and low thermo optical coefficients (compared with silicate glasses) and are the
materials of choice, particularly for high power laser applications [39-41]. Phosphate glasses
also have low dispersion and relatively high refractive indices (compared with silicate-based
optical glasses) and are developed for achromatic optical elements. Phosphate melts have

high solubility factors for heavy cations and anions which lead to a range of fast ion
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conductors for solid state electrolytes. These glasses have high ionic conductivity as well as
thermal and electrochemical stability. Therefore they are extensively studied for solid-state
ionic devices [42]. In the recent years these glasses have particular interest due to the
biocompatibility.

Pure P,0O5 glasses are highly moisture sensitive as mentioned earlier and immediately
react with water and hence are of less practical importance. Anhydrous P,Os glasses are
prepared in sealed silica ampoules in dry boxes from crystalline P,Os/P4O;( which is purified
by vacuum distillation. Like silicate glasses, the phosphate glasses are constructed from
corner-sharing tetrahedra, with the important difference that these are three-fold rather than
four-fold coordinated. Schematic diagram representing different Q" structural units present in

phosphate glasses is shown in Figure 1.5.

Figure 1.5: Phosphate tetrahedral units that can exist in phosphate glasses.

Recent neutron diffraction studies of these glasses revealed that vitreous P,Os contains two
types of P-O bonds, i.e. P-TO (TO = terminal oxygen bond) or P-NBO (NBO bond) and P-
BO (BO = bridging oxygen bond). The former is slightly shorter than the latter. Infrared and
Raman spectroscopic studies carried out on vitreous P,0Os, also distinguish between bridging
and terminal oxygen atoms [43,44]. Similar to binary silicate glasses, addition of modifying

oxides to vitreous P,Os results in the conversion of BO to NBO. Interpretation of structural
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aspects and physico-chemical properties of alkali phosphate glasses have to be made only
after accounting for moisture contents in these glasses. Initially development and
technological applications of phosphate glasses was limited by their poor chemical durability
but eventually problem of durability solved by the inclusion of suitable intermediates like
Al O3, Iny03, FeyO3 etc, [45-48]. Chemical durability of low melting iron phosphate glasses
has lead to their development as nuclear waste hosts [48]. The moisture sensitiveness of
phosphate glasses arises because of TO/NBO atoms present in it. These NBO atoms can be
made to have strong covalent linkages with other metal ions like Al**, Sb>*, Bi’* etc, thereby

reducing the hygroscopic nature of these samples.

1.5.1.3 Borate glasses

Pure Borate glasses are difficult to prepare under normal conditions without any moisture
content. Water free Borate glasses are prepared by Poch [49] by melting orthoboric acid for
several hours at a pressure of 1 mm of Hg.

Various structural studies carried out on pure borate glasses revealed that the structure
of the glass agree well with the model proposed by Krogh-Moe [50]. According to this model
B,0Os glasses mainly contain boroxol rings. The classic work of Krogh-Moe indicated the
possible presence of 5 different types of borate species in the glass structure (Figure 1.6).
Glass formation of B,O3 with various metal oxides has been extensively studied by various
authors [51,52] and they have pointed out that some anomalous behaviour exists for these
glasses. For example, in Na,O-B,0; system two separate regions of glass formation exists in
the range of composition 28.5 to 33.5 mol% of B,O3; and 62 to 100 mol% of B,Os. The glass
formation gap can however be removed by adding Al,Os [53]. Structural aspects of binary

borate glasses have been mainly investigated by ''B, "B NQR (Nuclear Quadrupole
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Resonance) and NMR techniques. Addition of Na,O to B,03 glass, up to 33 mol%, results in
progressive conversion of trigonal boron structural units (BO3) to tetrahedral boron structural
units (BO,4). Above 33 mol% of Na,O, relative concentration of BO, structural units started

decreasing [54].
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Figure 1.6: Possible borate species in the borate glass structure [54].

Borate glasses generally melt at lower temperatures and are frequently used as solder
glasses. Primary requirement of solder glass is that, it needs to be a fluid at a temperature,
which is well below the deformation temperature of the glass to be sealed. Borate glasses
containing high concentration of rare earth oxides are used to manufacture lens systems with

high numerical aperture and low spherical aberrations.
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1.5.2 Halide glasses

Glasses having major anions form elements of the group VII-A (particularly F" and/or CI') are
called halide glasses. BeF, and ZnCl, are the known examples of halide glasses [55-57].
These are obtained by simply quenching halides from their molten state. Structures of simple
BeF; and ZnCl, glass characterized by 3D CRN model of corner-shared BeF, and ZnCly
tetrahedra, respectively, and bridging halogens [58,59]. BeF, glasses doped with lanthanide
ions like Nd** has got potential application as high-power laser materials because BeF, has
very low linear and non-linear refractive indices. ZnCl, and BeF, are hygroscopic, which
limits there utility. ZnCl, glasses with PbCl,, CdCl, and CdBr, have been found to be more
resistant to water attack [60]. Chloride bridges are much weaker than the fluoride bridges and
the glasses are inherently unstable towards devitrification. Its tendency towards
devitrification, however, improves by the addition of other halides like KBr and PbBr,. The
metal-fluorine (M-F) bond is unstable towards oxidation as M-O bond is inherently stronger.
Fluoride glasses are technologically important (laser window, optical waveguide, optical
fibers etc.) due to optical transparency over a wide range of wavelengths from near-UV to
mid-IR. Multi-component heavy metal fluoride glasses have been developed with such
applications in view, although the devitrification tendencies of such glasses are still a

limitation and the bowl size that can be realized limits the fiber length that can be drawn.

1.5.3 Chalcogenide glasses

Glasses formed by compounds containing elements of Group VI-B of the periodic table, viz,
S, Se, Te are known as chalcogenide glasses. Methods like vapour-quenching technique

produces amorphous materials in the form of thin films over a wide composition range
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whereas the melt-quench techniques have been used to make glasses in the bulk form over a
limited composition range [52]. The band gap of chalcogenide glasses is of the order of 1-3
eV and hence these materials show semiconducting behaviour. These glasses are potential
candidates for various technological applications, which include IR transmission, switching
devices for computer memories etc. Crystalline and amorphous chalcogenide materials are
extensively used as optical components in IR transmission. Compared to oxide materials, the
chalcogenide materials have higher cut off wavelength in the IR region. The higher optical
wavelength of these materials ensures lower value of Rayleigh scattering cross section and
this property of chalcogenide glasses makes them as potential candidates for low loss optical
waveguides. Chalcogenide glasses have relatively higher value of non-linear refractive index
compared to oxide glasses and this property is used for making non-linear optical devices
from such materials. In addition to these applications, chalcogenide glasses are also used for

Xerography, lithography, solid-state threshold and memory switches etc [61].

1.5.4 Metallic glasses

Solid alloys with liquid like atomic structure are called metallic glasses. Discovery of
metallic glasses was a byproduct of the development of rapid quenching (RQ) methods [62].
RQ method is employed to improve properties of alloys particularly by increasing solute
concentrations in alloys. In general, metallic melts have a very high tendency to crystallize
and therefore, very high rates of quenching (10° Ks™) are required to form the metallic
glasses like AuSi glass.

More recently more complex alloys of 4 to 6 different elements have been produced at

much lower cooling rates (1 Ks™) [63]. These low cooling rates offer the production of bulk
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metallic glasses (BMGs) [64,65]. These BMGs have more elevated elastic limit and corrosion
resistant than crystalline metals. BMGs were found to have a new type of glassy structure
with a high degree of dense randomly packed atomic configurations with much smaller
excess volume and higher packing density than in oxide glasses. Inoue classified the BMGs
into three types: metal-metal type, metal-metalloid type and Pd-metalloid type alloys.

Since metallic glasses are generally quenched at very high rates, they are
characterized by high fictive temperatures. Therefore, annealing leads to significant increase
in densities and improved properties. Several metallic glasses exhibit a tendency towards
crystallization even during annealing, perhaps due to facile heterogeneous and surface
nucleation. Glassy metals have been of importance particularly because of their special
magnetic properties with low hysteresis and high values of magnetization. They are valuable

in making transformer laminations [66].

1.5.5 Organic glasses

Organic glasses consist of carbon-carbon chains which are so entangled that rapid cooling of
the melt prevents rearrangement into crystalline state. The simplest glass known as
polyethylene is formed from long chains made of -CH,- moieties. These are used to produce
optical lenses, polyvinyl chloride (PVC) bottles and to protect glass articles [67]. Their
structures closely resemble those of vitreous sulfur and selenium, which also consist of
entangled chains. The chains in organic glasses can also be cross-linked, just as they are in
chalcogenide glasses, with consequent changes in their properties. Increasing the degree of
cross-linking, increases the viscosity of the melt and the T,. In general, the properties of

organic glasses closely parallel those of the inorganic glasses with chain-based structures,
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including the ability to produce materials with oriented properties by application of stress
during forming. Small regions of oriented chains often exist in organic glasses, so that many

of these materials actually resemble to less crystalline glass-ceramics.

1.6 Preparation of Glasses/Amorphous Solids

To obtain a glass or an amorphous solid, it is necessary either to retain at ambient
temperature the disordered state of a liquid or gas, or alternatively, to destroy the periodic
structure of crystal. Therefore, glasses or amorphous solid can be prepared by various

physical and chemical methods as shown in the schematic diagram below (Figure 1.7).
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Figure 1.7: Various methods of preparation of amorphous solids.

1.6.1 Melt quenching

The oldest established and popular method of preparing an amorphous solid is to cool the

molten form of a material sufficiently fast to preclude nucleation and crystal growth [68].
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Amorphous materials produced in this manner have often in the past been termed 'glasses'.
Nowadays, glasses are defined as those materials which exhibit glass-transition phenomena
and hence are not necessarily formed only by melt quenching, although the great majority of
melt-quenched amorphous solids do indeed show glass-transition behaviour. The distinguish
feature of the melt-quench process is that the amorphous solid is formed by the continuous
hardening (i.e. increase in viscosity) of the melt. In contrast, crystallization of the melt occurs
as a discontinuous solidification. Rates of cooling, required for glassy phase formation are
different for different materials. For example, certain easy glass formers such as SiO,, P,0s,
B,0O; etc, will form glassy phase even under conditions of slow cooling (1K/s) whereas to get
metallic glasses cooling rates of the order of 10%-10° K/s are required. This process include
melting of material in suitable crucibles/pots made of alloy (Pt-Rh, alumina etc) followed by
pouring of the melt. Effective cooling can be achieved by quenching the melt immediately
after removing from the furnace and placing it in between conducting materials like copper or
brass plates or pouring in graphite moulds. Glass in frit form is often obtained by quenching
the melt directly in water or chilled water. A batch prepared by mixing predetermined
amounts of pulverized raw materials to attain the desired property, is placed, in a tank furnace
made of firebrick or into a crucible made of clay, platinum etc, to be fused into a liquid at
high temperature. Generally the molten glass is kept at the temperature which corresponds to
a viscosity of 10-10% dPa.s, i.e. 1400-1500°C for most commercial glasses for more than 10 h
in order to remove tiny bubbles and to enhance the homogenization of the melt through
convection and the inter-diffusion of the constituent atoms. The formation of a melt into a
desired shape is carried out at a temperature corresponding to the viscosity of 10*-10* dPa.s,

i.e. 900-1100°C for most commercial glasses, by applying various forming methods such as
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casting into a mold, blowing, up-drawing, down-drawing, pressing, rolling out, floating, and
various their combinations. In this way the high flexibility in the geometry of products, which
is the most distinctive feature of the melt quenching technique, is possible.

Most of the formed glasses are usually annealed in a temperature range near the T, to
remove any thermal stresses which are developed during the forming and subsequent cooling
due to the low thermal conductivity of a glass. Most of the oxide glasses based on
conventional network formers like SiO,, P,Os, B,0s etc, can be prepared by this method.
However, the preparation of metallic glasses requires special techniques like melt spinning,
melt extraction etc. The advantage of the melt-quenching technique over other methods is the
large flexibility of composition. The melt-quenching technique has limitation for the

preparation of ultra-high pure glasses.

1.6.2 Vapor quenching

Vapor condensation techniques are used to prepare glasses that cannot be prepared by the
melt quenching technique and generally used for the preparation of amorphous films. These
techniques yield the highest apparent cooling rates and construct the “glass” one atom at a
time from the vapor phase. It relies on the fact that atoms, once vaporized and propelled on a
cold substrate, do not have time to reach a crystallographic order. Thermal evaporation,
electron beam, Ion bombardment, plasma induced decomposition are used for this purpose.
Depending on the method to vaporize the material to be amorphized, vapor quenching is
termed as thermal evaporation [69], sputtering, glow discharge (GD), chemical vapour

deposition (CVD).
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Thermal evaporation is one of the most widely used methods for producing
amorphous thin films. In this method the powdered material to be amorphized is placed
inside an evacuated chamber, (IXIO_6 mbar), having a substrate material kept at a lower
temperature and is heated either resistively (for low melting materials) or using electron beam
(for high melting materials). Due to the lower temperature of the substrate, the mobility of the
atoms that are reaching the surface of the substrate is significantly reduced and are randomly
frozen resulting in the formation of amorphous thin film. Thin films of amorphous
semiconductors like Si, Ge, GaAs, chalcogenides etc, are prepared by this method. The
principal advantage of this method is that the composition and physical characteristics of the
resulting films can be varied by changing various parameters like substrate temperature,
substrate and source separation and orientation of base gas pressure in the chamber etc. The
main disadvantage of this method is the compositional inhomogeneity in the film. Also in
many cases, the composition of the material in the vapour phase is different from that of the
source, for example, when the starting material is stoichiometric As,S3, the vapour phase is
found to contain AssS4 molecules.

Sputtering method involves the bombardment of a target by energetic ions obtained
from low-pressure plasma resulting in the removal of atoms or clusters of atom from the
target material followed subsequently by their deposition as a thin film on the substrate.
Sputtering method is more flexible compared to the thermal evaporation method and
reasonably homogeneous and uniformly thick and stoichiometric deposits can be produced by
this method. The main disadvantage of the method is that it requires close control of many

parameters namely, the sputtering gas and its pressure, ratio of partial pressure of reactive gas
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to inert gas, radio frequency (RF) power applied to target, bias voltage of target or substrate
etc.

Glow discharge (GD) method is similar to sputtering process, but instead of ions from
the plasma ejecting the material from the target, chemical reaction is initiated in the gas phase
by creating an RF glow discharge of the reactant gas, leading to the deposition of the solid
form on a substrate placed inside a chamber. It is difficult to control parameters precisely in
this method as compared to the former two methods.

Chemical vapour deposition (CVD) method, in principle, is similar to glow discharge
method but the decomposition of the reactant gas is achieved by thermal energy
(pyrolytically), for which temperatures of the order of 1000 K, are commonly used.
Amorphous hydrogenated Si (a-Si: H) as well as B and P doped samples of amorphous Si

etc., have been prepared by this technique.

1.6.3 Solid state method to amorphize crystalline material

Bombardment of crystalline materials with higher energy radiation of neutrons, charged
particles etc, results in, transfer of kinetic energy from the particles to the interacting atoms,
which produces temperatures of the order of thousands of degree centigrade for a short
duration of 10°-107"" s over a region of the order of ~10" atoms. This produces local melting
followed by an ultrafast quenching. It has been demonstrated that quartz and cristobalite can
be progressively amorphized by irradiation and their properties tend towards that of vitreous
SiO, [70]. Also exposure of various ceramic materials to neutron beam (~3x1020 n/cmz)
renders this material amorphous. The main advantage of this technique is the introduction of

radioactivity in the sample. In addition to this, many other methods have been reported to

25



Chapter 1 General Introduction

produce amorphous materials which are specific for certain systems, such as high pressure
shock waves, slow mechanical grinding, explosive compaction etc. It has also been observed

that some intermetallic compounds can be made amorphous by hydrogen absorption [71-73].

1.6.4 Electrochemical method

Amorphous oxide layers of a metal can be grown on the surface of metal by using it as an
anode in an electrolytic cell having a variety of aqueous electrolytes. When DC voltage is
applied between the electrodes, the cations migrate towards the cathode and the anions,
which include the O, migrate towards the anode. At the anode, under sufficient over voltage,
O” reacts with the metal producing the glassy layer of the oxide having thickness up to
several thousands of angstroms. It has been demonstrated that glassy films of oxides of Al,

Zr, Nb, Ta etc, can be easily prepared by this method [74].

1.6.5 Solution method: Sol-gel

Gel is an elastic solid matter produced abruptly from a viscous liquid by a process involving
continuous polymerization. Gel, which is amorphous and homogeneous, is heated to remove
volatile components and produce an initial densification, followed by a final process of
sintering at appropriate temperatures to produce amorphous solid. For example amorphous
Si0; can be prepared from alkoxy silanes, like Si(OCH3)4 or Si(OC;Hs),. These alkoxides
undergo polycondensation and hydrolysis, which on heating leads to progressive formation of
metal oxides. The reaction can be schematically represented as:

M (OR), + nH,O — M (OH), + nR(OH) (1.7)
pM (OH), — pMO,, + pn/2 H,O (1.8)
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M can be elements like Si, Al, Ti, Zr etc. The resulting metal oxide produced is in the form of
extremely small particles (~ 2 nm).

Advantage of sol-gel technique is that many refractory materials can be prepared
homogeneously at a relatively lower temperature, especially below the melting point. Also
the purity of the materials can be improved as the starting materials can be purified to the
desired extent by various techniques [75]. Even though the process appears to be simple, the
reactions are very sensitive to the external conditions like temperature, concentration of
water, reaction time etc. The reaction conditions should be carefully controlled so that
undesirable products having formula (SiO)x (OH), (OR), etc are avoided. Also it is difficult
to get always the proper organic metallic precursors for more exotic cations. The processes of
drying and sintering the gel are more complicated and the time consumed is relatively more
than that for the other techniques.

Despite the wide diversity of techniques that can produce the amorphous/glassy state,
melt quenching remains the most popular glass making technique. It is very important at the
outset of a study of the amorphous state to notice that although many materials can be
prepared in an amorphous form by more than one technique, the different forms need not, and
often do not, have the same properties. As there is no unique structure for an amorphous solid
(an infinite number of possible structures being in principle possible), and hence there is no
reason that different preparative techniques produce materials with the same or similar
structure. In addition, the various techniques differ in the degree to which their products
depart from equilibrium, mainly as a result of the rate of (effective) cooling; vapour deposited
material is therefore expected to be less near an equilibrium state than melt quenched

material. This difference can be seen at two levels: macroscopic structural inhomogeneities
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(e.g. voids, density fluctuations) are more prevalent in vapour deposited material as compared
to microscopic structural defects, such as broken bonds and vacancies. These can have
dramatic effects on various properties, particularly electronic. A further important point to
note about the preparation of amorphous solids is that, owing to non-reproducibility of the
glass samples, even for the same preparative technique, there may be differences in the nature
of the material produced unless great care and attention is paid to control the various

experimental parameters.

1.7 Glass-Ceramics

Glass-ceramics are ceramic materials formed through the controlled crystallization of glass.
In glass-ceramics, the crystalline phases are entirely produced by crystal growth from the
homogeneous glass phase and this distinguishes these materials from traditional ceramics. As
the name clearly indicates, glass-ceramics have combination of both glassy and crystalline
phase. Processing of glass-ceramics is generally a simple regulated thermal process, where
new exceptional characteristics are achieved by precipitating desired crystal phases in the
base glass. In case of glass-ceramics, the nature and concentration of crystal phases can be
varied and it is possible to tailor the properties of glass-ceramics to suits the end use in mind
[76].

In general, glass-ceramics show favourable chemical, thermal, dielectric and
biological properties superior to metals and various polymers [77]. These properties are listed
in Table 1.1. Further, glass-ceramics are superior to normal glasses and conventional
ceramics as well, especially with regard to tunable thermo-physical properties and

microstructure.
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Table 1.1: Favourable Properties of glass-ceramics.

Particularly Favourable Properties of Glass-Ceramics

Processing properties
Rolling, casting, pressing, spin casting, press-and-blow method, drawing are possible
Limited and controllable shrinkage

No porosity in monolithic glass-ceramics

Thermal properties
Expansion can be controlled as desired, depending on the temperature, with zero or even
negative expansion being coefficients of thermal expansion possible

High temperature stability

Optical properties
Translucency or opacity
Photo-induction is possible
Pigmentation

Opalescence, fluorescence

Chemical properties

Restorability or high chemical durability

Biological properties
Biocompatibility

Bioactivity

Mechanical properties
Machinability
High strength and toughness

Electrical and Magnetic properties
Isolation capabilities (low dielectric constant and loss, high resistivity and breakdown
voltage)

Ion conductivity and superconductivity

Ferromagnetism
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The first step toward realizing a glass-ceramic is the formation of the parent glass. A
number of techniques for this such as melt quench, sol-gel, chemical vapor deposition etc,
which have been discussed previously, may be employed for glass formation. Subsequently,
the glass must be crystallized according to a carefully optimized heat treatment schedule.
This critical phase in the production of glass-ceramics is optimized using a combination of
differential thermal analysis (DTA)/differential scanning calorimetry (DSC) data and
experimental heat treatments.

Glasses are melted, fabricated to shape, and thermally converted to a predominantly
crystalline ceramic. The basis of controlled internal crystallization lies in efficient nucleation
that allows the development of fine, randomly oriented grains generally without voids, micro-
cracks, or other type of porosity. Glass-ceramics offer the possibility of combining the special
properties of conventional sintered ceramics with the distinctive characteristics of glasses. It
is, however, possible to develop modern glass-ceramic materials with features unknown thus
far in either conventional ceramics or glasses or in other materials such as metals or organic
polymers. Furthermore, developing glass-ceramics demonstrate the advantage of combining
various remarkable properties in one material. Glass-ceramics demonstrating particularly
favourable properties were developed on the basis of variation in the chemical composition

and of the microstructure.

1.8 Crystallization of Glass

The suitability of a glass-ceramic to any particular application is decided by the nature and
morphology of the crystalline phases formed. Transformation of a glass to a crystalline solid

occurs by the formation of nuclei and their subsequent growth. Therefore, the processes of
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nucleation and crystallization in glasses are of particular importance. These two very critical
steps in the formation of a glass-ceramics are dependent upon the composition of the

base/parent glass, the nucleating agents added and the heat treatment schedule.

1.8.1 Nucleation

Nucleation is the process of the formation of stable nuclei (crystalline embryo of critical size)
that may sustain further growth. Classically, a nucleus is an entity that belongs to a different
phase but is in unstable equilibrium with respect to the supersaturated parent phase [78]. The
two main mechanisms of nucleation are homogeneous and heterogeneous nucleation. In the
process of homogeneous nucleation, a new phase develops in the absence of any foreign
boundaries due to local fluctuations in the density and kinetic energy of the melt.
Heterogeneous nucleation occurs at sites of low energy (heterogeneities) in the melt such as
container walls, insoluble inclusions, and free surfaces. For the preparation of glass-ceramics,
the most widely accepted mechanism is the heterogeneous nucleation, where nucleating

agents are incorporated in the glass to initiate the growth of required phase.

1.8.1.1 Homogeneous nucleation

Theory of homogeneous nucleation in liquid is explained by Volmer and Maurer [79,80] and
later on, the same has been reviewed by Jackson [81]. In the homogeneous nucleation there
exist two barriers to the formation of a nucleus. First, the thermodynamic barrier involves the
free energy change in a system when a nucleus is formed. The second, or kinetic, barrier is

the result of the requirement that mass be moved or rearranged in space to allow the growth
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of an ordered particle (a crystal) from a disordered liquid. The overall process is described by
the expression

I = Aexp[—(AG™ + AGp) /kT] (1.9)
where A is a constant, AG™ and AGp, are the thermodynamic and kinetic free energy barriers
to nucleation, respectively, k is the Boltzmann constant, and 7 is the absolute temperature
(K). In this case, AG™ is actually the work required to form a nucleus of critical size, i.e., one
which will grow instead of redissolve into the melt. The pre-exponential constant A in Eq.

(1.9) is given by

A = 2n,V'3(kT /) (y /kT)V/? (1.10)

where n,, is the number of formula units of the crystallizing component phase per unit
volume of the melt, V is the volume per formula unit, y the crystal-melt interfacial free
energy per unit area, and h is Planck’s constant. A is essentially constant over the
temperature range of nucleation measurement and, to a good approximation, can be expressed
by

A =n,(kT/h) (111)
Assuming spherical nuclei of radius r with a solid-liquid interfacial energy, y,;, between the
nucleus and the melt, the energy changes that accompany their formation are volume free

energy and surface free energy given as follows:

4

Volume free energy = — §T[T'3AG,,

Surface free energy = 4nr?yg
The net free-energy change (denoted by AG) resulting from the formation of a nucleus is
given by the sum of these terms as:
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4
AG = ~3 mr?AG, + 4nriyg (1.12)

The functional dependence of AG on r is given in Figure 1.8. Since the energy needed for the
creation of new surfaces has * dependence whereas the volume energy term scales with 1,
this function clearly goes through a maximum at a critical radius r., which implies that the
formation of small clusters with r < r,. locally increases the free energy of the system.
Differentiating Eq. (1.12), equating to zero, and solving for r, gives

e = 2Ya/AG, (1.13)
which yields the height of energy barrier AG.(Figure 1.8)

16mTyd
AG, = TG& (1.14)
Small clusters with r < r., are called embryos and are more likely to redissolve than grow.

Occasionally, however, an embryo becomes large enough (r = r.) and is then called a nucleus

with an equal probability of growing or decaying.

AG / Gs = 4nr’y
!lf/
+ /,
L AGce
0 T R
g [\\ r
L AG= -G+ Gy

i
\ Gy = -(@3)Ir*AG,

Figure 1.8: Free energy versus embryo radius for a given T < T,,.. Note that AG, goes through
a maximum at r = r..
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Kinetic barrier of nucleation, AGp can be explained in terms of an effective diffusion
coefficient, D, which is given

D = (kTA?/h)exp(—AGp/kT) (1.15)
Where A is the atomic jump distance, D is also related to the viscosity, 1, of the melt via the

Stokes-Einstein relation

D= kT
~ 3min

(1.16)
Using the relations given by Eq. (1.15) and (1.16), and substituting into our original
expression, Eq. (1.9), we obtain the expression

I = (Ah/3mA3n)exp(AG* /kT) (1.17)
If we further substitute the simplified expression for A, as given by Eq. (1.11), into Eq.

(1.17), we can also write this expression as

I = (n,kT/3nA3n)exp(AG*/kT) (1.18)

1.8.1.2 Heterogeneous nucleation

Technologically, the vast majority of nucleation occurs heterogeneously at defects such as
dislocations, interfaces, pores, grain boundaries, and especially free surfaces. These
heterogeneities, present preferred nucleation sites for three reasons. First, they are regions of
higher free energy, and that excess energy becomes available to the system upon nucleation.
Second, and more importantly, the heterogeneities tend to reduce 7y, which allows nucleation
to occur at relatively small supercoolings, where homogeneous nucleation is unlikely. Third,
the presence of pores or free surfaces will reduce any strain energy contribution that may
suppress the nucleation or growth process. According to James [82] the steady-state

heterogeneous rate of nucleation of a supercooled liquid on a flat substrate can be given by
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Inet = Anerexp[—(AGher + AGp)/kT] (1.19)
where the subscript ‘het’ refers to values for heterogeneous nucleation. Activation energy of
heterogeneous nucleation (AGy,..) is a function of the angle of contact (6) between the crystal
nucleus [83,84] and the substrate and can be expressed as

AGy = AG™f(0) (1.20)
The term f(0) is given by

(2 4+ cos8)(1 — cos 0)?

f(6) = 2

(1.21)

for any contact angle (0) less than 180° as shown in Figure 1.9, the free energy barrier is less
for nucleus formation on the surface of the heterogeneity than for homogenous nucleation. As
a result, heterogeneous nucleation will occur wherever possible in preference to

homogeneous nucleation.

Figure 1.9: Model for heterogeneous nucleation.

(L: liquid phase, H: substrate/catalyst, S: nucleus, 0: contact angle )

1.8.2 Crystal growth

Once the nuclei are formed, they will tend to grow until they start to impinge upon each
other. The growth of the crystals depends on the nature of the growing interface which has

been related to the entropy of fusion. Surface tension is less important for growth because the
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surface energy barrier to form 7, is already overcome thus the rate of the crystal growth
depends on the rate of arrival of the atoms at the surface of the nucleus. The growth is normal
growth where all atoms arriving at the crystal-liquid interface form a part of the crystal. This
process is feasible when the interface is rough on an atomic scale. If the interface is smooth
on the atomic level then each layer has to be nucleated separately and this is called surface
nucleation growth. In the normal growth model the rate of the crystal growth (u) can be
derived as follows [85]:

Consider atoms jumping back and forth across the liquid/solid interface and v, is the atomic

jump frequency, then, energy needed to jump from liquid (1) to solid (s) can be given as,

AGy
Vi = Vexp (— F) (1.22)
where AGy is the activation energy for diffusion.
Similarly, energy needed to jump back from solid (s) to liquid (I) is expressed as,
_ (—AGd - AG 123
Vg = Vexp T ) (1.23)

where AG is the thermodynamic energy balance. This extra energy needed to jump back.
Then the net crystal growth rate ‘v’ defined as u = aq(v;s — vs) where, ag is interatomic

distance, can be expressed as

Uu = ayVv exp (— %) [1 — exp (— %)] (1.24)

Again, considering the Stokes—Einstein equation for diffusion growth rate can be expressed

as:

u= sz [1 — exp (—£>] (1.25)
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Temperature and time are the two important process variables for nucleation and subsequent
growth in the glass melt. The rate of nucleation and growth as a function of temperature and

time is shown in Figure 1.10.
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Figure 1.10: Effect of temperature on the rates of nucleation and crystal growth for a glass
forming melt.

1.8.3 Time-temperature-transformation (T'TT) diagram

In foregoing discussion, nucleation and crystal growth have been treated independently
however, in reality these two processes occur simultaneously during cooling of a melt.
Therefore, it is easier to find out the over-all transformation rate of nucleation and growth
than to measure the isolated rate of nucleation and crystallization process. According to

Johnson-Mehl-Avrami overall transformation can be expressed as,

Vx
a= = 1 —exp(kt)™ (1.26)
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Here « is the volume fraction of a melt that has crystallized under isothermal conditions; k is
the rate constant and ‘n’ is a constant whose value depends on nature of nucleation and
growth.

Under isothermal conditions Eq. (1.26) can be simplified to the form.
_1_ _ 3.4
a=1 exp( 3 Iut ) (1.27)

where t is the time the sample has been held at the experimental temperature, / and u are rate
of nucleation and crystal growth respectively.

Given the nucleation and growth rates at any given temperature, the fraction
crystallized can be calculated as a function of time from Eq. (1.27). Repeating the process for
other temperatures and joining the loci of points having the same volume fraction
transformed yield the familiar time temperature transformation (TTT) diagram, shown
schematically in Figure 1.11. From TTT diagram, an estimate of the critical cooling rate
(CCR) is given by [86]

T, —T
CCR~ -1

(1.28)

n

where T, is the temperature of the melt and 7, and ¢, are the temperature and time

corresponding to the nose of the TTT curve, respectively.

liquid

crystalline

v

Figure 1.11: A time-temperature-transformation curve for a glass forming melt.
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1.9 Scope of the Present Work

In the present work, detailed thermo-physical and structural studies were carried out on
phosphate and silicate glasses and glass-ceramics. Silicate glasses and glass-ceramics in the
strontium zinc silicate (SZS) and barium zinc silicate (BZS) systems, having potential
application as high temperature sealants for planar solid oxide fuel cells (p-SOFCs), have
been studied. Phosphate glasses belonging to sodium aluminium titano-phosphate (NATP)
system having application in low temperature glass-to-metal sealing and optoelectronic
devices are investigated. All the glasses were prepared by melt quench technique and silicate
based glasses were converted into glass-ceramics by controlled crystallization.

Detailed information about different types of structural units of P and Si, present in
these glasses, was obtained from Raman, Fourier transform Infrared (FTIR) and magic angle
spinning nuclear magnetic resonance (MAS-NMR) spectroscopy techniques. The thermo-
physical properties like TEC, density, micro-hardness (MH), optical gap have been measured
for some of the representative glasses and an attempt has been made to correlate these
properties with structural features of these glasses.

In NATP glasses effect of TiO, addition on various thermo-physical properties have
been studied. Initially T, density (p) and MH increased, and molar volume, TEC decreased
up to 10 mol% TiO; incorporation and beyond 10 mol%, a reverse trend in these properties
was observed. MAS-NMR, Raman and FTIR spectroscopic studies revealed that substitution
of P,Os with TiO; up to 10 mol% depolymerizes the phosphate glass network by a systematic
conversion of Q2 structural units into Ql. For addition of TiO, above 10 mol%, Q1 structural
units get converted into Q° structural units leading to a Ti-O-Ti/Al based network linked with

discrete PO, structural units. Observed variation in thermo-physical and optical properties of
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NATP glasses was found to be consistent with the structural changes in the NATP glass due
to TiO, incorporation. Studies also revealed a change in the role of TiO, and Al,O3; in NATP
glasses from network modifier to network former with a change in the composition as TiO,
substitutes the P,Os. In the long-term, NATP glasses were found to be more resistive for
moisture attack compared to NAP glasses, as they have P-O-Ti/Al linkages in place of P-O-P
linkages. This development of phosphate glass compositions with higher a chemical
durability is beneficial to use their unique properties in various fields of technology
especially in sealing and optoelectronic devices.

New glass-ceramics in the SZS system have been studied for high temperature sealant
application. Crystallization and microstructural studies revealed that in the SZS glass, the
phase separated into SiO, and ZnO rich regions by a spinodal decomposition mechanism
prior to the crystallization. Sr3Si309 and Sr,ZnSi,O; phases crystallized in these regions upon
further heat treatment, respectively. Based on the crystallization kinetics it is inferred that
diffusion controlled bulk crystallization with 2-3 dimensional growth occurs for the SZS
glass. Raman spectroscopy and XRD together confirm that during an early stage of
crystallization, Sr,ZnSi,0O; phase and later Sr3SizO9 phase formed in the SZS glass-ceramics.
Investigated SZS glasses/glass-ceramics have shown requisite thermo-physical properties like
TEC, glass softening (Tq4s), MH etc., for their use as high temperature sealants in the SOFC.
Upon further optimization of the composition of SZS glasses using various additives, it is
found that B,O3 and V,0s allow better bonding of glasses with SOFC components. In an
interesting result Raman spectroscopy revealed the 3 member ring type structure for the
SrSi03/S13Si309 phase. In accordance with XRD, NMR results also suggest the formation of

a solid-solution of Sr,ZnSi,0; phase with substitution of Zn/Si tetrahedral sites with B/Al.
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Similarly BZS glasses and glass-ceramics have also shown adequate thermo-physical
properties like TEC, Ty, p, MH etc, for their application as SOFC sealants. Crystallization
kinetics of BZS glasses also revealed a diffusion controlled bulk crystallization with two
dimensional growth of crystals from a varying number of nuclei. With the addition of
additives, a surface crystallization mechanism starts dominating over the bulk crystallization
and activation energy decreases. This information is useful to develop or optimize suitable
glass-ceramics sealants and sealing procedure. Crystalline phases having high TEC are
formed in these glass-ceramics therefore; resultant glass-ceramic sealants have a consistent
TEC for the long-term durability as a sealant.

Thus, in the present investigation, both phosphate and silicate based oxide
glasses/glass-ceramics were investigated for their thermo-physical and structural properties.
The studies carried out so far demonstrate that SZS and BZS glass-ceramics have potential to
be used as a high temperature sealant. Studies also revealed the importance of structural and
thermo-physical characterization in optimizing properties of glasses and glass-ceramics for

their intended application.
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Experimental Techniques and Procedures

A brief overview of the experimental techniques that have been employed for the preparation
and characterization of different types of glasses and glass-ceramics are discussed in this
chapter. The relevant theories and working principles are also described. First preparation of
glasses and their subsequent conversion to glass-ceramics followed by methods used to
characterize them have been described.

Thermal properties have been studied using thermo-mechanical analyzer (TMA) and
DTA instruments and mechanical properties using micro-hardness tester. Some optical
properties of a few glasses were also measured using absorption and luminescence
spectrometers. The structural characterization of glasses and glass-ceramics was carried out
using Raman, FTIR and NMR spectroscopies. These techniques have been discussed in brief

and relevant references have been cited for detailed description.

2.1 Glass Preparation

All the glass samples in the present work were prepared by melt-quench technique. To obtain
homogeneous, transparent and inclusions/bubbles free glasses, a three-step procedure
(calcination, melt quenching, annealing) was used and described in the following section.
Specific details of the method of preparation for different glass samples are given in the

relevant chapters.
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2.1.1 Calcination

Starting batches were prepared by weighing calculated amounts of initial precursors based on
the composition of the glass. Analytical grade reagents in the form of oxides, phosphates,
nitrates or carbonates procured from M/s MERCK, India, M/s MERCK, Germany, M/s S. D.
Fine Chem Ltd., India and M/s Loba Chemie, India were used as starting precursors.

Phosphates, carbonates and nitrates decompose to oxides according to following reactions:

2NH4H2P04 —)P205+3H20+2NH3 T (21)
SHNO3); = SrO + 2NO> T (2.2)
BaCO; — BaO + CO, T (2.3)

The charge (~50 to 100 g batch) was thoroughly mixed and ground for 20-30 min in a mortar
pestle or planetary ball mill (PM 4000 model Retsch, Germany) at a speed of about 300 rpm.
This thoroughly mixed charge was taken in an alumina or platinum crucible, depending on
the nature of the constituent precursors, for the calcination process.

Calcination is a process to convert precursors into their respective oxides. A few
calcination reactions to obtain oxides from different precursors are illustrated in reactions 2.1
to 2.3. The calcination was carried out in a resistance heating furnace having a programmable
PID temperature controller (Libratherm 300 series) with a temperature accuracy of + 0.5°C.
An exhaust system is connected to the furnace for removing gases like NO,, NH; during
calcination. For calcination, charge was heated in a furnace at a controlled rate (1-3°C/min) to
respective decomposition temperatures of various precursors. A dwell time (4-12 h) was
provided at each decomposition temperature to allow a complete calcination. After the

calcination, measurement of weight loss ascertained a proper decomposition of the
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precursors. If weight loss was less than expected, indicating an incomplete conversion of the

precursors to oxides, then the charge was reground and re-calcined in the same manner.

Annealing Temper.atm'e controller
formace (annealing farnace) hearth

Raising and lowering

Figure 2.1: Raising and lowering hearth glass melting furnace.

2.1.2 Melt quenching

The calcined charge was melted in a Pt-10%Rh crucible using lowering and raising hearth
furnace (Model OKAY 70R 10, M/s Bysakh and Co., Kolkata) (Figure 2.1). To prevent the
volatilization of precursors, the crucible was covered with a Pt-10%Rh lid. The glass charges
were melted in an air ambient, at temperatures ranging from 1250°C to 1650°C depending on
the composition. The melting temperature of glass is decided such that melt viscosity at this
temperature is low enough to allow easy pouring. The glass melt was held for 1-2 h, for
thorough mixing and homogenization. When the glass melt was thoroughly homogenized and
attained a desirable viscosity, it was poured into preheated graphite moulds to obtain glass in

the bulk form. In some cases, the glass melt was poured in distilled water to form glass frit.
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2.1.3 Annealing

As quenched glasses generally have thermal stresses due to the thermal shock during the
quenching process. Therefore, annealing is necessary to relieve the thermal stresses in the
melt quenched glasses. Generally annealing is carried out at in the vicinity of T, (generally
10-20°C below T,) to allow a rapid removal of thermal stresses. In an annealing procedure,
the glass is held at a constant temperature for some time period (usually 1-5 h) and cooled to
room temperature at a slower rate. In the present work glasses were annealed in an annealing
furnace, in which temperature is control precisely by a PID temperature controller. For
annealing, the melt quenched glasses in graphite moulds were immediately transferred to the
preheated annealing furnace. Annealing was carried out at temperature close to T, for 3-5 h
depending upon the glass composition, under flowing N, or Ar to prevent oxidation of
graphite moulds. The annealed glasses were then cooled to room temperature at the rate of

20°C/ h, to relieve the thermal stresses, generated during quenching.

2.1.4 Glass-ceramic formation

Glass-ceramics are fine grained polycrystalline materials formed when glasses of suitable
compositions are crystallized in controlled manner. They consist of high density of small
crystals in a glassy matrix. As discussed in the previous chapter to achieve a fine grained
microstructure of glass-ceramics, heat treatment procedures for the crystallization of glasses
must be optimized and carefully controlled. The thermal characterization that is essential for
finding crystallization and nucleation temperature is described separately for completeness.
For the base glass, initial thermal parameters were obtained using the DTA. These then

served as guidelines for an optimum heat treatment. Glasses to be crystallized were heated up
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to the crystallization temperature, in an air ambient, at the rate of 1-3°C/min depending upon
the composition of glass. The samples were held at this temperature for 1-2 h and then cooled
to room temperature at a rate of 1-2°C/min, to yield the glass-ceramics. The exact
crystallization schedules for different prepared glass samples are described in the relevant

chapters.

2.1.5 Glass/Glass-ceramic processing

Prepared glasses and glass-ceramics were processed to make samples for use in different
characterization techniques. They were cut in desired shapes and then polished to get
appropriate surface finish. For the cutting process, annealed glass rods were mounted in an
aluminium fixture using wax and then cutting was done using diamond wheels on a Buehler
ISOMET 4000 linear precision saw. Subsequently, lapping and polishing of the samples were
done. Lapping is the removal of material using silicon carbide powder of various grit sizes
(200-800 mesh) to produce smooth, flat, rough polished surface. The final polishing was done

using alumina powder to obtain mirror finish for optical and micro-hardness measurements.

2.2 Thermo-Physical Characterization
2.2.1 Density

Density (p) of glass and glass-ceramic samples was measured using Archimedes principle.
Measurement of weight loss of the sample upon immersion in a suitable liquid allows

estimation of the density according to the following formula:

Wa

PPy (24)
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where W, and W, are sample’s weights in air and liquids, respectively. The parameter p; is
the density of the immersion liquid. Therefore, (W, — W;) is the weight loss of the sample
upon suspension in the liquid. The choice of immersion liquid is based on convenience and
the chemical durability of samples. Water is usually used wherever possible, but toluene or
other similar organic liquids are used for samples that react with water. In glasses, the density
is an additive property and the density of the glass is the weighted average of the densities of
individual components. Crystallization of a glass can significantly alter the density, when the
density of the crystalline phase is very different from that of the residual glass. In glass-
ceramics, the type of crystalline phases and the relative amounts of glassy and crystalline
phases significantly affect the density. The molar volume V,, of the glass samples can be

calculated from the following relation:
V,=——o0 (2.5)

where M.W. is the molecular weight of the glass sample. In the present work the reported

density values are the average of at least three independently measured values.

2.2.2 Hardness

Hardness is the resistance of a material to permanent deformation under contact loading. The
hardness of the glasses is a function of the strength of individual bonds and the density of the
packing of atoms in the structure. The most common technique for hardness measurement is
micro-hardness (MH) indentation technique. The MH is also called diamond indentation
hardness. This technique involves forcing a diamond indenter of specified geometry into the
surface of test specimen at loads (forces) ranging from 1-1000 gf. “Force” is the technically

correct term however, load is commonly used.
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In Vickers micro-hardness (VMH) measurements a diamond indenter tool having the
shape of square based pyramid with a peak angle of 136° is used for hardness testing [87]. If
the indenter is elongated rhombus pyramid shaped diamond, with angles of 172.5° and 130°
at the peak, then the measured hardness is called Knoop hardness [88]. The indents produced
on the sample surface are generally observed using an optical microscope. A Vickers micro-

hardness tester and typical Vickers indent are shown in Figure 2.2.

Load
UV light ——* adjustment nob LY
Source = | — 4 Diagonal
: i measuremnt 2 a
Micr ; A nob % 5 >
b_m:sc.upe —— Indenter 3
PAECLIRER —— ¥ Sample fixer ‘ ¥
g : g o —r— .
? | =
+ 1 -
———» Display panel 1Y
Y 2¢ |
'y
g
i e k
s MV,
(a\ (b) "% v 4 “

Figure 2.2: (a) Photograph of Vickers micro-hardness tester and (b) Vickers indent showing
the diagonals and the presence of cracking.

The hardness (H) is then defined as the ratio of the applied load to the projected area of the

indenter.

For a Vickers indenter, VMH is given by the following expression:

.0
2Fsiny  1.8544F

VMH = —; pE

2.7)

where F is the load in Newton, and d is the length of diagonal line in mm.
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When an indentation is made in a glass, initially the glass is elastically compressed (by
the hydrostatic component) and sheared (by the shear component). Next, after reaching the
elastic limit, the balance of the hydrostatic stress component permanently densifies the glass
under the indentation, whereas the balance of the shear stress component causes the glass to
undergo plastic deformation [87,89]. When the indenter is withdrawn, the elastic portion
recovers, ie., a slight shrinkage of the impression size is expected. Clearly, the hardness
number cannot be independent of the applied load. Also, when large loads are used, cracking
from the diagonals is likely to develop. The cracking implies the occurrence of a fracture.
Vickers micro-hardness tester (Leica model VMHT30M) was used for the measurement of
micro-hardness of the glass/glass-ceramics, in the present study. Mirror polished surface of
the sample to be indented was used for the measurement. The loads were then applied in the
range of 50-100 g with a dwell time of 5-10 s in all cases, taking care to prevent cracking. Eq.
(2.7) was then used to obtain the micro-hardness from the length of the diagonals of the
indent. The MH values reported in this thesis are the average values of at least 10

independent indents made on each sample under identical loading conditions.

2.2.3 Thermo-mechanical analysis

Thermo-mechanical analysis is an important technique in the materials science especially for
glasses and glass-ceramics to measure the mechanical properties like TEC, T, and glass
softening temperature (T4s) of the sample when it is subjected to temperature regime. A
dilatometer allows for the continuous measurement of the length of a given specimen which
increases continuously with temperature at a constant heating rate. It is generally in the range

1-50°C/min. It has to be controlled carefully since the T, depends on the thermal history. The
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expansion of the specimen is monitored by a stylus/pushrod that contacts the specimen under
a small force. Note that only the difference between the expansion of the specimen and the
cylindrical support is determined. Therefore, correction of the data has to be made to allow
for the expansion of the instrument itself.

In the present investigation, we have used a Setaram TMA instrument (Model: TMA-
92 and Setsys) (Figure 2.3). It has a fused quartz sample holder and a silica probe for use up
to 1000°C. For higher temperatures, alumina pushrod is used. A schematic diagram of the
sample holder and the position of the chromel-alumel (K-type) thermocouple, used to
measure sample temperature, are shown in the inset of Figure 2.3. Additional Pt-Rh (R-type)
thermocouple is placed inside the furnace to record the furnace temperature. The temperature
of the sample and furnace is measured within the accuracy of +0.1°C, using a PID

temperature controller.
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Figure 2.3: Photograph of thermo-mechanical analyzer.

The change in the length can be measured within the range of —2000 to +2000um.

Before starting an experiment the system was calibrated using a standard SS-446 alloys
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whose expansion is known. The samples used are less than 10 mm in diameter and 20 mm in
length. The ends of the samples were ensured to be flat for a perfect contact with the probe.
The heating rate was kept the same (10°C/min) for all the measurements. Before starting the
experiment the system was evacuated up to 107 mbar pressure and the chamber was flushed
with high purity (IOLAR grade) Ar gas. All the measurements were carried out in flowing Ar
atmosphere with a constant flow rate of 4-5 1/h. When the sample is heated it expands and
pushes the sample holder and the push rod. This movement is sensed by a linear variable
displacement transducer (LVDT) located in the measuring head of the instrument (Figure
2.3). As mentioned earlier, provision was made for correcting the expansion of the instrument

itself.
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Figure 2.4: Thermal expansion curve for glass showing T, and Tgs.

Figure 2.4 shows a typical TMA curve for a strontium zinc silicate glass. The T, can be
determined at the intersecting point of the tangents of Figure 2.4. In the linear domain the
slope of the curve allows to determine the TEC of the solid glass, that is, the relative

expansion per temperature unit:
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1dL
“ETar

(2.8)
where L is the sample length and T is the temperature. An increase in the slope after a
transition indicates that the thermal expansion of the liquid is larger than that of the glass.
From the curve shown in Figure 2.4, the liquid thermal expansion is estimated to be about
three to four times larger than that of the solid. However, care has to be taken with the values
obtained from dilatometry for T > T,, since expansion is measured by a contacting push-rod
which progressively penetrates into the viscous liquid and thermal expansion is
underestimated. Further penetration of the push-rod explains the end and maximum of the
curve. In fact, when viscosity falls to about 10"°-10" Pa.s, the glass becomes so soft that it

no longer behaves as a rigid specimen. Depending upon the composition of the samples, the

TEC of the glasses may increase or decrease.

2.2.4 Differential thermal analysis

The DTA is the most popular technique to measure a range of thermal events including
melting, crystallization, glass transitions and decomposition reactions. Merits of the DTA
include small sample size, a wide temperature range of measurement, simple operation, and
rapid measurement. The DTA measures the difference in the temperature of the sample (S)
and the reference (R) when they are heated or cooled at the same rate under identical
conditions [Figure 2.5 (a)]. This differential temperature ‘AT’ is then plotted against time or
temperature as shown in Figure 2.5 (b). Chemical, physical, structural and microstructural
changes in the sample lead to the absorption (endothermic event) or evolution (exothermic
event) of heat relative to R. This reflects in the DTA plot. It gives the information about

change in enthalpy and can also be plotted against AH. The baseline of the DTA curve
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exhibits discontinuities at transition temperatures and the slope of the curve at any point gives
the information about the physical or chemical changes that are occurring in the sample.

The sample environment consists of a ceramic (or metallic) block, to ensure uniform
heat distribution, specimen crucibles and thermocouples (for the sample and reference).
Metallic blocks are less likely to cause baseline drifts compared with porous ceramics, but the
DTA signal is smaller, due to the higher thermal conductivity of metals. Different types of
crucibles i.e. graphite, alumina, Pyrex, silica, and platinum are used depending upon the

temperature range and purpose of the experiment.
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Figure 2.5: (a) Schematic of a DTA cell and (b) a typical DTA curve of a glass.

In our investigation, the DTA measurement was carried out on TG-DTA system
(model Labsys and TG-DTA-92 of M/s Setaram, France) with about 40-50 mg of powdered
sample (particle size in between 75-210 pm) in a 100ul Pt crucible. The measurements were
done at heating rates of 5-30 K/min in flowing Ar atmosphere using an empty Pt crucible as
reference. The chamber was initially pumped to 10> mbar and then flushed by Ar gas, for
about 15 min, before starting the experiment. Sample was heated up to different temperatures

depending on the type of system under investigation. Based on the non-isothermal DTA
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measurements, techniques such as Ozawa method [90], Kissinger method [91], Matusita-
Sakka methods [92] can be used to study the kinetics of crystallization and to estimate the

activation energy for crystallization process.

2.3 Structural Characterization

2.3.1 X-ray diffraction

XRD is an indispensable tool for the material characterization. It is a non-destructive
technique and widely used in phase identification and structure delineation for diversified
materials from crystalline to amorphous states. The technique is normally useful to collect the
data under ambient conditions, but in-situ diffraction as a function of external constraints,
such as, temperature, pressure, stress, electric field, atmosphere, etc. is also important for the
interpretation of solid-state transformations and material behaviour. The fundamentals of the
XRD of crystals are described in various solid state physics books [93,94]. In this section
only an overview of the XRD technique in terms of its utility to present work is given.

The principle of XRD technique is based on scattering of X-rays by a crystal
consisting of well-defined array of atoms, ions and molecules. Since the crystal lattice
consists of parallel arrays of atoms equivalent to the parallel lines of the diffraction grating,
the inter-planar spacing could be successfully determined, from the separations of bright
fringes of the diffraction pattern. These inter-planar distances are of the same magnitude as
the wavelength of X-rays (0.5 to 2 A) and hence, crystal planes act as diffraction gratings.
Interaction of X-rays reflected by a set of parallel planes satisfying Bragg’s condition lead to
constructive interference only at a particular angle. The Bragg condition/equation for the

occurrence of such diffraction can be written as:
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nA = 2d sin 6 (2.9
where A is the wavelength of X-rays, @ is glancing angle, d is the inter planar distance and n

1s order of diffraction.
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Figure 2.6: A block ray diagram of a typical reflection mode powder diffractometer.

The XRD experiments can be carried out either from single crystals or from
polycrystalline samples. The former type samples are studied by Laue method, Weissenberg
photograph methods, or most commonly with automated four-circle diffractometer. The later
types of samples are studied either by Debye-Scherrer photographic method or by a powder
diffractometer [95]. The Powder diffraction method is used for qualitative and quantitative
phase identification, refinement of structure solutions of crystalline materials and also for
determination of particle size and strain in materials. Powders can be the aggregation of the
fine grains with single structure, and each of the fine grains is randomly oriented. A typical
block ray diagram of a powder diffractometer is shown in the Figure 2.6. In powder XRD,

powdered sample either as smeared layer or compact flat pack or in a capillary is exposed to
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monochromatic beam of X-ray and the diffracted beam intensity is collected in a range of
angles (20 with respect to the incident beam). For crystalline material, the intensity
corresponding to a constructive interference of the diffracted beam from crystallographic
plane is observed as a peak corresponding to the Bragg angle (0). In all other angles, a
background is obtained. Therefore, crystalline materials (like glass-ceramics) are
characterized by sharp peaks in their diffraction pattern. Unlike this, diffraction pattern of
glasses is characterized by a broad hump/halo. This is because glasses have short range order
rather than long range periodicity and there is considerable distribution of bond length and
bond angles between the constituent atoms.

In the present study, powder XRD was used to verify the amorphous nature of the
glasses and identify the crystalline phases in the glass-ceramics [96]. The diffractograms of
all the samples were recorded either on Philips PW1710 or Rigaku D-4000, Japan
diffractometer based on the Bragg-Brentano reflection geometry. Data were collected using
Ni filtered Cu-K, (1.54 A) radiation in the 10° < 20 < 70° range at a scanning speed of
1°/min for glasses and 0.5°/min for glass-ceramics. The observed diffraction patterns were
compared with JCPDS (Joint Committee on Powder Diffraction Standards) files available for

reported crystalline samples.

2.3.2 Scanning electron microscopy

The scanning electron microscopy (SEM) is a versatile electron microscopic technique that
provide at one end surface information viz. texture, topography etc. up to a length scale of
few tens of nanometers and on the other hand provides a three dimensional effect to the

images due to depth of focus of the SEM instruments. The electron microscopy provides
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image of a sample at much higher magnification, higher resolution and depth of focus
compared to optical microscopy due to very low wavelength of accelerated electrons. Two
types of interactions occur in the SEM between the electron beam and the specimen. These
interactions may be either elastic, if the electron beam strikes the sample and there is a
change in its direction without change in its energy (backscattered electrons), or on inelastic
interaction, which occurs when the beam of electrons strike an orbiting shell electron of the
specimen, causing the ejection of secondary electrons, characteristic photon radiation (x-ray
and visible radiation), and other types of events from the specimen interaction volume. The
backscattered electrons allow element distribution analysis since the intensity of scattering is
Z (atomic number) dependent. The secondary electrons on the other hand are liberated from a
very small volume in the vicinity of the surface and as a result the secondary electrons can be
used to study the surface of samples. These interactions reveal important information about
the specimen to determine the surface characteristics and the chemical nature of the
specimen.

Figure 2.7 shows the schematic of a typical SEM instrument. In this instrument, a
well-focused mono-energetic (~25keV) electron beam is incident and scanned over the
sample surface by two pairs of electro-magnetic deflection coils. The signals generated from
the surface of the specimen by secondary electrons (SE) and back scattered electrons (BSE)
are detected and fed to a synchronously scanned cathode ray tube (CRT) as intensity
modulating signals [97,98]. Thus, the specimen image is displayed on the CRT screen. X-ray
mode facilities are also present in some SEM, to get qualitative information about the
elements present in the probed area. SEM instrument is generally operated in three prominent
modes namely secondary electron mode, backscattered electron mode and X-ray radiation

mode. In secondary electron (SE) mode, scintillator photomultiplier is used as the detector. In
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this mode energies of secondary electrons are quite low so the signal results from a depth of
approximately 100A (escape depth of SE) from the sample surface with a resolution of 50A.
Its strength depends on the beam size, beam current, angle of incidence, the topography and
the atomic number of the sample. Images obtained in the SE mode show extremely high edge
definition and emphasize the small details on the surface of the samples. In backscattered
electron (BSE) mode also a scintillator photomultiplier is used as a detector but the escape
depth is comparatively large (1000A) because of the large energy of the back scattered
electrons. The very high energy of the back scattered electron permits a resolution of ~200A.
However, the BSE method gives contrast even in flat samples due to compositional
distribution. BSE images can give important information about the spatial relationships of
adjacent phases, plus about zoning and inclusions within the phases. BSE intensity is, to a
first approximation, a function of the chemical composition, the brighter an area, the greater
the mean atomic number of that area relative to adjacent areas.

In X-ray radiation mode, the X-rays produced due to interaction of the electron beam
with the samples are used to characterize the sample. The characteristic X-ray gives the idea
about the element present in the sample qualitatively and also quantitatively. In this mode,
electron with large beam diameter (up to 1 mm), large beam currents and long integration
time are employed for obtaining good signal to noise ratio. Here, the sampling volume is
quite large and the resolution is rather limited. X-rays may be collected either in wavelength
dispersive or energy dispersive mode. In energy dispersive mode, a liquid nitrogen cooled Li
drifted silicon or germanium detector along with multi-channel analyzer is made use of to
detect all the elements simultaneously. Nowadays, in SEM instruments, EDS (energy

dispersive spectroscopy of X-ray) attachment is also available for compositional analysis.
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Each of the method is amenable to obtain images corresponding to the distribution of single
element.

The sample to be probed by SEM should be vacuum compatible (~10° mbar or less).
Electrons, being charged particles, require vacuum environment for traversing without
change in their number and density. The sample to be analyzed need to be electrically
conducting, otherwise there is a charge build up due to the impinging electrons which gives
rise to jumping of beam and hence intensity. The surfaces of non-conductive materials are

made conductive by coating with a thin film of gold or platinum or carbon.
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Figure 2.7: Schematic of SEM instrument.
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In the present study, SEM has been used to study the microstructure of glass-ceramics
and interface of seals. Energy dispersive X-ray analyzer (Model: Oxford INCA Energy 250)
fitted with the SEM instrument was used for the compositional analysis and elemental line
scan across the interface. The SEM images for various samples have been collected using a
SEM instrument (Model: Tescan Vega MV 2300T/40). The BSE and SE images are collected
on a fractured or polished sample after etching the surface with 10% HF solution for 10 s.
The sample to be analyzed was first coated with a thin layer of Au to render the surface
conducting and then mounted on a sample holder placed in a chamber evacuated to a pressure
of 10™® mbar. The sample was then imaged by an electron beam of energy 25 keV and

micrographs were recorded at different magnifications from 1-30 kx.

2.3.3 Vibrational spectroscopy

Vibrational spectroscopic techniques are extensively used to identify the nature of different
linkages present in a material. In vibrational spectroscopy, the changes in the vibrational
modes of atoms in a molecule are measured, which are greatly influenced by the mass of
atoms, their geometrical arrangement and strength of chemical bonds. IR spectroscopy
encompasses a spectral region namely 12500 to 10 cm™ in the electromagnetic spectrum. The
most fundamental molecular vibrations occur in mid IR (4000-400 cm™) region making this
region richest in chemical information. These methods can also give valuable information
regarding the symmetry of different vibrational units. Vibrational spectroscopy can be
broadly classified as Raman and IR spectroscopies. The former is inelastic scattering of
photons and the latter is an absorption process. Both IR and Raman spectroscopies result

from transition between quantized vibrational states and provide complementary information
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about the molecular vibrations. These two techniques differ in their instrumentation and
origins i.e. the way light interacts with the molecule. Thus, a molecular vibration is IR active
when incident IR radiation causes changes in molecular dipole moment while a vibration is
Raman active if there is a change in the molecular polarizability due to vibration [99]. Both
IR and Raman spectroscopies are used in the present study and the principles as briefly

described below.

2.3.3.1 Infrared spectroscopy

Vibrations of bonds and groups, which involve a change in the dipole moment, result in the
absorption of IR radiation, which form the basis of the IR spectroscopy. Modern IR
instruments are based on Fourier transformation technique to improve the signal to noise
ratio. In FTIR instrument, all the frequencies are used simultaneously to excite all the
vibrational modes of different types of bonds/linkages present in the sample. This reduces the
experimental time considerably.

The FTIR technique is based on a Michelson interferometer, which is an optical
device consisting of a fixed mirror, movable mirror and a beam splitter. The interferometer
shifts the phase of one of the beam with respect to another by moving one of the mirrors and
keeping the other mirror at a fixed position. When the two beams overlap, depending on
whether they are in phase or out of phase, constructive and destructive interference takes
place. If the light source is monochromatic, the intensity of the interference pattern will rise
and fall periodically and the detector will measure a sinusoidal signal as a function of the
optical path difference. When the light source contains many frequencies, like the radiation
emitted from a Globar IR source, the intensity measured I(x) as a function of optical path

difference, x is known as the interferogram. Fourier transformation of the interferogram
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results in the frequency spectrum, I(v). The optical path difference ‘x’ can be accurately
obtained from the interference patterns generated from the interferometer using a laser source
whose frequency is accurately known.

In the present study all infrared experiments were carried out using a Bomem MB102
FTIR machine with a resolution of 4 cm™ having a range of 400-4000 cm™. The IR radiation
was generated from a Globar source (bonded silicon carbide rod). The instrument used Csl
single crystal, as the beam splitter and deuterated triglycine sulphate (DTGS) as the detector.
A He-Ne laser having a wavelength of 632.8 nm (with a max power of 25uW) has been used
for the calibration purpose. FTIR transmittance spectra were recorded at room temperature on
samples in the pellet form. Prior to the measurements, the samples were ground thoroughly
after mixing with dry KBr powder (sample to KBr ratio was taken as 2-4 wt.%) and made in
the form of a thin pellet. These pellets were introduced into the sample chamber for recording
the IR spectra. About 20 scans were co-added and referencing was done by recording a blank

KBr pellet.

2.3.3.2 Raman spectroscopy

Raman scattering is an inelastic scattering of electromagnetic radiation (mainly visible) from
any excited states (mainly vibrational states) in the material. In Raman spectroscopy a
monochromatic incident radiation of frequency v (typically from some type of laser) is
scattered inelastically from different vibrational states of the sample. Most of the incident
light scattered elastically (Rayleigh scattering) and only a small fraction of incident light (1 in

107 photons) is scattered inelastically at frequency vo—Av (or Vo+Av). The small change in
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frequency of the Raman or inelastically scattered light is called Raman shift. This shift

corresponds to the energy required to excite vibration in a molecule.
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Figure 2.8: Schematic of Raman spectrometer.

Raman scattering setup consists of an excitation source, a spectrometer or
spectrograph, a detector and detection electronics with output device as shown in Figure 2.8.
Highly monochromatic, directional and high power density excitation radiation in visible
range is required for Raman spectroscopy and therefore, lasers are suitable excitation sources.
The Raman scattered light is analyzed using a scanning grating spectrometer or spectrograph.
The principal requirement of Raman spectrometer is its stray light rejection capacity. Stray
light is the Rayleigh scattered radiation which always accompanies the Raman scattered light
and is ~10-10° times stronger. A notch filter having high and sharp absorption about the
laser light is used in front of the entrance slit in single stage spectrometer to block the stray

light. However, the width of the absorption band about the laser line for these filters are finite
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and Raman shifts below 100-150 cm™ cannot be observed. Raman signals are very weak and
a sensitive and low noise detector is of primary importance. The detectors employed in the
present day multichannel spectrographs are charge coupled devices (CCD). A CCD is a 2D
array of potential wells (known as pixels), which stores the information generated by photo-
electron.

The main advantage of this technique is that an ambient atmosphere can be used and
no special sample preparation is required for analyzing samples. The intensity of bands in the
Raman spectrum of a compound are governed by the change in polarizability, a, that occurs

during the vibration and given by following expression:

day®
Iraman = K I, (vo — v)*x (@) (2.10)

where I is the power of the laser at the sample,Vy, V; are the frequencies of the incident and
scattered lights respectively and do/dQ; is change in the polarizability with the normal
coordinate of the vibration. The constant of proportionality, K, is dependent on the optical
geometry, collection efficiency, detector sensitivity and amplification.

In the present study, Raman spectra were recorded on a home-made Raman
spectrometer using 532 nm line from an air cooled Argon ion laser [100]. The spectra were
collected using a grating with 1200 groves/mm with a slit width of ~50 micron (yielding a
resolution of ~2cm™) along with Peltier cooled CCD and a holographic notch filter. The
Raman spectra of glasses in particular have a strong frequency and temperature dependence,
and therefore the intensity at lower frequencies have an unwanted scattering component,
which can be taken care by appropriate corrections. Raman spectra have been corrected by
multiplying the correction factor ‘R’ for the unwanted scattering component. We have used a

correction factor ‘R’ of the form employed by Mysen et al [101]
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R = Vg(l - e_v/kT) (1/0_1:_—1/)4 (2.11)

where Vo and v are the frequencies (in cm™) of excitation line and Raman shift, respectively.
For the analysis, a baseline correction has been employed. Since, the glasses exhibit broad-

band features we have not included the instrumental line width in the analysis.

2.3.4 NMR spectroscopy

NMR spectroscopy is a very powerful technique for the structural elucidation in disordered
and compositionally complex materials like glasses and glass-ceramics. It gives valuable
information about the structure, dynamics and chemical environment of the particular nucleus
in the material. NMR is an element selective technique as Larmor precession frequency is
quite different for nuclei of different elements or for different isotopes of the same element.

Further, it is a non-destructive technique and does not require elaborate sample preparation.

2.3.4.1 Fundamentals of NMR
A nucleus with a spin quantum number, I, can have (2I+1) different orientations relative to
reference axis, that are distinguished by quantum number m; and are degenerate in the
absence of a magnetic field. The m; can have values, I, I-1, I-2....-I. There is nuclear
magnetic moment for such nucleus associated with nuclear spin as follows:

u=vyl (2.12)
where vy is the gyromagnetic ratio of nucleus and I = [I(I + 1)]%h

u, = ymsh (2.13)
Interaction between the nuclear magnetic moments and applied magnetic field, B,, known as

the Zeeman interaction, lifts the degeneracy of the 2I+1 spin states. And transitions between
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these non-degenerate energy levels form the basis of nuclear magnetic resonance
spectroscopy. The force exerted by the applied static magnetic field on the nuclear magnetic
moments causes them to precess about the field direction and the precessional frequency,
known as Larmor frequency, is given by

w, =YB, (2.14)

NMR signals arise when an ensemble of nuclear spins placed inside a strong static magnetic
field B, is perturbed from the equilibrium by the application of radiofrequency (RF) pulses
causing transitions between non-degenerate spin states. The applied RF frequency must
exactly match with the precessional frequency in order to cause the transition. In addition to
the applied field, nuclei may also experience a smaller internal field due presence of
neighbouring atoms. Then Larmor frequency of a particular nucleus would depend on the
chemical environment around the nucleus and is be expressed as,

Wy = VBpet (2.15)

where B, is the net magnetic field felt by the nucleus and is the vector sum of the applied
field B and the local field at the site of the nucleus B, . Thus each nucleus would exhibit a
shift in its resonance frequency based upon its chemical surrounding, known as the chemical
shift. However, representation of the chemical shift in terms of frequency is not intuitive
because the resonance frequency is dependent upon the applied field. Therefore the resonance
frequency is quoted in relation to a reference compound so that the line position becomes
independent of the applied field. As an example, ’Si NMR spectra use tetramethyl silane

(TMS) as the reference. Since the sample and reference resonance shift with the field in the
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same manner, defining chemical shift according to Eq. (2.16) ensures that the reported

chemical shift is independent of the applied field.

_(1) - (,L)ref %

5 106 (2.16)

wref
where w, w5 represent resonance frequencies of nuclei in the sample and in the reference,

respectively.

2.3.4.2 Solid state NMR

In contrast to solution NMR, solid state NMR spectra are characterized by the presence of
very broad line shapes. This broadness of NMR lines is due to the effect of various
anisotropic or orientation dependent interactions viz, chemical shift anisotropy, dipolar and
quadrupolar interactions in solids, which average out in solution due to random tumbling of
molecules. However, during recent years, several specialized techniques have been developed
for averaging these interactions to zero, or reduce them to their isotropic values in solids
allowing the registration of high-resolution NMR spectra of solids. The broad NMR line
shapes, however, contain valuable structure and dynamic information. Technique has been
developed where by choosing appropriate experimental protocols, one can access the
anisotropic part of NMR interaction while maintaining high resolution. Broadening of the
NMR lines in solid samples occurs mainly because of (i) anisotropic effect, (ii) dipolar
interaction and (iii) quadrupolar effect, for the nuclei with spin >1/2. The anisotropic and
dipolar interaction can be overcome by magic angle spinning NMR technique, where as the
quadrupolar broadening is overcomed using MQ MAS-NMR and choosing coherence

transfer pathways that are not influenced by the quadrupolar interactions.
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2.3.4.3 MAS-NMR

MAS-NMR technique involves rotating the powder samples at high speeds, at an angle of
54.7° (magic angle) with respect to the applied magnetic field direction. When 6 = 54.7°, the
term 3cos’0 becomes unity. Since Hamiltonian for different anisotropic interactions have
3cos’0 — 1 term, these anisotropic interactions get averaged out in time during fast spinning
thereby giving rise to sharp NMR peaks. Thus the MAS-NMR technique simplifies the solid
statet NMR patterns and individual chemical environments can be correlated with

corresponding chemical shift values obtained from these samples [102].
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Figure 2.9: Schematic representation of MAS-NMR (left) and the effect of various MAS rates
on the *'P NMR of NaALLP,O7 (right).

A schematic view of magic angle spinning is shown in Figure 2.9 (left). On the right,
the effect of various spinning speeds is shown in 3P MAS-NMR of NaAl,P,O7. From the
figure it is clear that the value of spinning frequency must be higher than the frequency of the
anisotropic interactions to get a single resonance at the isotropic position. In most cases, even
a spinning speed of upto 60 kHz is insufficient to fully average out the anisotropic

interactions and the broad line is then broken up into a series of spinning sidebands flanking
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the isotropic resonance and separated from it by a frequency equal to the spinning frequency

(Figure 2.9).

Modern NMR instruments are based on the principle of Fourier transformation. In
FT-NMR, all frequencies in a spectrum are irradiated simultaneously with a radio frequency
pulse. Following the pulse, the nuclei return to thermal equilibrium. A time dependent
variation in magnetization is recorded immediately after the pulse. A frequency domain

spectrum is obtained by employing Fourier transformation technique. Figure 2.10 shows a

schematic of typical NMR instruments.
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Figure 2.10: A schematic of NMR instrument.

In the present study »Si, ”Al, "B and *'P MAS-NMR spectra for various samples

were recorded on Bruker AVANCE spectrometers with different static field. Details of the

experiments are given in relevant chapters.

2.4 Optical Characterization

2.4.1 Ultraviolet-visible absorption spectroscopy

Ultraviolet-visible (UV-Vis) absorption spectroscopy is based on the measurement of the

attenuation of a beam of light after it passes through a sample or after reflection from a
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sample surface. Oxide glasses generally absorb strongly both in the far IR and UV spectral
region. The former is associated with the interaction of light with the molecular vibrations
and the latter with the electronic transitions between the valence band and the conduction
band or between the excitation levels. Most of the oxide glasses are highly transparent in the
visible region with a broad absorption edge in the UV region. The position and shape of the
absorption edges depend on the composition as well as the nature of the network former and
modifier cations.

The absorption coefficient ‘00 of a transmitting medium can be expressed by
Lambert-Beer law as I = Ip exp(al), where Iy is the intensity of the incident light and I is the
intensity of the light transmitted through a sample of length 1. Optical absorption spectra of
glasy material are characterized by a broad absorption edge. The onset of optical absorption
can be obtained from the extrapolation method and can be correlated with the Egpical values of
the glasses.

In a commercial UV-vis spectrometer usually a deuterium discharge lamp is used as
light source for UV measurements and a tungsten-halogen lamp for visible and NIR
measurements. The instruments automatically swap lamps when scanning between the UV
and visible regions. The wavelengths of these continuous light sources are typically dispersed
by a holographic grating in a single or double monochromator or spectrograph. The spectral
bandpass is then determined by the monochromator slit width or by the array-element width
in array-detector spectrometers. Spectrometer designs and optical components are optimized
to reject stray light, which is one of the limiting factors in quantitative absorbance
measurements. Photodiode, phototube, or photomultiplier tubes (PMT) are commonly used as

detector in UV-Vis spectrometer. UV-Vis-NIR spectrometers utilize a combination of a PMT
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and a Peltier-cooled PbS IR detector. The light beam is redirected automatically to the
appropriate detector when scanning between the visible and NIR regions. The diffraction
grating and instrument parameters such as slit width can also be changed during the
measurement.

A commercial dual beam UV-Vis-NIR spectrophotometer (JASCO V- 670) was used
in the present study for recording the absorption curves of glass samples. The glass samples
in the form of a disc having diameter more than 12 mm and thickness in the range 2-4 mm
were prepared and polished with 0.3 pum alumina powder for optical measurements. The
optical absorption measurements were carried out in the 200-2500 nm range with 2 nm

resolution.

2.4.2 Photoluminescence spectroscopy

Photoluminescence (PL) is a process, in which a substance absorbs photons and then re-emits
photons of lower energy. Quantum mechanically, this can be described as an excitation to a
higher energy state by absorption of photon and then a return to a lower energy state
accompanied by the emission of a photon.

The schematic of spectrofluorometer is shown in Figure 2.11. The light from an
excitation source passes through a monochromator, and strikes the sample. A proportion of
the incident light is absorbed by the sample, and sample fluoresces. The fluorescent light is
emitted in all directions. Some of this fluorescent light passes through a second
monochromator and reaches to a detector, which is usually placed at 90° to the incident light
beam to minimize the risk of transmitted or reflected incident light reaching the detector.

Various light sources may be used as excitation sources, including lasers, photodiodes and
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lamps (xenon arcs and mercury-vapor lamps). Xenon arc lamp has a continuous emission
spectrum with nearly constant intensity in the range from 300-800 nm and a sufficient
irradiance for measurements down to 200 nm. The most common type of monochromator
utilizes a diffraction grating, that is, collimated light illuminates a grating and exits with a
different angle depending on the wavelength. The monochromator can then be adjusted to

select which wavelengths to transmit. The most commonly used detector is PMT.
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Figure 2.11: Schematic representation of spectrofluorometer.

The spectrofluorometer with dual monochromators and a continuous excitation light
source can record both excitation and emission spectrum. When measuring emission
spectrum, the wavelength of the excitation light is kept constant, preferably at a wavelength
of high absorption, and the emission monochromator scans the spectrum. For measuring

excitation spectra, the wavelength passing through the emission monochromator is kept
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constant and the excitation monochromator is subjected to scanning. The excitation spectrum
generally is identical to the absorption spectrum.

In the present study all luminescence measurements were carried out at room
temperature by using an Edinburgh FLSP 920 Instrument, having a 450W Xe lamp as the
excitation source. Polished glass samples were mounted on the front face solid sample holder
in the sample chamber of the instrument. Emission spectra were recorded with a resolution of

5 nm and all emission spectra were corrected for the detector response.

2.5 Adhesion Property and Seal Fabrication

To demonstrate the potentiality of investigated strontium zinc silicate glasses/glass-ceramics,
as a high temperature sealants for SOFC application, seals with few fuel cell components like
YSZ (electrolyte) and Crofer-22-APU (an interconnect material) have been prepared. In the
formation of a hermetic seal, the bonding/adhesion property of glass to wet metal/ceramic
was exploited. Glasses have random network structures, as a result of which, the number of
bonds broken per unit area during surface creation is lower than in the case of crystalline
solids. Further, the open structure of glasses, readily allows minor structural rearrangements
allowing the minimization of the energy penalty incurred during surface creation. As a result
of this, glasses readily wet metals and oxide ceramics as well. In order to enhance the wetting
of metal by the glass, the metal surface is cleaned suitably before the sealing process.

For assessing adhesion property of glass, glass disks were placed between two YSZ or
Crofer metal in sandwich geometry and assembly was heated in a controlled manner in air up
to 900-1050°C for 1-2 h. Seals in a sandwich geometry (Crofer/glass/Crofer) were prepared

by putting the glass powder in paste form between two Crofer plates having dimension 20
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mm length, 20 mm wide and 1 mm thickness. The glass paste was prepared by mixing the
glass powder with alcohol. The whole assembly was heated in a vertical split resistance
furnace upto 1050°C in air for 1-2 h. A little pressure was applied during the sealing process

for a better contact of the glass paste with Crofer plate.
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Figure 2.12: Schematic of leak testing setup.

For testing of vacuum integrity of seal, one Crofer plate having a 5 mm hole in the
centre with an SS extension tube was used in the seal formation. For leak testing of the seal,
the extension tube was connected to the vacuum system as shown in schematic of leak testing
setup Figure 2.12. Seals of glass with Crofer-22-APU were tested for vacuum integrity at
different elevated temperatures up to 950°C. For this, the seal was heated in a vertical split
resistance furnace and changes in pressure if any were continuously monitored. The seals

were also tested after exposure to high temperatures for different times.
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Studies on Sodium Aluminium Titano-Phosphate Glasses

3.1 Introduction

Phosphate glasses are finding ever-increasing applications in different emerging fields viz:
vitrification of radioactive waste [103-105], photonics [39], fast ion conductor [106], glass-
to-metal seals [107], biomaterials etc [108-109]. These glasses have a series of interesting
properties such as low T, lower Ty, (compared to silicate glass), high TEC, high ultraviolet
transmission and biocompatibility [38] which make them potential candidates for various
technological applications. Earlier, phosphate glasses have been of limited interest due to
their hygroscopic nature and poor chemical durability however, the development of novel
compositions of superior physical and chemical properties, of these glasses have revived new
interest in phosphate glasses and glass-ceramics. In recent years there has been much research
on improving the physical properties and chemical durability of phosphate glasses by
introducing intermediate type metal oxides (MO) like Al,Os, Fe;Os, TiO,, ZnO, which
generate additional O-M-O type cross-linkages among different polyphosphate anions.

Alkali alumino-phosphate glasses are technologically important for low temperature
hermetic sealing and vitrification of radioactive waste. These glasses are also important as
laser host materials. These glasses with high alkali concentration have potential applications
in solid state ionic devices. Sodium alumino-phosphate (NAP) glasses have T, below 400°C
and TEC greater than 150 x 107/°C and are used for making glass-to-metal seals with low
melting and high thermal expansion materials like Al, Cu etc. The NAP glasses have been the

subject of various investigations [110-115]. The role of Al,Os3;, on structure and other
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properties of these phosphate glasses, has been extensively studied [111-113]. It has been
reported that addition of Al,Ozup to ~10 mol% to the phosphate glasses resulted in improved
chemical durability and modifications in their thermo-physical properties like TEC and T,.
These properties have shown marginal changes upon addition of more than 10 mol% Al,O;
[110]. Similarly, sodium titano-phosphate (NTP) glasses without Al,Os; have also been
investigated by many researchers [116-119]. Incorporation of TiO, improves the chemical
durability of the phosphate glasses, while also increasing the nonlinear refractive index (n;
values) [120], thereby facilitating their application as active materials in optical switches and
telecommunication fibers. Presence of Al,O; and TiO, together in the glass matrix is
expected to significantly modify the optical and thermo-physical properties of the glassy
system. Therefore, effect of TiO, in NAP glasses in terms of thermo-physical and optical
properties has been investigated in the present work and correlated with the structural

changes in the glass.

3.2 Experimental

3.2.1 Synthesis of glass samples

Sodium aluminium titano-phosphate (NATP) glasses having compositions (in mol%):
40Na,0-10A1,03-xTi0,-(50-x)P,0s, where x = 0-20 were prepared by melt quench method.
Analytical grade NaNO3, Al,O3, TiO, and NH4H,PO4, were used as starting materials in such
proportions that the O/P ratio changed from 3.2 to 4.33. Glasses were prepared following the
procedure as described in chapter 2 of the thesis. Depending on the composition, glass

charges were melted in temperature range from 1250°C to 1350°C in the air ambient.
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Annealing of these glasses was done in the temperature range ~400-460°C for 4 h. Annealed

glasses were stored in a desiccator for further characterization.

3.2.2 Thermo-physical characterization
Density of glass samples was measured at room temperature by Archimedes principle using
toluene as an immersion liquid with an accuracy of + 0.03 g/cm’. Molar volume of the glass
was also obtained from the density. TEC and T, were measured by TMA. The TEC being
reported here are an average in the range of ~30-300°C. The MH of optically polished glass
samples was measured by the Vickers indentation technique.

The effect of ambient moisture on the NATP glasses was also investigated. For this
purpose, optically polished transparent glass discs of all compositions were exposed to air
ambient and surface of glasses was examined by an optical microscope after different time

intervals.

3.2.3 Optical characterization

Optical absorption and luminescence measurements of glass samples at room temperature
were carried out as described in chapter 2. Polished glass samples having diameter more than
12 mm and thickness in the range 2-4 mm were used for these measurements. The samples

were excited at 273 nm.

3.2.4 Structural characterization

Information regarding the structural aspect of the glass is essential to explain and understand

the observed variation in the physical properties of the system as a function of the
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composition. Therefore, structural aspects of these glasses have been investigated through p
and 2’Al MAS-NMR, Raman and FTIR techniques.

Raman spectra on polished glass discs were recorded as described in chapter 2. FTIR
spectra of all glasses were recorded over the frequency range 400-4000 cm’ with a resolution
of ~4 cm™ as detailed in chapter 2.

P and *’Al MAS-NMR spectra were recorded with the Bruker Avance 500WB
spectrometer with a static field of 11.7 T. The spinning frequency of 15 kHz and 10 kHz were
used for recording *'P and *’Al spectra, respectively. *'P spectra were recorded at Larmor
frequency 202.4 MHz and chemical shift values are expressed with respect to 85 % H3;PO,.
Typical 90° pulse duration and delay times are 3.5 Us and 4s, respectively. A number of
NMR experiments had been carried out with different delay times and found that the 4s delay
time for these samples was optimal. 7TAl spectra were recorded at Larmor frequency of
130.287 MHz with 2.5 ps pulses and 2s recycling time and chemical shift values are
expressed relative to 1M aqueous solution of AICls. The 'P MAS-NMR spectra were
deconvoluted based on Gaussian fit, by independently varying the peak maximum, line width
and intensity. The quality or the goodness of the fit was judged from the X2 values and the fit
with lowest x2 value was used to calculate the relative concentration of different P structural

units.

3.3 Results and Discussion

3.3.1 XRD

Clear, transparent and bubble-free glasses were obtained for all the investigated

compositions. Nominal batch compositions and O/P ratio of all NATP glasses are given in
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Table 3.1. Powder X-ray diffraction patterns for all the glass samples showed a broad hump
at around 20 = 30° as shown in Figure 3.1, characteristic of the amorphous nature of the glass

samples.

Table 3.1: Nominal composition and O/P ratio for NATP glasses.

Composition (Nominal) (mol% )
Glass ID O/P ratio
NazO A1203 P205 (X) TlOz
NATPO 40 10 50 0 3.2
NATP2 40 10 48 2 3.27
NATPS 40 10 45 5 3.39
NATP10 40 10 40 10 3.63
NATP15 40 10 35 15 3.93
NATP20 40 10 30 20 4.33
\ x=20
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Figure 3.1: XRD patterns of NATP glasses having x mol% TiO; (x = 0-20).
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3.3.2 Thermo-physical properties

Various thermo-physical properties like T,, TEC, MH, p and V,, for the prepared glass

samples are given in Table 3.2.

Table 3.2: TiO, content (x), Ty, TEC, MH, p, V, and Egpiical for different NATP glasses.

Sample TiO, content | Eqyicat | Tex2 | TEC:5% | MH+ 5% p £0.03 Vi
x (mol %) €V) | (°C) | 107/°C) (GPa) | (10°kg/m’) | (10°m’)

NATPO x=0 3.57 | 386 186.40 2.90 2.63 40.29
NATP2 x=2 343 | 415 168.50 3.05 2.66 39.37
NATP5 X=5 334 | 448 158.06 3.25 2.68 38.38
NATP10 x=10 332 | 479 157.50 3.35 2.72 36.67
NATP15 x=15 330 | 472 168.27 3.31 2.70 35.80
NATP20 x =20 329 | 462 165.25 3.23 2.46 37.03

Variations in p and V., of the NATP glasses as a function of TiO, content (x) are
shown in Figure 3.2. The p first increases up to 10 mol%, and then decreases with further
addition of the TiO,. However, the V, first decreases and then increases. The observed
variation, particularly below 10 mol% TiO, contents, is in contrary to one’s expectation as
the molecular weight of P,Os and TiO, are 142 g/mol and 79.9 g/mol, respectively and
replacement of P,Os by TiO; is expected to decrease the p and increase the V. Observed
variation in the above properties indicates that the Ti polyhedra form some new
interconnections within the network and thus densify the glass network up to 10 mol% TiO..
For glass samples with TiO, more than 10 mol% the p decreases and V, increases. This

indicates that for more than 10 mol% TiO, content, interconnections provided by titanium
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polyhedra are not sufficient to overcome the depolymerization of phosphate network and

result in decrease in p and increase in the V.
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Figure 3.2: Variation of density and molar volume of NATP glasses as a function of TiO;
concentration (x) in mol%. Solid lines are drawn as guide to the eyes.
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Figure 3.3: Variation of MH, TEC and T, of NATP glasses as a function of TiO,
concentration (x) in mol %. Solid lines are drawn as guide to the eyes.
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Variation in the values of MH, TEC and Ty of the NATP glasses as a function of TiO,
content are shown in Figure 3.3. It is clear from the figure that the T, and MH increase while
TEC decreases up to 10 mol% TiO,. With the increase of TiO», beyond 10 mol%, the T, and
MH decrease and TEC increases. The initial increase in T, and MH values for replacement of
TiO, by P,Osup to 10 mol% indicates the formation of strong and rigid bonding. However,
beyond that the network bonding weakens. The results of TEC measurement also support the
observation that glass structure becomes more stable and rigid up to 10 mol% TiO, and

beyond that network stabilization and rigidity start to reduce.

3.3.3 Optical properties

UV-Vis optical absorption spectra of the NATP glass samples containing different amounts
of TiO, are shown in Figure 3.4. All the absorption curves are characterized by a broad onset
of absorption edge over the region of 500-300 nm, which is characteristic of the glassy nature
of the sample. The broad onset is arising due to the disorder in structural units existing in the
glass. There is a distribution in the bond angles and bond lengths corresponding to different
structural units in the glass and this is associated with the relaxation of selection rules for
various optical transitions [121-122]. Such relaxation in the selection rules leads to
broadening of the onset corresponding to the absorption edge. For the glass sample without
any TiO; the onset of absorption is found to be around 350 nm. With incorporation of TiO,,
the onset of absorption was found to be red shifted for all the samples. Further, there is a
weak absorption over the region of 400-500 nm in all the spectra. A similar weak absorption
has also been observed in many phosphate and silicate based glasses [123-124]. Based on

those reports we attribute this to the absorption due to the localized centers/structural
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inhomogeneities present in the glass. (Presence of Ti** in glass is characterized by an
absorption in the visible region around 500-600 nm. However, formation of Ti** species is
unlikely in the glass samples of present study as the glass samples are prepared by melting

the constituents in air at 1350°C).
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Figure 3.4: UV-visible optical absorption spectra of NATP glasses containing different
amounts of TiO; (x) in mol%.
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Figure 3.5: Tauc plots for NATP glasses containing different amounts of TiO; (x) in mol%.
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As the onsets of absorptions are quite broad, attempt was not made to exactly
calculate the onset wavelength of absorption. However, the absorption coefficient (o) in these
glasses can be related to Eqpicar values of the glass by a power law suggested by Mott and
Davis [125], which can be expressed as ahv = A(E-hv), where A is a constant and r is a
parameter which depends on the type of transitions and can have values 2, 3, %2 etc. As
reported by Tauc [121] and, Mott and Davis [125] for indirect transitions in glassy materials,

the value of r can be assumed to be 2. Hence, a plot of (()th))”2

versus hv (known as a Tauc
plot), will results in a curve, extrapolation of the linear region of the curve to the x-axis with
o = 0 can give the value of the optical gap in the glass. Tauc plots (variation of (ahv)'* as a
function of hv) of NATP glasses are shown in Figure 3.5. The Egpica values obtained from
these Tauc plots are summarized in Table 3.2. For glass sample without any TiO, content, the
Eoptical value is found to be 3.57 eV. Incorporation of 2 mol% TiO, resulted in reduced Eqpiica
value to 3.43 eV. Further, reduction in Egyica value (3.34 eV) was noted for the glass
containing 5.0 mol% TiO,. The Eqpica values for the glasses containing 10, 15 and 20 mol%
TiO,, as mentioned in the Table 3.2, are comparable with that of the glass sample with 5
mol% TiO,. The observed variation in the Egyica values can be explained based on the
conversion of BO to NBO atoms brought about by the TiO, incorporation in the glass.
Optical transitions from these glasses are thought to be arising from the excitation of
electrons from the levels, mainly constituted by oxygen atoms to the levels made by the metal
ions. The negative charge present on the NBO atoms facilitates the excitation of its electrons
to a higher energy level compared to BO atoms where there is no negative charge. Hence an
increase in the concentration of NBO atoms is associated with a decrease in the Egpical values.

Similar a decrease in the Eqpica values with increase in NBO atoms content has been reported

in many phosphate and silicate glasses [126-127]. In the present study, for glasses containing
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2 and 5 mol% TiO; the relative concentration of NBO atoms are higher and hence their Eqpica
values are lower, when compared to the glass without any TiO,. However, for the glass
samples containing more than 5 mol% TiO,, there is no significant change in the Eqpica
values indicating that the relative concentration of NBO atoms attached with P structural
units remains more or less same. From these results it can be inferred that at higher
concentration of TiO,, Ti** mainly goes to the network rather than further modifying the
network and increasing the concentration of NBO atoms. There are no charge transfer
phenomena taking place in these glasses, as this will lead to the reduction of Ti** to Ti**
species, which is unlikely for glass samples prepared at 1350°C in air. Indeed, it is worth
mentioning here, that the Ti** species are mainly observed in glass samples prepared under

reducing conditions [128-131].
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Figure 3.6: Emission spectrum of NATP glasses with (a) x =0, (b) x = 10 and (c) x = 20 TiO,
content (in mol%). The samples were excited at 273 nm.
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Emission spectra of a few representative NATP glass samples are shown in Figure
3.6. For the glass sample without any TiO,, a broad peak centered about 435 nm with
significant tailing towards higher wavelength region occurs (Figure 3.6(a)). The broad
emission spectrum has been attributed to the different types of luminescent centres present in
the glass. It is reported that in binary silicate [123] and phosphate glasses [132-133] linkages
like Si-O"...Na", P-O"...Na" etc form and these linkages act as localized levels in the optical
gap of the glasses and can trap the electrons. Such levels are generally known as L-centres or
modified L-centres [123,132-133]. Recombination of electrons form this level with the holes
in the lower levels leads to light emission. In a multi-component glass there can be a variety
of L-centres and depending upon their concentration in the glass a broad emission spectrum is
observed. With incorporation of TiO, at the expense of P,Os, upto 10 mol%, the wavelength
corresponding to the emission maximum remained the same, even though there is a slight
change in the line shape (Figure 3.6(b)). However, above 10 mol% TiO; incorporation in the
glass, the emission maximum got significantly shifted to higher wavelength (528 nm)
indicating a decrease in the energy corresponding to localized levels. From the UV-visible
optical absorption spectrum it is confirmed that the Eqyica value decreases with increase in
TiO, content in the glass. In accordance with this the emission maxima also get red shifted.
Based on UV-Visible optical absorption and luminescence studies described above, it is
inferred that, the glass network and the electronic environment around the NBOs change
significantly with TiO, incorporation in the glass. The changes are with respect to the
creation of more NBO atoms and formation of relatively more ionic P-O-Ti linkages at the
expense of more covalent P-O-P linkages. Similar changes in the L-centre emission

characteristics have also been observed in PbO-Na,0-Si0O, glasses [123]. At this stage it is
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worthwhile to mention that no Ti** emission is observed from the sample as reported by

Bausa et al [129] and Batyaev et al [131].

3.3.4 Structural studies
In order to understand the observed variation in thermo-physical properties and Epica values,
structural studies were carried out using 3p and 77Al MAS-NMR, Raman and FTIR

techniques.

3.3.4.1 MAS-NMR
’'P MAS-NMR spectra for NATP glasses, prepared with different amounts of TiO,, are

shown in Figure 3.7.
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Figure 3.7: ’'P MAS-NMR spectra of NATP glasses having x mol% TiO, (x = 0-20). Side
bands are marked with an asterisk (*).
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For the glass with x = 0, an asymmetric peak around -18 ppm with shoulders around -
4 and +4 ppm has been observed. Deconvolution based on a Gaussian fit, revealed three
peaks around -18.8, -4 and +4 ppm, which are characteristic of Qz, Q1 and Q0 structural units
of ‘P’, respectively (where Q" represents the ‘P’ structural units having ‘n’ number of
bridging oxygen atoms) [134-135]. With the increase of TiO, concentration in the glass up to
10 mol%, the concentration of Q' structural units increases at the expense of Q? structural
units as shown in the Figure 3.8(a). Furthermore, the Q’ structural units show systematic
increase in the chemical shift values from —18.8 ppm (for x = 0 mol%) to —11 ppm (for x = 10
mol%), while that of Q1 structural units remain more or less the same, as shown in Figure
3.8(b). Beyond 10 mol% TiO,, featureless 'P MAS-NMR spectra were observed with peak

maxima shifting towards more positive values.
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Figure 3.8: (a) Relative contents and (b) chemical shift values of Q1 and Q2 structural units as
a function of TiO, content (x) in mol% in the glasses. Solid lines are drawn as guide to the
eyes.

Increase in the concentration of Q' structural units in the glass is due to the
depolymerization of polyphosphate chains as TiO; replaces the P,Os in the glass (thus O/P

ratio of the glass also increases). The increase in chemical shift of Q2 structural units has been
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attributed to a combined effect of decrease in chain length as well as the formation of P-O
Ti** linkages (where Ti** exists at the network modifying positions in the glass) at the
expense of P-O-P linkages [117]. Due to lower Z/r values of Ti* compared to P5+(where Zis
the valency of the ion and r is the ionic radius), replacement of the P-O-P linkages with P-O
Ti** linkages results in an increase in 3P chemical shift values. For TiO, content >10 mol%,
only one peak was observed with peak maxima shifting towards more positive values with
increase in TiO,. Based on the chemical shift values and O/P ratios of the glass samples
(Table 3.1), it is inferred that glass NATP15 (O/P ratio = 3.93) consists mainly of Q°
structural units along with some Q' structural units and glass NATP20 (O/P ratio = 4.33)
contains only Q" structural units connected to different cations. For the glass sample
containing more than 5 mol% TiO,, the observed changes in the *'P MAS-NMR spectra can
be explained by the formation of covalent P-O-Ti linkages (where Ti** act as network former)
at the expense of P-O-P linkages. This is because the P structural units like Q1 and Q0 can not
form a network of its own at this stage. In other words, TiO; acts as a network former in these
glasses when their concentration is above 10 mol%. Similar network former and modifying
behaviour of TiO; has also been observed in borosilicate glasses containing different amounts
of TiO, [126].

*’Al MAS-NMR spectra of NATP glasses are shown in Figure 3.9. The spectra
clearly show a change in the coordination environment around AI’* ions in the glass as TiO,
substitutes the P,Os. The NMR spectrum of NAP (x=0) glass shows a single peak around -20
ppm, characteristic of AlOg structural units [136]. With increasing x, two additional peaks
around +6 and +40 ppm start appearing. These peaks have been assigned to the five fold

AlOs and four fold AlO, coordination of AI** ions respectively based on Al MAS-NMR

&9



Chapter 3 Studies on sodium aluminium titano-phosphate glasses

studies on alumino-phosphate crystals [136]. Intensity of these peaks increases progressively
beyond x=10 mol%. For x=20, most of the A** ions exist as AlQy structural units. Based on
Al MAS-NMR studies it is inferred that AI’* jons mainly extend the glass network by

forming P-O-Al type of linkages, where the AI’* is having a tetrahedral configuration.
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Figure 3.9: Al MAS-NMR spectra of NATP glasses.

3.3.4.2 Raman spectroscopy

The Raman spectra of NATP glasses in three frequency ranges, namely, low frequency (200-
400 cm™), medium frequency (400-800 cm™) and high frequency (800-1400 cm™) ranges are
shown separately in Figure 3.10. The low frequency Raman spectra are shown in Figure
3.10(a). A Raman band observed at ~300-400 cm™ is typical of rocking motion of PO,

tetrahedron and/ or the motion of cationic polyhedrons [137]. The evolution of this peak ‘A’
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(for NATPO), shows red shift towards the peak ‘B’ (for NATP20) with increasing TiO,
content. Corresponding red shift is shown in the inset of Figure 3.10(a). Position of this band
depends on the covalent interactions of metal cation with oxygen present in different
coordination polyhedral units [137]. Therefore effect of TiO, on the extent of ionicity and/or
covalency between the cations and its surrounding oxygen atoms is related to this low
frequency Raman mode. We correlate the observed red shift in this peak to an increase in the
ionicity with increasing TiO, content in accordance with the observation of Nelson and
Exarhos [137]. This is quite understandable, as the covalency, which is related to the Z/r ratio
(where, Z is the valency of the ion and r is the ionic radius), decreases with increase in TiO,.
A new peak ‘C’ at ~ 440 cm™, that starts developing for x > 10 mol% may be a characteristic
of Na-O-P-O-Ti linkages. Similar structural units have been observed in compounds having
NASICON type structure [138] exhibiting a Raman band at ~438 cm™.

The Raman spectra in the medium frequency range are shown in Figure 3.10(b). The
band in the range ~650-750 cm’l, associated the P-O-P symmetric stretching [139,140] is
composed of two peaks namely ‘F’ and ‘G’ [Figure 3.10(b)]. This band in case of NATPO has
an intense peak ‘F’ at ~693 cm™, followed by a shoulder peak ‘G’ at ~737 cm™. Similar
features are observed in the Raman spectra of NaPOj; (sodium metaphosphate) as reported by
Nelson and Tallant [140]. It has been reported that unlike in metaphosphates (Q2 units), the
pyrophosphates (Q' units) have only one peak centered at ~740 cm™ [140]. These results
indicate that the peak ‘F’ is arising due to metaphosphate (Q%) units and the shoulder ‘G’ is
arising due to terminal PO3 (Q") structural units. The decreasing intensity of peak ‘F’ and
increasing intensity of peak ‘G’ with x, indicate that the terminal Q' structural units are

evolving at the expense of the Q? structural units. These Q structural units finally diminish
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beyond x = 10 mol%. The width of this peak in the NATP20 glass (140 cm’') has been almost
compared to that doubled of NATPO (70 cm™). Yifen et al [141] have reported a Raman peak
at 740 cm™ for AlOy structural units while Sakka et al [142] have assigned this Raman peak
to Ti-Opp (Opp: non-bridging oxygen) stretching vibrations in TiO4 units. Thus the random
distribution of distorted TiO4 and AlO, tetrahedra connected to different phosphate structural
units may be responsible for the increase in the width of this peak. An additional peak ‘E’ at
~ 620 cm™ (in NATP2) starts developing with addition of TiO,. The intensity of this peak
increases with increasing TiO,. Based on previous studies, this peak is assigned to the
stretching vibrations of Ti-O bonds in TiOg units [139,142].

Figure 3.10(c) shows the Raman spectra in high frequency range 850-1300 cm™
where, the different peaks are marked as ‘H’ through ‘L’. Inset of Figure 3.10(c) shows the
shift in these peaks with TiO, content. The NATPO glass shows the most intense peak at
~1160 cm™ (peak ‘K’) and a relatively less intense peak at ~1277 cm’ (peak ‘L’). The line
profile of the band (constituting peaks ‘K’ and ‘L’ in NATPO) is systematically altered as the
concentration of TiO; is increased. The symmetric and asymmetric stretching vibrations of
Q7 structural units of ‘P’ (PO, groups) appear at 1155 and 1280 cm’, respectively [117,143].

Thus, the peaks ‘K’ and ‘L’ are assigned to the symmetric and asymmetric stretching
vibrations of Q? structural units of ‘P’. The peak ‘L’ is observed to show a red shift from
1273 ecm™ (for NATPO) to 1174 cm™ (for NATP20). The peak ‘K’ appearing at 1163 cm™
(for NATPO) also shows a red shift up to 1147 cm” ( for NATP5), but to a lesser degree than
peak ‘L’. At x = 10 mol% and beyond, this peak disappears completely and is taken over by

the shoulder peak ‘J’.
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Figure 3.10: Raman spectra of NATP glasses having x mol% TiO; (a) Low frequency (200-
400 cm'l) Raman spectra; inset shows the shift of peak ‘A’ as a function of x (TiO, content),
(b) Medium frequency (400-800 cm™) Raman spectra, (c) High frequency (800-1400 cm™)
Raman spectra; inset shows the shift of various peaks as a function of x (TiO, content).

At a higher concentration of TiO,, the shoulder at the left hand side of peak ‘K’ (in

NATP2), develops into well defined peaks ‘I and J’. For the NATP5 glass, peaks ‘I and J’
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appear at ~1010 cm™ and ~1090 cm’ respectively. For TiO, above 10 mol%, these peaks are
further intensified, and the peak ‘K’ (quite intense at x = 0 mol%) is completely diminished.
The peaks (‘I’ and ‘J’) in NATP10 are red shifted to ~980 and 1060 cm’™. The line profiles in
NATP15 and NATP20 have completely changed from that of NATPO. At x = 15 mol%, the
intensity of peak ‘I’ is more as compared to that of peak ‘J’ and therefore the combination
peak (‘I and ‘J’) appears as a single asymmetric peak at ~1040 cm™. For NATP20 glass,
there is a considerable overlap between peak ‘I’ and peak ‘J’ and appears as a single peak at
1015 cm™. The Q' units of pyrophosphate have Raman peaks in the range ~1050-1010 cm™
[139], similar to what we have observed in the form of peaks ‘I’ and ‘J’. The extinction of
‘K-L’ band together with the evolution of ‘I’ and ‘J’ peaks indicate that most of the Q’
structural units are being gradually converted into Q' structural units. An additional peak ‘H’
at ~ 880 cm™ (in NATP2) is evolved with addition of TiO,. This peak for NATPS and
NATPIO is shifted to ~900 cm™ and finally to ~925 cm™ for NATP15 and NATP20. The
intensity of this peak increases with increasing TiO,. Therefore, this peak is attributed to Ti-O
stretching vibrations in TiO4 units [139,142].

This peak shows blue shift [inset of Figure 3.10(c)]. At lower content of TiO,, Ti-O-P
linkages exist but as TiO, content increases these Ti-O-P linkages are replaced by more of Ti-
O-Ti linkages. In Ti-O-P linkages, the Ti-O bond strength is reduced compared to Ti-O bond
strength in Ti-O-Ti linkages due to different charges of Ti and P (+4 and +5 respectively). As
a result peak ‘H’ is shifted towards higher frequency, as more and more Ti-O-Ti linkages
formed. The systematic red shift in ‘K’ and ‘L’ peaks, suggests redistribution of & bonding of
terminal P=O bond, among various spectroscopically equivalent NBO’s as the Q? units are
systematically being converted into Q' units [144]. In other words the ionicity of PO bonds

increases with an increase in TiO, content in the glasses.
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3.3.4.3 FTIR spectroscopy

Room temperature infra-red spectra of all the NATP glass samples are shown in Figure 3.11.
For the glass without TiO, (x = 0 mol%), five absorption bands approximately at 1280, 1200,
1120, 900, 750 cm’! are observed. Up to 10 mol% TiO,, the IR patterns essentially remain the
same except the intensity of bands around 1200 and 1280 cm™. The intensity of 1280 band
keeps on diminishing and finally disappears at x = 10 mol%, while that around 1210 cm™
becomes pronounced. Above 10 mol% TiO,, the IR spectra change significantly and the band

at 900 cm™ disappears with the development of bands around approximate 1000, 1070 and

1170 cm™.
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Figure 3.11: FTIR spectra of NATP glasses.

The band at 1280 cm™ has been attributed to the asymmetric stretching vibration of

PO, groups (equivalent to Q2 structural units) [145]. Both the absorptions bands around 1200
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and 1120 cm™ are assigned to asymmetric stretching of POjs; groups (chain end group
equivalent to Q' structural units). According to Montagne et al [146] the band around 1120
cm™ is due to the vibration of PO; groups with a smaller number of aluminium neighbours
than those POs groups which are vibrating around 1200 cm™. The band at 900 cm™ is
assigned to asymmetric stretching of P-O-P bridges [145-147]. The bands at 700 and 750 cm”
"are due to the symmetric stretching of P-O-P bridges [147-148]. A reduction in the intensity
of the band at 1280 cm'l, while an increase in that around 1200 cm™ indicate that as TiO,
content increases, the phosphate network depolymerize with the conversion of PO, groups
(Q? structural units) into PO; groups (Q' structural units). This observation is in agreement
with the NMR results that suggested a conversion of Q” structural units to in Q' structural
units. Above 10 mol% TiO,, the band at 900 cm™ (corresponding to Q1 structural units)
disappears with the development of bands approximately around 1000, 1070 and 1170 cm’
characteristic of the isolated PO, groups (equivalent to Q" structural units) connected to
different cations. These changes suggest that the phosphate network is highly depolymerized
with isolated orthophosphates, which is in agreement with the NMR results.

MAS-NMR, Raman and FTIR spectroscopic studies revealed that the substitution of
P,0s5 with TiO, up to 10 mol% depolymerizes the phosphate glass network by a systematic
conversion of Q* structural units into Q'. Even though Q” to Q' conversion occurs by
breaking of P-O-P linkages, the formation of P-O-Ti (along with P-O-Al) bonds provide cross
linking between ‘P’ structural units, which make the glass network more rigid. Therefore the
net effect is an increase in T,, density and MH, and a decrease in molar volume and TEC, up
to 10 mol% TiO,. For the addition of TiO, above 10 mol%, the Q' structural units get
converted into Q° units and TiOj structural units leading to a Ti-O-Ti based network linked

with discrete PO, structural units. Further as the bond energy of Ti-O-Ti linkages is lesser
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than P-O-P and P-O-Ti linkages, the formation of Ti-O-Ti type network connected with
discrete ‘P’ structural units is expected to weaken the glass network. This is consistent with
the decrease in T, density and MH, and an increase in molar volume and TEC for the glasses
containing TiO, more than 10 mol%. The changes observed in the nature of the linkages
present in the glass are also clear from the variation in the Eqpica values and wavelength
corresponding to the emission maxima of the glass samples as a function of composition.
When the strong P-O-P linkages are replaced by progressively weaker P-O-Ti or Ti-O-Ti
linkages, the optical gap is expected to reduce. This will eventually lead to a decrease in the

energy corresponding to the localized luminescence centres.

3.3.5 Surface degradation studies

NATP10 NATP15 NATP20

Figure 3.12: Initial optical photographs of NATP glass surfaces at 10x magnification.
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Optical photograph of polished surfaces of all the NATP glasses are shown in Figure 3.12.
We found no change in the surface of these glasses after exposure in air ambient for several
months. However, after a long time exposure of the NATPO glass (x = 0) resulted in the
degradation of glass surface compared to other TiO, containing NATP glasses. Optical
photograph of the same glass samples after an exposure to air ambient for 2 years are shown
in Figure 3.13. These photographs clearly indicate a higher resistance of the NATP glasses

having 5 mol% or higher amount of TiO, confirming the higher chemical durability of NATP

glasses compared to NAP glass

NATP-0 NATP-2

NATP-5

NATP-10 NATP-15

NATP-20

Figure 3.13: Optical photographs of different NATP glass surfaces, after an exposure to open

air ambient for 2 years, at10x magnification.
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3.4 Conclusion

Raman, FTIR and 3P MAS-NMR studies confirm that the addition of TiO, in the NATP
glass results in the progressive conversion of Q structural units into Q' (up to 10 mol%) and
Q" structural units (more than 10 mol%). The Raman spectra revealed that TiO, enters in the
glass network in the form of octahedral and tetrahedral structural units and at a higher content
of TiO, (for x > 10 mol%), existence of tetrahedral structural units of Ti are more favourable.
Cross-linking provided by P-O-Ti and P-O-Al bonds between shortened discrete ‘P’
structural units (for x < 10 mol%) results into a more strong and rigid glass network.

Based on thermo-physical and structural studies it is concluded that TiO, behaves as a
network modifier upto 10 mol% and above that a Ti-O-Ti based network connected with
discrete PO, structural units exist in the glass. Al coordination changes significantly from
octahedral to tetrahedral for glass samples having more that 10 mol% TiO,. Above 10 mol%
TiO, the incorporation depolymerization of glass network is significant with the formation of
Ti-O-Ti type of linkages along with Q" structural units of P at the expense of strong P-O-P
linkages leading to a less rigid structure. Variation in Ty, MH, density, TEC and Epica values
for these glasses are in accordance with the structural changes taking place in the glass as a

function of composition.
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Chapter 4

Studies on Strontium Zinc Silicate Glasses/Glass-ceramics

4.1Introduction

The development of high temperature sealant materials is an important field of research due
to their possible use in planar solid oxide fuel cells (p-SOFC) and planar solid oxide
electrolyzer cells (p-SOEC) [149-152]. The planar design of SOFC has an advantage of high
power generation efficiency with ease in fabrication over the tubular design. But it also
requires stable, gas tight seals at high temperatures to prevent mixing and leakage of fuel gas
and oxidant [153-156]. Alkaline earth based silicate glasses and glass-ceramics are promising
materials as high temperature sealants for such applications [150-152,157]. Glasses based on
barium silicate or barium aluminosilicate composition have been investigated in the recent
past by many researchers [158-161]. These materials have requisite thermal properties to
make suitable seals to different cell components of the SOFC. However, issues concerning
the long-term thermal and chemical stabilities with the fuel cell materials have been raised
due to the formation of BaCrO,4 phase as a result of interfacial reactions of BaO with Crofer-
22-APU (most widely used interconnect material for SOFC), which is detrimental to the
long-term stability of seal [152,162-165]. Another limitation of these sealant materials is the
formation of the monocelsian (BaAl,Si;Os) and its polymorph hexacelsian crystalline phases
having low TEC. The difference between TEC of these two polymorphic phases (TEC of
monocelsian phase: 22.9 x 107/°C and TEC of hexacelsian phase: 80 x 107/°C) develops
thermal stresses in the seal [165]. Because of these shortcomings there is an increasing need

to search new glass or glass-ceramics for high temperature sealing applications. Other
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alkaline earth oxides like, SrO, MgO based silicate systems have been comparatively less
explored as a sealant for SOFC [166-169]. In order to minimize/prevent the chromate phase
formation at the interface, strontium zinc silicate based glass system has been investigated in
the present work to develop high temperature sealants for SOFC. Recently, Zhang et al [170]
have reported the role of ZnO in the reduction of chromate formation at the interface. At high
operating temperatures of SOFC (800-850°C) the glass gets converted into glass-ceramic due
to nucleation and growth of crystalline phases in the glassy matrix. The kinetics of growth
and microstructure of these crystalline phases affect the properties of sealant material and
thereby influence the working of SOFC. Knowledge of crystallization kinetics and
mechanism is also important to develop suitable materials and processes for the glass-ceramic
sealant [171]. Therefore, crystallization kinetics of a few glasses has also been studied.
Glasses and glass-ceramics in the strontium zinc silicate (SZS) system have also been studied
for various other technological applications like dielectrics, optical connectors and as
prospective bone graft materials [172-176].

In this chapter, the thermo-physical properties, crystallization kinetics and structural
aspects of SZS glasses and glass-ceramics with different additives are described. To
demonstrate the suitability of the material as SOFC sealants, the preparation of hermetic seals

with SOFC components has also been described.

4.2 Experimental

4.2.1 Synthesis of glass samples

Glasses of different composition as listed in Table 4.1 in the SrO-ZnO-SiO, (SZS), system

with different additives like B,0s3;, Al,O3, V,05/Cr;03, TiO; and Y;03, were prepared by
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melt-quench method. Analytical grade Sr(NO;), (MERCK, India), B,Os; (MERCK,
Germany), SiO; (Loba Chemie, India), and ZnO, Al,O3, V,0s, Cr,03, TiO; and Y,0; (all
from S. D. Fine Chem Ltd., India), were used as starting precursors. The initial charge (~100
gm) was prepared by thoroughly mixing and grinding for 20-30 min in a mortar pestle. This
was calcined in an alumina crucible by heating first at temperature 620°C for 4 h to
decompose Sr(NOs), and then at 750°C for 15 h. This charge was re-ground and re-calcined
in the same manner. Glasses were prepared following the procedure as described in chapter 2.
Depending on the composition, glass charges were melted in the temperature range 1500-
1600°C in the air ambient. The glass was then annealed in the temperature range of 600-

650°C for 4 h. Discs of bulk glasses were used for crystallization and other measurements.

4.2.2 Formation of glass-ceramics samples

Based on DTA data, SZS glasses either in disc or pellet forms, were crystallized by one step
heat treatment at their respective crystallization temperatures for 2 h. A few representative
glasses namely SZS-1 and SZS-9 were also crystallized according to different heat treatment

schedules (at different temperatures for different durations).

4.2.2.1 DTA

Crystallization temperature of glasses was determined from DTA as described in chapter 2.
The non isothermal experiments were performed on ~50 mg powdered glass samples (particle
size in the range of 75-210 um), using a heating rate of 10°C/min. To study the crystallization
kinetics of glasses, the DTA scans were also recorded from room temperature to 1050°C in

an air atmosphere with heating rates of 5, 10, 15 and 20°C/min.
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4.2.3 Thermo-physical characterization

T,, Tys and TEC of all the glass/glass-ceramics were measured using TMA. Flat circular discs
of diameter 10 mm and thickness 3-4 mm were used for the measurement. TEC being
reported is the average in a temperature range from 30°C to T,. Density was measured at
room temperature by Archimedes principle using DM water as an immersion liquid with an
accuracy of +0.03 g/cm3. The MH of glass/glass-ceramics samples was measured using the

Vickers indentation technique. Indentation was obtained by applying a 50 g load for 5 s.

4.2.4 XRD

The amorphous nature of SZS glasses and various crystalline phases in the glass-ceramics
samples were identified using powder XRD with Cu K, as X-ray source. Diffractograms

were recorded in a 20 range from 10 to 70° with a speed of 0.5°/min (steps of 0.01°).

4.2.5 Structural characterization

Structural studies of glasses were carried out using Raman, FTIR and NMR spectroscopic
techniques. Raman spectra on powdered glass and glass-ceramics samples were recorded
using a homemade Raman spectrometer with ~532 nm wavelength as an excitation source
[100]. Details of the measurement and data correction are described in chapter 2. Infrared
spectra of all glasses were recorded over the frequency range 400-4000 cm™ with a resolution
of ~4cm™ as detailed in chapter 2.

»8i, Al and "B MAS-NMR spectra for representative SZS glasses and glass-
ceramics were recorded at 2.34, 18.8 and 18.8T, respectively, on Bruker AVANCE

spectrometers. Probes used were: 3.2 mm probe at 20 kHz spinning speed for ''B and *’Al
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and a 7 mm probe at 4 kHz spinning speed for *’Si. Powdered samples (~3 mg, 5 mg and 30
mg for 3.2 mm, 4 mm rotors and 7 mm rotors, respectively) used for these measurements
were packed densely in ZrO, rotors to ensure stable spinning. The Larmor frequencies were
19.8, 161.9 and 256.8 MHz for **Si, *’Al and ''B, respectively. For ''B, the pulse duration
was 2 us (1/6) and the recycle delay was 10 s. For Al the pulse duration was 1.5 ps (/8),
and the recycle delay was 2 s. For ¥Si, the pulse duration was 1.6 ps (n/5) and the recycle
delay was 180 s. All relaxation delays were chosen long enough to enable complete
relaxation at the respective fields. The *°Si chemical shifts are relative to tetramethyl silane
(TMS) at 0 ppm, those of %’ Al are relative to AlCIzat O ppm and those of ''B nuclei are given
relative to BPOy at 3.6 ppm. The deconvolution of NMR spectra was carried out using origin

software and peaks were fitted using the Gaussian line shape.

4.2.6 Microstructural characterization

Microstructure of glasses/glass-ceramics and interface of seal between glass-ceramics and
SOFC components were investigated using SEM as described in chapter 2. Elemental line
scanning was done across the interface of seals using EDS to find out the inter-diffusion of

elements.

4.2.7 Bonding properties and interface studies

Adhesion/bonding property of a few glasses with YSZ and Crofer-22-APU was also
investigated according to the method describe in chapter 2. Seals of a few representative SZS
glasses with YSZ and Crofer-22-APU were fabricated and tested for vacuum integrity

following the process described in chapter 2.
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Table 4.1: Chemical compositions (in wt.% and mol%) of investigated SZS glasses.

GIIESS Composition | SrO | ZnO | Si0, | B,Os | V205 [Cr05| ALO; | TiO, | Y205

(Wt.%) 51 9 40 ; ] ; ; |-
SZS-1

(mol%) 388 | 87 | 525 | - ; - - ; ;

(Wt.%) 51 9 30 5 ; 2 3 |-
S7ZS-3

(mol%) 40.5 9.1 41 5.9 - 1.1 2.4 - -

(Wt.%) 51 9 30 | 10 ; ; ; |-
SZS-4

(mol%) 395 | 89 | 401 | 115 - ; ; |-

(wt.%) 49.1 8.9 29.2 8.5 4.4 - - - -
SZS-6

(mol%) 39 9 40 | 10 2 ; ; |-

(Wt.%) 494 | 9 | 204 | 85 ] 37 ; |-
S7S-7

(mol%) 39 9 40 | 10 ] 2 ; |-

(wWt.%) 48.8 8.8 27.6 6.7 - 3.7 2.5 1.9 -
SZS-8

(mol%) 39 9 38 8 ] 2 2 2 | -

(Wt.%) 481 | 94 | 279 | 16 ] 37| 24 | 19| 52
SZS-9

(mol%) 40 9 40 2 ] 2 2 2 | 2

4.3 Results and discussion

Transparent and bubbles/inclusion free glasses were obtained for all the investigated
compositions. Glasses were colourless except those having Cr,O3 or V,0s oxides. Glasses
having Cr,03 were dark greenish in colour that might be due to the presence of Cr’* ions and

glasses having V,0s were light greenish in colour due to the presence of V** ions [177].

4.3.1 Thermo-physical properties
Various thermo-physical properties of glasses are listed in Table 4.2. It is clear from Table
4.2 that investigated glasses have densities in the range of 3.66-3.78 x 10° kg/m’ and MH in
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the range of 6.26-7.17 GPa. The MH of all glasses is high, reflecting higher bond strength
thereby indicating a higher load withstanding capability of these glasses [178]. Molecular
weights of B,O3 and Al,Oj3 are higher compared to SiO; therefore, the density of SZS glasses
increases with the addition of these oxides, for SZS-3 and SZS-4 glasses. The density remains
almost the same with the addition of V,0s along with B,O; for glass SZS-6. It can be
explained on the basis of two opposing effects; higher molecular weight increases the density

but more open glass network due to a network modifying effect of V,0s, decreases the

density.
Table 4.2: Thermo-physical properties of investigated SZS glasses.
GlassID | Tex2 | Tgx2 | TEC£5% TEC £ 5% To£2 | MH£5% p+0.03
(°C) | (°C) (107/°C) (107/°C) (°C) (GPa) | (10° kg/m’)
(30°C-T,) (30-900°C)
Glass Glass-ceramics
SZS-1 722 745 108 112 920 6.26 3.68
SZS-3 671 707 112 104 885 6.26 3.78
) (30-700°C) ' '
S7S-4 643 676 105 115 878 7.13 3.71
SZS-6 640 664 115 118 865 7.17 3.66
SZS-7 666 697 115 114 910 7.05 3.73
SZS-8 668 698 112 115 915 7.02 3.72
SZS-9 730 750 Hi 116 930 6.33 3.88
(200-700°C) | (200-900°C) ' '

It is observed that with the addition of B»O3 T, and Ty reduce and TEC remains
almost the same. Since B,0O3 decreases the viscosity of the glass, it results in the reduction of
T, and Tg,. With the addition of V,0s a further reduction in the T, and Tg, for the SZS-6 glass

was also observed. This is because V,0s reduces the surface tension of liquid and therefore
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reduces the T, and Tgs. Addition of V,0Os along with B,O3 increases the TEC of the glass. The
TEC for the investigated glasses are in the range of 105-115 x 107/°C (30°C-T,), which is
closely matched with the TEC of other SOFC components like interconnect, electrodes and
electrolytes [168,179]. It is found that TEC of glasses after a 2h crystallization did not change
much as shown in Table 4.2. Softening temperature for all the glass-ceramics was observed

higher than 1000°C which is advantageous for high temperature sealants.

4.3.1.1 Viscosity

The viscosity of glasses was also calculated from the dilatometric data using a method based
on the Vogel-Fultcher-Tamman (VFT) equation as reported by Wang et al [180]. Although
this is not a very accurate method but it is very convenient and significant one for the
viscosity measurement. According to the simple liquid theory (Mott and Gurney) [180], there

is a relationship between pseudo-critical temperature (Ty) and the absolute melting point (Ty,)
T, 2
=~z 4.1
T. =3 (4.1)
Beaman [[181,182] showed that this rule could be applied on glass/glass-ceramics and there

the terms Ty and T, of Eq.(4.1) can be replaced with T, and liquid temperature (Tj),

respectively of the glass. Thus Eq.(4.1) becomes
2
g
=_ 4.2
. “42)

Hence T can be calculated using the value of T,. The viscosity (1) values at T, , Tgsand T)are
fixed and independent of materials and are reported [183] to be 10" '6, 10 and 10° dPa.s,

respectively, at these temperatures. Then, according to VFT equation [184,185].

logn =4+

T (4.3)
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where A, B and Ty are all constants.

Table 4.3: Constant of VFT equation and viscosity values at 950°C and 1000°C for SZS

glasses.

N at 950°C | m at 1000°C
Glass A B To (dPa.s) (dPa.s)
SZS-1 | 5.04 535.21 932.44 6.88 6.6
SZS-4 | 434 923.82 816.19 6.61 6.37
SZS-6 | 4.46 843.54 815.75 6.53 6.30
SZS-8 | 4.9 789.54 853.42 6.72 6.47
v
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Figure 4.1: Temperature dependence of viscosity of SZS glasses.

Using the value of T,, Tqand T, from Table 4.2 in Eq.(4.3) constants A, B and T were
determined for SZS glasses and listed in Table 4.3. The viscosity of glasses at different

temperature was obtained using the calculated constants and obtained viscosity-temperature
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curve of SZS glasses, are shown in Figure 4.1. The viscosity of SZS glasses at the sealing
temperature (950°C) (Table 4.3) are well within the required range of viscosity (10° to 10’
dPa.s) for sealing applications [157].

It is clear from Figure 4.1 that the viscosity varies more steeply with temperature for
SZS-1 glass compared to other SZS glasses. It is required that the viscosity of the glass
sealant should vary smoothly with temperature around sealing temperature for a better
joining. The variation in the viscosity with temperature is smoother for SZS-6 glass in all the

investigated SZS glasses which is advantageous for sealing application.

4.3.2 DTA analysis

DTA plots of investigated glasses are shown in Figure 4.2. Endothermic base line shift in the
DTA trace indicates the T, and exotherm indicates the crystallization temperature (Tp). It is
clear from Figure 4.2 that for the SZS-1 glass exotherm comprises of 2 overlapping peaks
around 890°C and 930°C. This indicates the crystallization of two phases in the SZS-1 glass.
T, and T, reduce significantly with the partial replacement of SiO, by B,>Os. BoOj3 reduces the
viscosity of the glass and increases the diffusion of ions. This reduces the T, and causes
crystallization of glass at a lower temperature. Addition of V,0s in the SZS-6 glass further
reduces T, and T,. V,0s is known for its ability to reduce the surface tension of glasses,
therefore it seems that presence of this oxide in the SZS-6 glass resulted in a lower
thermodynamic free energy barrier for the crystallization. It is found that addition of Cr,O3 in
place of V,0s in the SZS-7 glass results in higher T, and Tp,. Chromium generally exists in
Cr’* and Cr®* states in glassy matrices. Of these Cr’* in octahedral coordination acts as a

network modifier whereas Cr®* ions as CrO,” structural units that takes part in the network
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formation [186,187]. Dark green colour of Cr,Oz containing SZS glasses indicates the
presence of Cr’* ions in the glass. However, observed variation in T, Ty, and T}, indicate that
most of Cr,0O3 might be playing the role of network former in the form of Cr® ions in the
SZS glass [186,187]. For other SZS glasses like SZS-3, SZS-8 which contains Cr,O; and
AlO3, T, is found to be higher. For SZS-9 glass also T, and T, are quite high. This might be
due to the lesser amount of B,0Os; and network forming behavior of the added additives.

Presence of Al,Oj3 also retards the crystallization of the glass.
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Figure 4.2: DTA plots of SZS glasses at a heating rate of o = 10°C/min.

4.3.3 X-ray diffraction analysis
A characteristic broad hump at around 26 = 28° in the powder XRD pattern of SZS glasses

confirmed the amorphous nature of the prepared glasses. Figure 4.3 shows the X-ray

diffractograms of SZS-1 glass and glass-ceramics produced by heat treatment schedules as
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given in Table 4.4. As a result of the crystallization, the physical appearance of the glass
changes from clear, transparent and colourless to white tinged translucent and finally to white

and opaque.

Table 4.4: Heat treatment schedules and crystalline phases of the SZS-1 glass-ceramics.

Glass-ceramic | Heating Temp. | Dwell Time Crvstalline Phases
ID °C) () '
SZS1-GC-1 750 1 amorphous
SZS1-GC-2 750 5 amorphous
SZS1-GC-3 820 1 amorphous
S7S1-GC-4 820 2 Si0,, ZnSi0;, Sr3Si;09, S1,ZnSi,0;
Mainly Sr3Si309, Sr,ZnSi,O, and
SZS1-GC-5 850 2 Minor amount of SiO,, ZnSiO;
S7ZS1-GC-6 925 2 Sr3Si309, S1,ZnSi,0;
. ZnSiO3 . SiO2 s * SrZZnSiOZ + SrESiSO9
i +
P GC-6
* + .
e + o+ 4+ 4
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Figure 4.3: X-ray diffractograms of SZS-1 glass-ceramics.
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The samples heat treated at 720°C for 1 h, 750°C for 5 h and 820°C for 1 h are
amorphous. In the sample heat treated at 820°C for 2 h, ZnSiO; (JCPDS No: 83-2473), SiO,
(JCPDS No: 83-2473), Sr,ZnSi0, (JCPDS No: 39-0235) and Sr3Si309 (JCPDS No: 77-0233)
crystalline phases are evident in the X-ray diffractograms (Figure 4.3). In the glass sample
heat treated at 850°C for 2 h, the fraction of ZnSiO3 and SiO, decreases in comparison to
Sr,ZnSi0, and Sr3Si309. For the glass sample heat treated at 925°C for 2 h, only Sr,ZnSiO,
and Sr3Si30g phases are evident. Sr3Siz0¢/SrSi0; [188] and Sr,ZnSi,0; [189] are quite stable
phases while SiO; and ZnSiOs3 (0) [190] are reported as metastable phases. Initially SiO, and
ZnSiO3; (o) metastable phases crystallize in the glass and later only more stable
SrSi05/S1351309 and Sr,ZnSi,0; phases crystallize. It is postulated that as temperature and
time increase during the crystallization both SiO, and ZnSiOs; (o) metastable phases
converted to more stable Sr3SizO¢ and Sr,ZnSi,O; phases, respectively according to the
following reactions [191]:

Si0; (hexagonal) + SrO (glass) —— SrSiO; (monoclinic) / Sr3Si309 (monoclinic)
ZnSi0; (orthorhombic) + 2SrO (glass) + SiO; (glass) —— Sr,ZnSi,07 (tetragonal)

XRD patterns for all other SZS glass-ceramics heat treated at their crystallization
temperatures for 2h are presented in Figure 4.4. It is observed that at crystallization
temperature (925°C) two crystalline phases Sr,ZnSiO7 and Sr3Si309 are formed for SZS-1
glass. For glass SZS-4 also both the phases crystallize but intensity of peaks corresponding to
Sr3Si309 is very less compared to that of peaks of the Sr,ZnSi,O; phase. This indicates the
suppression of crystallization of this phase. For the SZS-6 glass mainly the Sr,ZnSi,O; phase
crystallized. For the SZS-7 glass the Sr3Si3O¢ crystallized as a major phase with a small

amount of Sr,ZnSi,07. XRD results indicate that in the base composition (SZS-1) Sr,ZnSi,O;
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and Sr3Si3O¢ phases crystallize and addition of additives (B,O3/V,0s) suppress the

crystallization of Sr3SizOg phase. Unlike this, additive Cr,O; enhances the formation of

Sr3Si309 phase.

Figure 4.5 shows the XRD patterns of SZS-9 glass-ceramics heat treated according to
the schedule given in Table 4.5. All the peaks are analyzed with JCPDS files. It is observed
that first Sr,ZnSi»O7 phase crystallized and the amount of crystalline phase increases with
increase in the dwell time at 950°C, as the intensity of peaks corresponding to the Sr,ZnSi,O;

phase was found to increase. At a higher temperature (1100°C) or prolonged dwell at lower

temperature (950°C) the SrSiO3/Sr3Si309 phase also crystallized.

Table 4.5: Heat treatment schedules and crystalline phases of the SZS-9 glass-ceramics.

Sample Name | Nucleation | Dwell Crystallization Dwell Crystalline
temperature time temperature time Phases
°O (h) °O) (h)

SZS9-GCl1 800 2 - - S1,7ZnSi,0,
SZS9-GC2 800 2 950 1 S1,7ZnSi,0,
SZS9-GC3 800 2 950 2 S1,7ZnSi,07, Sr35i309
SZS9-GC4 800 2 1100 1 S1,7Zn8Si,07, Sr35i309
SZS9-GC5 800 2 1100 2 Sr,ZnS1,07, Sr3Si309
SZS9-GC6 - - 950 50 Sr,7ZnSi1,07, Sr3Si309
SZS9-GC7 - - 1100 50 Sr,7ZnS1,07, Sr3S1;09

Table 4.6 summarizes the different crystallization phases observed in SZS glass-
ceramics. For glasses namely SZS-4 to SZS-9, the peak maximum of the diffraction peaks

corresponding to Sr,ZnSiO; phase shifted slightly to higher 20 value. This has been
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attributed to the partial substitution of Zn/Si sites by Al/B in Sr,ZnSi;O7. In other words a
solid solution formation is taking place in these glass-ceramics. The Sr,ZnSi,O; (Sr-
Hardystonite) phase is a member of a melilite family of silicate mineral and SrzSizOq
crystalline phase belongs to cyclo-silicate mineral group. Similar solid solution formation,
among the members of melilite silicate minerals like hardystonite, gehlenite etc, has been
previously reported in the literature [192,193].

It is reported that melilite silicate and cyclo-silicate phases have high TEC [194,195],
high chemical durability, high insulating properties and high mechanical strength
[192,196,197]. It is also reported that glass ceramics containing crystalline phases of theses
silicate groups have high TEC [198]. Therefore, formation of these crystalline phases in all

the SZS glass-ceramics is advantageous for their use in SOFC sealant application.
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Figure 4.4: X-ray diffractograms of SZS glass-ceramics.
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Figure 4.5: X-ray diffractograms of SZS-9 glass-ceramics.

Table 4.6: Crystalline phases in SZS glass-ceramics.

Glass ID Crystalline phases in glass-ceramics
SZS-1 S1,ZnSi,07, Sr3Si309
SZS-3 Sr,ZnSi,07 solid solution, Sr3Si309
S7ZS-4 Sr,ZnSi,05 solid solution, Sr3Siz0y (Minor)
SZS-6 Sr,ZnSi,07 solid solution, Sr3Siz;Oy (Minor)
SZS-7 Sr,ZnSi,0; solid solution, Sr3Si3;09 (Major)
SZS-8 Sr,7ZnSi,O7 solid solution, Sr3SizOq
SZS-9 Sr,ZnSi,07 solid solution, Sr3Si309
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4.3.4 Structural studies of SZS glasses

4.3.4.1 Raman spectroscopy

Raman spectra of investigated glasses revealed the information regarding the modification in
the structure of glasses with the addition of different additives as shown in Figure 4.6. Bands
in the 700-1100 cm™ region are characteristic of Si-O" stretching vibrations in different SiO4
tetrahedra. The silica network is expressed in terms of Q" structural units, where ‘Q’
represents the Si tetrahedron and ‘n’ the number of bridging oxygen per tetrahedron. For the
silica network n varies between 0 and 4. Raman spectrum of the SZS-1 glass has intense
bands at ~860, 940 and 1040 cm'l, a medium intense asymmetric band at ~620 cm™! and a
weak band at around 360 cm™. Based on the previous studies on silicate, borate and
borosilicate glasses, bands at ~940 cm™ and ~860 cm™ are assigned to Si-O stretching
vibrations of NBO in Q*and Q' Silicate structural units [199-202]. Another band at around
1040 cm™ is attributed to Si-O° vibrations of BO (Si-O-Si) in different Q" silicate structural
units. The concentration of Q’ units in glasses is very low since a band around 1100 cm’,
characteristic of stretching vibrations of Q’ units, appears to have very weak intensity. Raman
spectrum of SZS-4 glass having B,0; is quite similar to the SZS-1 glass except 3 additional
bands. Vibrational bands corresponding to ‘Si’ structural units remain almost unchanged with
the addition of B,O3 which indicate that B,O; is participating part in the glass network and
not directly interacting with silicate structural units. For SZS-6 to SZS-9 glasses with the
addition of other constituents like Al,O3, V,0s, Cry0s3, intensity of the band at 860 cm’!
increases and intensity of bands at 940 and 1040 cm™ decreases. This indicates that Q'
structural units are increasing at the expense of Q” structural units in the glass network.

Incorporation of other additives whether network former or modifier creates NBO atoms,
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thereby leading to the formation of Q" silicate structural units with lower number of ‘n’
values. The band at ~620 cm™ is assigned to mixed stretching and bending vibrations of Si-
O-Si bridges in various silicate units [201]. However, this band has also been attributed to the
bending vibration of Si-O-Si bridges by many researchers [203]. Asymmetry of this band
towards higher wave number is assigned to the analogous vibration in Q' silicate structural
units. An increase in the frequency of this band with the additives in the glass also indicates
the depolymerization of Si network. A weak broad band at ~360 cm’ is attributed to the

rocking motion of silicate units and/or motion of cationic polyhedral units [204].

Intensity (a.u.) —
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Figure 4.6: Raman spectra of SZS glasses.
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New bands appeared in the Raman spectra of B,O3 containing glasses at ~1200 cm™
and ~1450 cm”. The intensity of these bands is higher for glasses having higher
concentration of B,O;. Bands at ~1200 cm™ and ~1450 cm™ are attributed to stretching
vibrations of B-O™ bond in triangular (BO3) borate units [205-207]. The band at ~780 cm’ in
the spectra of SZS-4 glass is assigned to vibrations of B-O" bond in the tetragonal (BO.)
borate units [205-207]. This indicates that initially B,O3; is going into the network as
triangular (BO;3) borate units. For higher concentrations of B,0; (as in SZS-4 glass) a part of

the B,0O3 goes into the glass network as tetragonal (BO4) borate units.

4.3.4.2 FTIR spectroscopy

The room temperature FTIR transmittance spectra of investigated SZS glasses are shown in
Figure 4.7. All recorded spectra show three broad bands in the mid infrared region (400-
1500 cm™). Most intense bands are observed in the 1200-800 cm'lregion and the next one is
observed in the 600-400 cm region. The least intense band is observed in the 800-600 cm’!
region. The presence of broad bands and lack of sharp features indicate the general disorder
in the silicate glass network mainly due to the presence of wide distribution of Q" structural
units in these glasses. It has been known that the band in the 1200-800 cm’ region is
characteristic of asymmetric vibrations of Si-O” within SiOy tetrahedron [205]. It is clear from
the spectrum of SZS-1 glass that the broad band in the 1200-800 cm’! region is composed of
three bands at ~1020 cm™, ~910 cm™ and ~860 cm', respectively. A new band around 1220
cm™ is appeared in the spectra of B,0O; containing glasses. Intensity of this band is more for

the glasses having higher concentration of B,0s.
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Figure 4.7: FTIR spectra of SZS glasses.

According to previous vibrational studies on silicate glasses, bands at ~910 cm™ and
~860 cm™ are assigned to Si-O" asymmetric stretching vibrations in Q* and Q' silicate
structural units respectively [202]. The band at ~1020 cmis assigned to the Si-O° vibration
in various silicate structural units (Ql, Q2 and Q3). The presence of Q3 units in SZS-1 glass is
indicated by an asymmetry of broad band at 1200-800 cm’ towards higher wave numbers.
This is because the concentration of Q’ structural units, which is responsible for the peak at
1100 cm™, is having very low concentration in the glass. When other additives (network
modifier or former) added into the glass, the position of this broad band shifts toward lower
wave number due the formation of Q" silicate structural units having higher number of NBO
atoms. The width of this band also reduces with the addition of other additives which reflects

the decrease in the distribution of Q" silicate structural units in the network. The band
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between 800-600 cm™ is assigned to Si-O” symmetric stretching in various silicate units
[208]. The band at ~1220 cm™" is attributed to stretching vibrations of B-O” bond in triangular
(BO3) borate units [208]. The band at ~500 cm’ s assigned to Si-O-Si bending vibration in
various silicate units [208]. Thus, FTIR spectra also revealed that the glass network mainly
composed of Q2 and Q1 silicate structural units. It is also inferred that the silicate glass
network depolymerizes with the addition of different additives and B,Os enters into the

network as triangular BO3 borate structural units.

4.3.4.3 MAS-NMR spectroscopy

The *Si MAS-NMR spectra of a few SZS glasses are shown in Figure 4.8. These show a
broad feature in the —70 to —105 ppm range. Considering that the content of modifying oxide
(~48 mol%) for SZS-1 glass, one can expect the glass network to have low degree of
polymerization and thus mainly composed of Q’ structural units along with Q’ and Q' units.
A deconvolution based on Gaussian fitting resulted in the appearance of three peaks around
chemical shift values -91.4, -85 and -78 ppm (for SZS-1) which are characteristic of Q3 , Q2
and Q1 structural units of ‘Si’, respectively [209-211]. For SZS-6 glass the resonance remain
almost at the same chemical shift value. However, there is a slight increase in the asymmetry
of the peak towards lower chemical shift value. This is due to the slight increase in network
polymerization. This indicates that B,Os takes part in the glass network and there is no direct
interaction between the borate and silicate structural units. The Borate network may be
indirectly interacting with the silicate network through modifier cation M (where M is
St/Zn/V) to form Si-O-(M-O),-B type linkages. For the SZS-9 glass the resonance shifts
towards more positive chemical shift values compared to other SZS-1 and SZS-6 glasses.

This is in accordance with the higher amount (~58 mol%) of modifier oxides in the glass. The
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overall resonance is assumed to be a convolution of 3 resonances at -66, -81 and -87 ppm

which can be attributed to QO, Q1 and Q2 structural units, respectively.
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Figure 4.8: »Si MAS-NMR of few representative SZS glasses.
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Figure 4.9: "B MAS-NMR of few representative SZS glasses.

Figure 4.9 shows the "B MAS-NMR spectrum of representative SZS glasses. The "B

MAS-NMR of SZS-6 glass revealed the presence of two well resolved resonances centered
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around 15 and O ppm, the former peak is broader compared to latter and are arising due to
boron in BO3 and BOy structural units, respectively [212]. As "Bisa quadrupolar nucleus, it
will have significant quadrupolar interaction, when it occupies a non-cubic symmetry (i.e. in
BOs; structural unit), leading to a broad line shape. Unlike this boron in a tetrahedral
configuration (BO4 structural units) has got a cubic symmetry and negligible quadrupolar
interaction, resulting in a sharp NMR peak. The use of a high field (18.8T) spectrometer
enables us to obtain well resolved resonances, almost free of the second order quadrupolar
broadening. The relative concentrations of BO3; and BOy structural units were estimated from
area under the corresponding resonances and found that 61% boron exits as BO;3 structural
units and remaining 39% boron exists as BQO. structural units for the SZS-6 glass
composition. The presence of BO3; and BO4 units can be attributed to the direct interaction of
B,0; with the network modifiers SrO/ZnO brought about by a decreased concentration of
SiO; in the glass. This interaction leads to the conversion of some part of B,O3; to BO,
structural units. Boron in B,O3 is deficient of an electron and has a tendency to get converted
to BO4 structural units by interaction with O” ions generated by SrO/ZnO. It is clear from
Figure 4.9 that SZS-9 glass has only BO3 units and no BOy units. This indicates that although
the glass has higher modifier content but there is paucity of charge compensation for forming

BOy4 units.

4.3.5 Microstructural analysis

SEM micrographs of SZS-1 glass samples, heat treated according to various schedules given

in Table 4.4, are presented in Figure 4.10.
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Figure 4.10: SEM micrographs of the SZS-1 glass and glass-ceramics (a) as prepared glass
(b) glass-ceramic SZS1-GC-2, crystallized at 750°C for 5 h, (c) glass-ceramic SZS1-GC-4,
crystallized at 820°C for 2 h, (d) glass-ceramic SZS1-GC-5, crystallized at 850°C for 2 h, (e)
glass-ceramic SZS1-GC-6, crystallized at 925°C for 2h.

No distinct microstructure is observed for the as-prepared SZS-1 glass [Figure 4.10(a)],
which reflects the good homogeneity of the prepared glass. Similar homogenous glass
formation has been reported in other ternary silicate glasses around 40 wt.% of SiO, [173].
For the sample heat treated at 750°C for 5 h, a vermicular phase separated structure is
evident. It is likely that the SZS-1 glass undergoes a liquid in liquid phase separation by the
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spinodal decomposition mechanism on the length scale of 50-500 nm, leading to the
characteristic interconnected morphology [Figure 4.10(b)] [213-215]. Phase separation
tendencies in binary SrO-SiO, [188] and ZnO-SiO, [189] systems are well known and it is
therefore not really surprising that such behaviour persists in the ternary SZS glasses. Liquid-
in-liquid immiscibility has also been reported in other similar ternary systems [216]. Upon
heat treating at 820°C, the phase separation, driven by the higher temperature becomes more
evident and the boundaries between the phase separated regions become more distinct,
growing to a length scale of 1-2 um [Figure 4.10(c)]. In the sample heat treated at 850°C,
which is close to the crystallization onset temperature (Figure 4.2), the phase separated
regions begin crystallizing and some granular/prismatic crystals about 2-4 pum in size are
evident [Figure 4.10(d)]. These crystals are more numerous in the sample heat treated at
925°C and the interconnected structure is very clearly evident for this sample [Figure
4.10(e)]. High crystallinity of the glass-ceramics at this temperature is also evident which is
in accordance with the XRD. Thus, microstructural evolutions suggest that the SZS-1 glass
undergoes a phase separation by a spinodal decomposition mechanism prior to crystallization
during heating of the glass and resulted in highly interconnected microstructure of the two
crystalline phases. Similar spinodal decomposition was also reported in diopside based glass-
ceramics [217]. On the basis of XRD and microstructural studies it is proposed that upon heat
treatment SZS-1 glass, phase separated into SiO, rich region and ZnO rich region by the
spinodal decomposition [215]. Compositions of both the regions continuously vary with time,
and reached to equilibrium compositions close to SrSiO3 and Sr,ZnSi,0; phases, respectively.

At the crystallization onset temperature, both the regions start to crystallize almost
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simultaneously into metastable ‘SiO,’ and ‘ZnSiOs (0)’ phases, respectively and later, more

stable SrSi0O3/Sr3Si309 and Sr,ZnSi,07 phases crystallized.

EM MAG: 5.00 kx DET: SE Detector
HV: 20,0 kv

ISEM MAG: 100.00 kx  DET: SE Detector
HV. 20.0 kv

Figure 4.11: SEM micrographs of SZS-4 glass-ceramics at different magnification (a) 5 kx
(b) 15 kx and (c) 100 kx.

Figure 4.12: SEM micrographs of SZS-6 glass-ceramic at 0.5kx magnification.
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SEM micrographs of SZS-4 glass-ceramics at different magnification are shown in
Figure 4.11. This figure clearly indicates the occurrence of surface crystallization for this
glass. Figure 4.11(a) also indicates the dendrite growth of crystals in the glass. Figure 4.11(b)
shows two different types of crystallites in the microstructure; one is layer type and the
second one is flower type which might be corresponding to the two different crystalline
phases. However, EPMA is required to distinguish these two phases. Similarly, the surface
crystallization was observed for the SZS-6 glass, as shown in SEM micrograph of the SZS-6
glass-ceramic (Figure 4.12). This also indicates the dendrite growth of crystals in the glass-
ceramic.

SEM micrographs of SZS-8 glass-ceramics in BS and SE mode are shown in Figure
4.13. Figure 4.13(a) indicates the dendrite growth of elongated crystals of Sr,ZnSi,O; and

Figure 4.13(b) shows two to three dimensional growth of these crystallites.

SEM MAG: 4.96 kx DET: BE Detector

(a) : 30.0kV 20 pm (b) JHV: 30.0 kv 20 pm

[SEM MAG: 8.05 kx DET: BE Detector

Figure 4.13: SEM micrographs of SZS-8 glass-ceramic at Skx magnification (a) back
scattered electron mode (b) secondary electron mode.

SEM micrographs of SZS-9 glasses heat treated at different temperatures and time are shown

in Figure 4.14. Microstructure of the SZS9-GC-1 clearly indicates the formation of prismatic
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crystals at surface of the glass. The micrograph of SZS9-GC-3 [Figure 4.14(b)] revealed a
fine microstructure with island type growth of crystals (1-2 pum in size). Glass-ceramics
crystallized at higher temperature (Figure 4.14(c)) have a coarser microstructure compared to

the glass-ceramics crystallized at lower temperature [Figure 4.14(b)].

= N\l

EM MAG: 15.00 kx  DET: SE Detector

(C) Hv: 20,0 kv

Figure 4.14: SEM micrographs of SZS-9 glass-ceramics (a) SZS9-GC-1, (b) SZS9-GC-3 and
(c) SZS9-GC-5, at 15kx magnification.

4.3.6 Crystallization kinetics and mechanism of SZS glasses

The crystallization kinetics of glass powder was studied using the DTA. The crystallization
peak temperature (T,) was measured at different heating rates for all SZS glasses and collated

in Table 4.7.
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Table 4.7: Values of T, at different heating rate for SZS-glasses.

Heating rate SZS-1 SZS-4 SZS-6 SZS-7 SZS-8 SZS-9

o (°C/min) T, (°C) | Tpn(°C) | T,(°C) T,(°C) | T,(°C) | T,(°C) | T,(°C)
5 860 896 839 844 888 895 930
10 877 917 858 863 909 912 949
15 889 929 871 878 922 926 965
20 895 942 882 892 947 939 977

The non-isothermal crystallization kinetics based on DTA data was investigated using
modified Kissinger equation proposed by Matusita and Sakka [92,218]. It distinguishes the
crystallization process that occurs on a fixed number of nuclei from those where nucleation

and growth take place simultaneously and given as:

1 al —_mEa+ tant (4.4)
n sz = RTp constan .

where T), is peak crystallization temperature, ¢ is heating rate, E, is activation energy for the
crystallization, R is ideal gas constant, n is a constant known as Avrami parameter and m
represents the dimensionality of the crystal growth.

The Avrami parameter ‘n’ was determined from the DTA data using Ozawa equation [90]

dIn(—In(1-x))
dina B

-n (4.5)

where, x is volume fraction crystallized at any temperature when heated at a heating rate of .
The crystallized volume fraction x is calculated from the ratio of the partial area of the
crystallization peak at any temperature to the total area of the crystallization peak.

Once ‘n’ is known from Ozawa equation, activation energy E, can be obtained from Matusita
equation if value of m is known. Matusita et al have reported m = n-1 for a quenched glass
containing no nuclei and n = m for a glass containing large number of nuclei before the
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thermal analysis [92]. Additionally, the value of m can be calculated form Matusita equation

using value of E,, obtained from Marseglia equation [219]

_E
In(2)=_"e (4.6)
T,) ~ nRT,

For comparison, the activation energy for the crystallization E,; was also obtained using the

Kissinger equation [91],

in(2) = 25k | constant 4.7
n T2 = R, constan (4.7)

The DTA thermographs of the SZS-1 glass recorded at different hating rates exhibited a well
defined exotherm consisting of two overlapping peaks. Typical thermograph at a heating rate
of 10°C/min is shown in Figure 4.15, where deconvoluted Gaussian peaks are shown by
dotted lines. It is observed that with increasing heating rate the peak temperature of the
exotherm (T,) shifted towards the higher temperature side. The shift in T, with the heating
rate is due to the lesser extent of crystallization during the heating, as crystallization occurs

over a period of time.
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Figure 4.15: DTA curve of the SZS-1 glass at a heating rate of o = 10°C/min.
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The Avrami parameter n was determined through the Ozawa method [Eq.(4.5)] from
the crystallized fraction ‘x’ obtained at different temperatures for different heating rates.
Ozawa plots of both the peaks of SZS-1 glass are shown in Figure 4.16 (a) and (b). The
fitting of data to straight lines (R* > 0.95) gives values of n, which increased gradually for
both the peaks when temperature decreases. The average values of ‘n’ are <n> = 2.67 for the
first and <n> = 1.95 for the second crystallization peak, which are close to 2.5 and 2,
respectively [220]. An intermediate value of n between 3 and 1 indicates the simultaneous
occurrence of bulk and surface nucleation in the SZS-1glass. Figure 4.17(a) and (b) show the
Marseglia plots of first and second exothermic peaks, of SZS-1 glass, respectively. Using the
value of n, the activation energy E, (Marseglia) for both the peaks was calculated from the
slope of these straight lines and tabulated in Table 4.8. Figure 4.18(a) and (b) show the
Matusita-Sakka plots of first and second exothermic peaks, respectively. Data were fitted to
straight lines with simple least squares method with R? > 0.99. The value of ‘mE,’ for both
the peaks was calculated from the slope of these straight lines. The value of m can be taken
equal to n-1 when no heat treatment is given to nucleate the as-prepared glass before the
thermal analysis [92] and activation energy (Matusita) found to be 700 kJ/mol for the first
peak and 704 kJ/mol for the second peak, as summarized in Table 4.8. Similar bulk
crystallization with activation energy of 714 kJ/mol has been reported for barium zinc silicate
glasses [171]. The value of m was also calculated from Matusita equation by using the value
of E,(Marseglia) in ‘mE,” and found to be m = 1 for both the peaks as given in Table 4.8. It is
clear from the Table 4.8 that the calculated m does not match with the assumed value of m =
n-1 for the first peak probably due to the existence of mixed two to three dimensional growth

of crystals. The Kissinger plots of both the exothermic peaks of the SZS glass are shown in

130



Chapter 4

Studies on strontium zinc silicate glasses/glass-ceramics

Figure 4.19(a) and (b). Data were fitted to straight lines with simple least squares method,

obtaining R? > 0.99. The Kissinger activation energy ‘E,’ was calculated from the slope of

these plots and given in Table 4.8.

The growth morphology parameters ‘n’ and ‘m’ for both the peaks (Table 4.8)

indicate the diffusion controlled bulk dominant crystallization for the SZS-1 glass with

varying number of nuclei [220]. This bulk crystallization occurs via three and two

dimensional growth of crystals. It can be seen from Table 4.8 that the activation energy ‘E,’

is quite high compared to the ‘E,’. Relatively higher activation energies for both the peaks

indicate that the crystallization kinetics is more activated with temperature for SZS-1 glass

that may result into a poor control over the crystallization process.

Table 4.8: Activation energy and growth morphology parameters for crystallization of the

SZS-1 glass.
Samole Average m (calculated) E, (K/mol) | E,(KJ/mol) | E,(kJ/mol)
P ‘n’ (Ozawa) m=n-1 | (Matusita) (Kissinger) (Marseglia) (Matusita)
Peak-1 | 2.67 (~2.5) 1.5 1 409 1046 700 (m=1.5)
SZS-1
Peak-2 1.95 (~2) 1 1 342 703 704
24 2
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Figure 4.16: Ozawa plots of (a) peak-1 and (b) peak-2 of SZS-1 glass.
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Figure 4.17: Marseglia plots of (a) peak-1 and (b) peak-2 of SZS-1 glass.
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Figure 4.18: Matusita plots of (a) peak-1 and (b) peak-2 of SZS-1 glass.
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Figure 4.19: Kissinger plots of (a) peak-1 and (b) peak-2 of SZS-1 glass.
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Table 4.9: Activation energy and growth morphology parameters for crystallization of the
SZS glasses.

Sample Average ‘n’ | m (calculated) | E, (kJ/mol) E, (kKJ/mol) E, (kJ/mol)
ID (Ozawa) (Matusita) (Kissinger) (Marseglia) (Matusita)
S7ZS-4 2.23 1 328 674 674
SZS-6 1.5 1 295 469 464
S7ZS-7 1.4 1 329 469 497
S7S-8 1.5 1 349 543 538
S7S-9 1.77 1 347 746 746

Similarly detailed studies of crystallization kinetics were also carried out for other
SZS glasses in the series and the results are summarized in Table 4.9. A value of n between 3
and 1 indicates the simultaneous occurrence of bulk and surface nucleation in the investigated
SZS glasses. For the SZS-1 glass the value of n is close to 3 which reflect the dominancy of
bulk nucleation over surface nucleation mechanism. For SZS-4 glass and other SZS glasses
lesser value of n suggests the dominancy of the surface nucleation mechanism.
Microstructures of SZS-4 and SZS-6 glasses also confirm the surface crystallization for these
glasses. It is also clear from Table 4.9 that m = n-1 is not valid for all the SZS glass samples.
This is possibly due to the existence of mixed nucleation and growth mechanism in these

glasses.

4.3.7 Thermal expansion and structural aspects of SZS-9 glass-ceramics

4.3.7.1 Thermo-mechanical analysis

It is also important to know the TEC of glass-ceramics when subjected to long term heat
treatment. Figure 4.20 shows the representative TMA plots of different glass-ceramics
obtained from the SZS-9 glass. The TEC values are summarized in Table 4.10. The values

are found to be the same (within the error limit) for all the SZS-9 glass-ceramics. These
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results suggest the compatibility of SZS glass-ceramics for long term thermal and mechanical
stabilities at elevated temperatures.

Table 4.10: TEC of SZS-9 glass-ceramics

Sample ID Nucleation Dwell Crystallization Dwell TEC_7i 5%
Temp. (°C) | Time (h) Temp. (°C) Time (h) (107'/°C)
SZS9-Glass - - - - 111
SZS9-GC-1 800 2 - 2 112
SZS9-GC-3 800 2 950 2 110
SZS9-GC-5 800 2 1100 2 116
SZS9-GC-9 - - 850 50 105

AllL(%)
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Figure 4.20: Thermal expansion curves of SZS-9 glass-ceramics

4.3.7.2 Raman studies

Raman spectra of investigated glass-ceramics are shown in Figure 4.21. Changes in the glass
structure with heat treatment are clearly evident in the figure. The base glass has a broad peak
over the region of 800-1100 cm™. As described earlier Raman spectrum of the SZS-1 glass
has intense bands at ~860, 940 and 1040 cm™ and a medium intense asymmetric band at ~620

cm™ and a weak band at around 360 cm™. Bands at ~940 cm™ and ~860 cm™ are assigned to
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Si-O  stretching vibrations of NBO in Q’and Q' structural units. Another band at around 1040
cm™ is attributed to Si-O vibrations of BO (Si-O-Si) in different Q" silicate structural units.
The concentration of Q’ units in glasses is very low as the band around 1100 cm’,
characteristic of stretching vibrations of Q’ units, appears to have very weak intensity. Raman
spectra of glass-ceramics SZS9-GC-2 and SZS9-GC-6 are exactly similar while that of SZS9-
GC-4 and SZS9-GC-7 glass-ceramics are quite similar. The intensity of bands is higher for
glass-ceramics which were heat treated for a longer time, which reflect the higher
crystallinity of these glass-ceramics. With the heat treatment of the base glass at 950°C the
Raman spectra for glass-ceramic dominated by a very intense and sharp band at 860 cm™
along with less intense broad bands at around 786 and 900 cm™. The spectrum also indicates
the presence of a weak but sharp band at 882 cm™, which is superimposed on a lesser intense
broad band at around 900 cm™. There are also other sharp but weak or lesser intense bands at
around 354, 400, 565, 647 and 971 cm™. These sharp and intense bands correspond to
crystalline phase having Q' structural units. The XRD studies revealed that these glass-
ceramics have mainly Sr,ZnSi,O7 phase along with Sr3SizO9 phase. It is reported that Raman
spectra of melilites are dominated by the vibrational modes of pyrosilicate (T>07) units (T =
Si/Al) [221]. Therefore, these sharp Raman bands are assigned to the vibration of Si-O™ units
in S1,ZnSi,07 crystalline phase, and broad bands are assigned to the residual glass. Raman
spectra for glass-ceramics formed by heat treatment of the base glass at 1100°C are
dominated by a broad and intense band at 776 cm’ along with and sharp bands at around 312,
362, 562, 645, 852, 896, 971 and 1045 cm™. Based on the reported Raman spectrum of
silicate crystals and minerals [222], these sharp bands are assigned to stretching and bending
vibration of Si-O- units in Sr3Si3Oy crystalline phase. It is observed that with the heat

treatment for a longer time the intensity of the sharp band increases while that of the broad
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band remains almost the same. Based on reported the Raman spectra of silicate glasses
having B,03/Al,03/TiO,, this broad band is attributed to vibration of Al-O", B-O™ and Ti-O
bands in tetrahedral units. As silicate phases crystallize with heat treatments, the residual
glass in the glass-ceramics becomes richer in other network former. With the crystallization
the spectra also show weak and broad bands at ~1300 cm” and ~1550 cm” which are
attributed to vibrations of B-O" bond in triangular (BOs) borate units in the residual glass.
Band appeared at ~780 cm™ in spectra is assigned to vibrations of B-O bond in tetragonal
(BO4) borate units. This indicates that initially B,Os3 is incorporated into the network as

triangular (BO;) borate units.

* GC7

GC6

Intensity (a.u.) —

0 200 400 600 800 1000 1200 1400 1600
o -1
stoke shift (cm )

Figure 4.21: Raman spectra of SZS-9 glass-ceramics.

4.3.7.3 FTIR studies

The FTIR spectra of SZS-9 glass and glass-ceramic are shown in Figure 4.22. Broad bands in
the spectrum of glass indicate the amorphous nature of the sample. A broad band centered at
950 cm™ in the 1200-800 cm™ region is characteristic of asymmetric vibrations of Si-O
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within different Q" (mainly Q' and Q%) Si structural units. Intense broad band in the 300-600
cm’ region is assigned to bending vibration of Si-O-Si linkages in different Q" structural
units. A less intense band in the region of 600-800 cm” is due to the symmetric stretching of

Si-O™ and Si-O-Si units.
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Figure 4.22: FTIR spectra of SZS-9 glass-ceramics.

For SZS9-GC-1 glass-ceramic, the presence of crystalline phases is depicted by
splitting of the broad bands into number of sharp bands at around 1010, 970, 900, 830, 662,
600, 482 and 452 cm™. As reported in the literature these sharp bands are exactly matching
with the vibration of crystalline Sr,ZnSi,O; phase [223]. Thus in accordance with XRD,
FTIR also indicates the starting of the crystallization of Sr,ZnSi,O7 phase. With the increase
in temperature and dwell time these vibration bands become more sharp and intense for
SZS9-GC-2 and SZS9-GC-3 glass-ceramics, thus reflecting the increase in the amount of

Sr,7ZnSi;O; crystalline phase in the glass-ceramics. Some additional bands also start
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appearing at around 1060, 930, 706, 625, 550 cm'l, which become more intense with increase
in dwell time and temperature. According to the literature these vibrational bands are
characteristics of Sr3Si3Oyg crystalline phase [104]. With a further increase in the dwell time at
higher temperature these bands become more sharp and intense, thus suggesting an increase
in the amount of Sr3Si3Oy crystalline phase in the glass-ceramics. For SZS9-GC-6 and SZS9-
GC-7 glass-ceramics that were crystallized for 50 h at 950°C and 1100°C, respectively,
number of sharp and intense vibrational bands, corresponding to both the crystalline phases is

present. This indicates the higher crystalline nature of these glass-ceramics.

4.3.7.4 MAS-NMR studies

Figure 4.23 shows the *’Si MAS-NMR spectra of SZS-9 glass-ceramics. The spectrum of
S7ZS9-GC-1 shows two narrow resonances in the close proximity superimposed on a broad
resonance. Narrow resonances at -77 and -79.75 ppm indicate the crystallization of silicate
phase having mainly Q' structural units of ‘Si’. The sharp resonance at -77 ppm is assigned to
the Sr-hardystonite silicate phase (Sr,ZnSi,O) in accordance with XRD and chemical shift
values of silicate minerals [224]. A weak but sharp resonance at around -80 ppm indicates
another slightly more shielded Si structural units. A solid solution of AI/B in melilite family
of Silicate minerals is quite common. These minerals have chemical formula X,YT,0O; where
Y, T are in tetrahedral coordination and B/Al can substitute these tetrahedral sites in the
crystal structure. Substitution of Zn with Al/B is expected to change the chemical
environment around Si. A significantly high intensity of a broad resonance characteristic of
the glass indicates the higher amount of residual glass compared to the crystalline fraction in
the SZS9-GC-1 glass-ceramic. With increasing temperature for SZS9-GC-3 glass-ceramic,

two sharp and intense resonances corresponding to two different silicate crystalline phases
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appeared. The resonance at -77 ppm becomes more intense and sharp which reflects the
higher amount of Sr,ZnSi,0; crystalline phase in the SZS9-GC. Based on the chemical shift
value of cyclosilicate minerals another intense and sharp resonance at -88 ppm is attributed to

the Sr3Si309 phase having Q2 structural units [224].
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Figure 4.23: *Si MAS-NMR spectra of SZS-9 glass and glass-ceramics.

Figure 4.23 shows higher intensity of -77 ppm resonance compared to -88 ppm resonance for
SZS9-GC-3 and very weak broad resonance at the bottom of both the sharp resonances. This
indicates the high crystallinity of the glass-ceramics and higher amount of Sr,ZnSi,O; phase
compared to Sr3Si30g phase in the crystalline part of the glass-ceramics. With an increase in
the temperature for SZS9-GC-5 glass-ceramic, the intensity of the peak at -88 ppm becomes
more compared to the peak at -77 ppm that shows the higher crystallization of Sr3Si3Og phase
at higher temperatures. The near weak peak appearing at -79 ppm may be due to the
S1,ZnSi,0; phase with Zn/Si sites substituted with Al/B atoms. Raman studies described
subsequently also support this interpretation. Crystallization for SZS9-GC-5 glass-ceramic

might have reached to its maximum possible extent as no broad resonance could be observed.

139



Chapter 4 Studies on strontium zinc silicate glasses/glass-ceramics

Further, assuming all the ZnO in the glass participate in the formation of Sr,ZnSi,O7 and all
the SrO participate in the formation of Sr,ZnSi;O7; and Sr3Siz09, we can estimate that the
glass can reach at most ~89 % crystallization. However, we are pursuing long term heat

treatment studies to verify that there is no further crystallization.
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Figure 4.24: Al MAS-NMR spectra of SZS-9 glass and glass-ceramics.

The *’Al MAS-NMR spectra of SZS-9 glass and glass-ceramics are presented in
Figure 4.24. At high magnetic fields (18.8T) the effects of quadrupolar broadening are
significantly reduced leading to nearly Gaussian line shapes. The NMR spectrum of glass
shows two resonance peaks around 15 ppm and 64 ppm, characteristic of AlOg and AlO4
units, respectively [224]. Remarkable structural changes in the Al polyhedral units with the
crystallization of the glass can be seen from NMR spectra of SZS-9 glass-ceramics (Figure
4.24). With the crystallization intensity of a peak corresponding to AlOg units decreases

progressively and finally reached to zero. During the crystallization at around 800°C for 2 h,
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a weak resonance at around 32 ppm is observed for the SZS9-GC-1 glass-ceramic, which is
attributed to AlOs units. And this peak also vanishes with further crystallization. Resonance
corresponding to AlOy4 units becomes narrower and shifts towards more negative chemical
shift values. With crystallization an overlapped sharp resonance peak appeared on a
comparatively broad resonance. This sharp resonance at 64 ppm indicates the development of
a crystalline phase containing Al in tetrahedral coordination and broad resonance at around

58 ppm is due to the tetrahedral Al structural units existing in the residual glass.
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Figure 4.25: ''"B MAS-NMR spectra of SZS-9 glass and glass-ceramics.

The ''B MAS-NMR spectra of SZS-9 glass-ceramics are shown in Figure 4.25. For
the base glass the spectra consist of one broad resonance centered at ~17 ppm. The resonance
is assigned to BOj structural unit [28, 48]. In the glass-ceramics (for example SZS9-GC-3),
the shapes of the resonances change significantly compared to the parent glass. With the

crystallization, in addition to the broad peak ~17 ppm, an additional sharp peak (~3 ppm)
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started appearing. The sharp peak can be attributed to ‘B’ in tetrahedral configurations
existing in a crystalline material.

MAS-NMR spectra of the glass-ceramics generally confirm the phase emergence
observed by the XRD. In accordance with the XRD, »Si MAS-NMR spectra show the
crystallization of Sr-hardystonite (Sr2ZnSi,O7) and strontium silicate (Sr3Si3O9) phase and
high crystallinity of the SZS-9 glass-ceramics. The NMR spectra of glass-ceramics confirm
that the glass-ceramics reached to its maximum possible extent of crystallinity which reflects
a high rate of crystallization for the SZS-9 glass. X-ray diffraction studies revealed that
S1,ZnSi,0;7 and Sr3Si309 phases crystallize in SZS glass-ceramics and Sr,ZnSi,O; solid-
solution phase formed in compositions having B,0O; and/or Al,Os. Sr,ZnSi,O; (Sr-
hardystonite) is a one of the members of melilite group of minerals having a general formula
X2Y(T,07). It is reported that solid solution formation is quite common in members of
melilite family of silicate minerals. Al/B may occupy the position of Y and T sites in the
tetrahedral coordination. ’Al and ''B MAS-NMR spectra show the crystallization of B and
Al in tetrahedral coordination. MAS-NMR studies along with XRD suggest the formation of
Sr2ZnSi,07 solid-solution by incorporation of B and Al atoms in tetrahedral coordiantion in

the Sr,ZnSi,0; crystalline phase.

4.3.8 Bonding properties and interface studies

Adhesion behaviour of a few representative SZS glasses to YSZ and Crofer-22-APU was
investigated. Glasses were selected on the basis of TEC, viscosity and crystallization kinetics.
SEM image of the interface between YSZ and SZS-4 glass after heat treatment at 900°C for 1

h in air ambient is shown in Figure 4.26(a). A continuous interface shows good bonding
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between the glass and YSZ. At the interface an elongated crystalline microstructure is also
observed. Elemental line scans across the interface [Figure 4.26(b)] indicate the inter-
diffusion of Sr, Si from glass to YSZ and Y, Zr from YSZ to glass. This inter-diffusion is
responsible for good bonding of glass to YSZ and interfacial zone is found to be ~3-4 um.
SEM image of the interface between Crofer and SZS-4 glass after heat treatment at 1000°C
for 1 h in air ambient is shown in Figure 4.26(c). Continuous interface shows good bonding
between glass and Crofer. This good bonding is attributed to the inter-diffusion of Fe, Cr and

Si across the interface [Figure 4.26(d)].
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Figure 4.26: (a) SEM micrographs of the SZS-4 glass-ceramic to Crofer-22-APU interface
after sealing at 950°C, (b) EDS line scans across the interface showing the inter-diffusion of
Si, Sr, Fe and Cr, (c) SEM micrographs of the SZS-4 glass-ceramic to YSZ interface after

sealing at 950°C, (d) EDS line scans across the interface showing the inter-diffusion of Si, Sr,
Zrand Y.
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Other SZS glasses namely SZS-6 and SZS-8 have also shown good bonding with the
YSZ. The bonding behaviour of SZS-6 and SZS-8 glasses with Crofer-22-APU was also

investigated.
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Figure 4.27: SEM micrographs of the SZS-6 glass-ceramic to Crofer-22-APU interface after
sealing at 900°C, at different magnification (a) 0.5kx, (b) 5kx, (c) EDS line scans across the
interface showing the inter-diffusion of Fe, Cr and Si.

Figure 4.27(a) and (b) show the SEM micrograph of the interface between Crofer and
SZS-6 glass after a heat treatment at 950°C for 1 h in the air ambient. A smooth interface
shows the good bonding between glass and Crofer resulting from good wetting. Prismatic
crystalline microstructure is observed at the interface. Inter-diffusion of elements across the
interface was observed through elemental line scans as presented in Figure 4.27(c). Inter-

diffusion of Cr, Fe from metal to glass and Si from glass to metal takes place which is

considered to be responsible for good bonding with Crofer. Interfacial zone was found to be ~
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4 um. Seals of SZS-6 glass with Crofer were leak tested at different elevated temperatures up
to 950°C in the steps of 100°C, for 30 min at each temperature. Seals were found to withstand
a vacuum of 10" mbar in the whole temperature range. This indicates the leak tightness of the
seal at high temperatures. Seals of SZS-6 glass with Crofer were also found hermetic even
after exposure at 850°C for 800 h, this reflect the long-term thermal and chemical stabilities
of this glass-ceramic sealant. However, thermal stability studies are being continued for the

long-term exposure (more than 1000 h) at elevated temperatures.
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Figure 4.28: (a) SEM micrographs of the SZS-8 glass-ceramic to Crofer-22-APU interface
after sealing at 950°C, (b) EDS line scans across the interface showing the inter-diffusion of
Si, Sr, Fe and Cr, (c) SEM micrographs of the SZS-8 glass-ceramic to YSZ interface after
sealing at 950°C, (d) EDS line scans across the interface showing the inter-diffusion of Si, Sr,
Zrand Y.
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SEM micrographs of interface of SZS-8 glass-ceramics with YSZ and Crofer, after sealing at
950°C, are shown in Figure 4.28(a) and (c), respectively. A smooth interface shows the good
bonding of glass with YSZ and Crofer. Elemental line scans are presented in Figure 4.28(b)
and (d), respectively. Thickness of interfacial zone is found to be ~3um. Thus, the present
study revealed that glasses having B,O3 are suitable for achieving good bonding with SOFC
cell components. B,0O; reduces the viscosity of glass and rate of crystallization thereby at the
sealing temperature sufficient amount of residual glass is available to make good bonding
with the cell components. Further addition of small amount of V,0s is beneficial for better

flowability thereby lowering the sealing temperature.

4.4 Conclusions

New glass-ceramics in the SrO-Zn-0O-SiO, system were investigated for the high temperature
sealant application. The compositions of SZS glasses have shown requisite thermo-physical
properties (TEC, T,, Tq4sand viscosity) for their use as a high temperature sealant for SOFC
application. It is inferred from microstructural and crystallization kinetics studies that for
SZS-1 glass (base composition) diffusion controlled bulk crystallization occurs with two and
three dimensional growth. Liquid-in-liquid phase separation in SiO, and ZnO rich regions by
spinodal decomposition mechanism has been observed prior to crystallization in this glass.
Sr3Si309 and Sr,ZnSi,O7 phases crystallized in these regions upon further heat treatment,
respectively. It is also found that with the addition of additives, surface crystallization
mechanism start dominating over bulk crystallization and activation energy decreases. A
composition (SZS-6 glass) having B,Os and V,0s additives shows the lowest activation

energy for crystallization thereby a better control over the crystallization during the sealing
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process. The bonding behaviour also indicates that B,Os and V,0s are useful constituents for
increasing the flow of glass at sealing temperature. Crystallized phases (Sr3SizOy and
S12ZnSi,07) in SZS glass-ceramics have matched high TEC, higher mechanical strength,
chemical durability and dielectric properties therefore, advantageous in resultant glass-
ceramic sealants. Raman and XRD studies together confirm that in early stage of
crystallization, Sr,ZnSi,0O7 phase and later Sr3SizO9 phase formed in the SZS glass-ceramics.
XRD and NMR studies confirm the formation of solid solution of Sr,ZnSi,O; phase in the
SZS glass-ceramics containing B,Os and/or Al,O; additives. It is suggested that B and Al
make solid solution by substituting Zn/Si at tetrahedral sites in Sr,ZnSi,O7 phase.

Structural studies of SZS glasses and glass-ceramics indicate the depolymerization of
silicate network with the incorporation of different additives. This is associated with the
modification of thermo-physical properties of glasses. Raman and FTIR studies show the
decisive role of structural units on formation of crystalline phases during the heat treatment.

On the basis of thermo-physical and bonding properties, SZS-6 glass having B,O3 and
V,0s additives seems to be more suitable for SOFC sealants. Seals of this composition with
Crofer-22-APU were found vacuum compatible at high temperatures even after long-term
(800 h) exposure at those temperatures. Thus, studies carried out so far demonstrate the

potential of SZS glass-ceramics as high temperature sealants for SOFC application.
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5.1 Introduction

Glasses and glass-ceramics in RO-BaO-SiO, (R=Mg, Zn) system have also been reported as
candidate materials for the solid oxide fuel cell (SOFC) sealing application [157,171].
However, issues concerning long-term thermal and chemical stabilities arise for barium based
silicate glasses for use as a sealant in the SOFC [162,163]. Recently, Zhang et al [170] have
reported the role of the ZnO in the reduction of chromate phase formation at the interface. In
the previous chapter, the thermo-physical properties of SZS glasses and glass-ceramics have
been discussed in detail, with respect to their application as sealant materials for SOFC.
Further, as the charge to radius ratio of Ba’* is smaller compared to Sr** and the Ba-O bond is
more ionic compared to Sr-O bond, it is expected that the thermo-physical properties,
chemical reactivity etc would be quite different when Ba replaces Sr in the SrO-ZnO-SiO,
glass system. Hence, for a comparative evaluation of the thermo-physical properties of these
two glass systems, studies were carried out on BZS glass/glass-ceramics and described in the
present chapter.

Preparation, thermo-physical properties, crystallization kinetics and microstructural
aspects of a few glasses and glass-ceramics in BaO-ZnO-Si0O, system with different additive
have been discussed in this chapter. To demonstrate the suitability of materials for their use
as a high temperature sealant for SOFCs, formation and testing of seals with cell components
have also been described here. However, a comparative study of glasses in both the system

will be done in the near future.
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5.2 Experimental

5.2.1 Synthesis of glass/glass-ceramics samples

Table 5.1: Chemical compositions (in wt.% and mol%) of investigated BZS glasses.

Glass ID | Composition BaO ZnO Si0, Nd,O; | B,O; | V,05 | TiO,

(wt.%) 51 9 40 - - - -
BZS-1

(mol%) 30 10 60 - - - -

(wt.%) 50.4 13.4 36.2 - - - -
BZS-2

(mol%) 30 15 55 - - - -

(wt.%) 49.8 17.6 32.5 - - - i}
BZS-3

(mol%) 30 20 50 - - - -

(wt.%) 51 9 39 1 - - i}
BZS-4

(mol%) 30.4 10.1 59.3 0.3 - - -

(wt.%) 50 9 39 1 1 - -
BZS-6

(mol%) 29.6 10 58.8 0.3 1.3 - -

(wt.%) 51 9 35 5 - - -
BZS-7

(mol%) 32 10.6 56 1.4 - - -

(wt.%) 46 9 39 1 5 - -
BZS-8

(mol%) 26.4 9.7 57.2 0.3 6.3 - -

(wt.%) 51 9 32 5 - 1 2
BZS-9

(mol%) 32.6 10.8 52.2 1.5 - 0.5 2.5

(wt.%) 51 9 30 2 5 1 2
BZS-10

(mol%) 40.7 41.3 9.1 0.5 59 0.5 2.1

Glasses of different composition in the BaO-ZnO-SiO, (BZS) system with different additives
including Nd,O3, V,0s, TiO, and B,0; (Table 5.1) were prepared by a melt-quench method
following the procedure as described in chapter 2. Analytical grade Ba(NOs), (MERCK,

India), B,O3 (MERCK, Germany), SiO; (Loba Chemie, India), and ZnO, V,0s, TiO, and
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Nd,Os3 (all from S. D. Fine Chem Ltd., India) were used as starting precursors. Depending on
the composition, glass charges were melted in the temperature range 1450-1550°C in the air
ambient. The glass was then annealed in the temperature range of 620-650°C for 4 h. Discs of
bulk glasses were used for crystallization and other measurements. For the formation of

glass-ceramics, parent glass discs were crystallized at 925°C for 2 h.

5.22DTA

The crystallization temperature of glasses was determined from DTA experiments, as
mentioned in chapter 2. The non-isothermal experiments were performed on approx 50 mg
powdered samples, using a heating rate of 10°C/min. Glass samples in the powder form were
obtained by ball milling of the crushed bulk glass. The particle size distribution of granulated
glass powder was in the range 75-210 pm. To study the crystallization kinetics of a few
representative BZS glasses the DTA scans were also recorded from room temperature to

1050°C in an air atmosphere with heating rates of 5, 10, 15 and 20°C/min.

5.2.3 Thermo-physical characterization

Ts, Tys and TEC of the glass samples were determined using a dilatometer according to the
methodology described in chapter 2. Flat circular discs of diameter 10 mm and thickness 3-4
mm were used for these measurements. The TEC being reported here is the average in the
temperature range of 30-600°C for glasses and average in the range of 30-800°C for glass-
ceramics. The density was measured at room temperature by Archimedes principle using DM

water as an immersion liquid with an accuracy of +0.03 g/cm3. The MH of glass samples was
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measured by the Vickers indentation technique. Indentation was obtained by applying a 50 g

load for 5 s.

5.2.4 XRD

Amorphous nature of glasses and various crystalline phases in glass—ceramics samples were
identified using powder XRD technique with Cu K, as an X-ray source. Diffractograms were

recorded in the 20 range of 10-70° with a speed of 2°/min (steps of 0.02°).

5.2.5 Microstructural characterization
Microstructural studies were carried out using SEM as described in chapter 2. Microstructure
at the interface of a seal between glass-ceramics and SOFC components were also

investigated by the SEM. Elemental line scanning was performed across the interface of seals

using EDS.

5.2.6 Bonding properties and interface studies

The adhesion/bonding property of a few glasses with YSZ and Crofer-22-APU was
investigated according to the method described in chapter 2. This was done by placing a glass
disc on a sintered YSZ pellet and heated in a controlled manner in air at 1000°C for 1 h. In
order to assess the adhesion property and chemical compatibility of a few representative BZS
glasses with Crofer-22-APU, seals in a sandwich geometry (Crofer/glass/Crofer) were
prepared by heating the assembly in a controlled manner at 1000°C in air for 1 h. Seals were

fabricated and tested for vacuum integrity following the process described in chapter 2.
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5.3 Results and Discussion

Clear, transparent and inclusion/bubble-free, BZS glasses were obtained for all the
compositions. The glasses were colourless except those having Nd,Os; and/or V,0s. The
glasses containing Nd,O3 having a tint of blue or purple colour, might be due to the presence

of Nd** ions and glasses containing V,0s and Nd,O3 were light greenish and bluish in colour

due to the presence of V>* and Nd** ions in the glass [177].

5.3.1 Thermo-physical properties

The thermo-physical properties measured for the BZS glasses are listed in Table 5.2. The

viscosity of BZS glasses was also calculated from dilatometric data using VFT equation as

described in chapter 4 and listed in Table 5.2.

Table 5.2: Thermo-physical properties of investigated BZS glasses.

TEC + 5% n
T,+2 | Tgt?2 ] Tp+2 p0.03 | MH+10%
Glass ID (107/°C) (at 1000°0) |
°C °C °C (10°kg/m’)|  GPa
(30-600°C) (dPa's)
BZS-1 | 694 | 719 95 918 6.53 3.82 -
BZzS-2 | 701 | 727 94 928 6.55 - -
BZS-3 | 698 | 722 94 - 6.52 - -
BZS-4 | 697 | 729 108 920 - 3.84 3.23
BZS-6 | 679 | 710 95 862 6.55 3.87 472
BZS-7 | 702 | 733 95 882 6.66 4.07 5.06
BZS-8 | 671 | 697 93 856 6.42 3.68 4.86
BZS-9 | 701 | 736 91 - - 4.17 4.82
BZS-10 | 638 | 680 92 - - 4.04
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It is clear that investigated glasses have density in the range of 3.68-4.07 x 10° kg/m3
and MH in the range of 3.23-5.06 GPa. MH values of BZS glasses are found to be lower than
that of the SZS glasses. This is attributed to lower field strength of Ba ions compared to Sr
ions. The density of BZS glasses increases with Nd,Os; concentration and decreases with
B,0O; concentration. This is understood, on the basis of molecular weight of Nd,Os (high
compared to that of SiO,) and B,0O3 (lower compared to that of BaO). Increased content of
Nd,O3 causes high T, and high MH of glass and consequently decreased TEC. This may be
attributed to the formation of Si-O-Nd type cross linking which increase the connectivity of
the network and results in the observed changes in the T,, MH and TEC. The B,O; having
lower melting point reduces T, and Ty, but as B,Os replaces BaO, the glass former content
increases in the glass resulting in a more connected glass network. Due to this increased
connectivity the MH increases and consequently TEC decreases. The TEC for the
investigated glasses are in the range of 91-108 x 107/°C (30-600°C), which is closely
matched with the TEC of other SOFC components like interconnect, electrodes and

electrolytes [179,168]. TEC, MH, and p for the glass-ceramic samples are given in Table 5.3.

Table 5.3: Thermo-physical properties of a few representative BZS glass-ceramics.

Glass-ceramic p£0.03 | MH+10% "I;]i,gioé‘)%

D (10°kg/m’) | (GPa) (30-800°C)
BZS-4-GC 4.07 4.53 130
BZS-6-GC 3.88 4.93 124
BZS-7-GC 4.03 5.18 118
BZS-8-GC 3.72 - 126
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For all the glass-ceramics, softening point was not observed up to 1000°C which is
advantageous for their use for high temperature sealing application. The MH was found to be
more after conversion into glass-ceramics which is also advantageous for better mechanical
strength of the seal. All the studied BZS glass-ceramics have TEC in the range 118-130 x 10
’/°C which is higher than TEC of corresponding BZS base glasses and are matching to the
TEC of other components of SOFC within acceptable limits [179]. The DTA plots of the
investigated glasses are shown in Figure 5.1. It is observed that substitution of ZnO for SiO,
in BZS glass does not affect the TEC however, slightly increase the T, and Tgs. Therefore, for

all other compositions ZnO was kept constant at 9 wt.%.
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Figure 5.1: DTA curves of investigated BZS glasses.

5.3.2 XRD

A characteristic broad hump in the powder XRD pattern of BZS glasses confirmed the
amorphous nature of the prepared glasses. Figure 5.2 shows the X-ray diffractograms of BZS

glass-ceramics heat treated at 925°C for 2h. Different crystalline phases formed in the BZS

154



Chapter 5 Studies on barium zinc silicate glasses/glass-ceramics

glass-ceramics are summarized in Table 5.4. From XRD patterns of the glass-ceramics it is
observed that mainly BaSi,Os (sanbornite) phase crystallizes in all the glasses, except BZS-2,
BZS-3 and BZS-7 glasses as listed in Table 5.4. For BZS-2 and BZS-3 glasses, Ba;Si3Os
phase crystallized as a major component along with BasSigO;; and BaSi,Os phases in minor
amounts. For the BZS-7 glass, BasSigO,; phase crystallized in major amount and BaSi,Os
phase in a minor amount. Crystallization of different barium silicate phases in the BZS glass-
ceramics are attributed to different BaO to SiO, wt. ratio in the parent glass. It can be seen
from Table 5.4 that when a weight ratio of BaO to SiO; in BZS glass is close to 1.28 like
BZS-1,4,6, and BZS-8, mainly BaSi,Os (wt. ratio 1.28) phase crystallized in glass-ceramic.
And when the weight ratio of BaO to SiO, in BZS glass is higher than 1.28 like BZS-2,3 and
BZS-7, mainly other barium silicate phases with higher BaO to SiO; wt. ratio e. g. Ba;Si30s
(wt. ratio 1.70) and BasSizO,; (wt. ratio 1.59) are crystallized in the glass-ceramics. Thus, the
nature of the crystalline phase and its composition depend on the relative ratios of BaO to
Si0,. It is reported that all these barium silicate crystalline phases have high TEC [225] and

therefore, glass-ceramics having these phases are compatible for use as a sealants for SOFC.

Table 5.4: Crystalline phases in BZS glass-ceramics.

Glass-ceramic ID BaO/?)il(:; r(lvtVtg.l;?stiO) in Crystalline phases
BZS-1-GC 1.27 BaSi,0s
BZS-2-GC 1.39 BaSi,0s , BasSigO,; , BaySizOg
BZS-3-GC 1.53 BaSi,Os , BasSis0,; , Ba,SizOg
BZS-4-GC 1.31 BaSi,0s
BZS-6-GC 1.28 BaSi,Os,
BZS-7-GC 1.45 BaSi,0s , BasSizO,;
BZS-8-GC 1.18 BaSi,0s
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Figure 5.2: X-ray diffractograms of BZS glass-ceramics.
5.3.3 SEM analysis

SEM micrographs of BZS-1 glass-ceramic (Figure 5.3) show a very fine mixed plate like and
granular type crystallites (size ~500 nm) of the BaSi,Os phase. Crystallization kinetics study
(described later) also confirms the bulk crystallization with two dimensional growths of

crystals.

Figure 5.3: SEM micrographs of the BZS-1 glass-ceramic at different magnification (a) 10kx
(b) 30kx
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Figure 5.4: SEM micrographs of the BZS-6 glass-ceramic (a) BSE mode (b) SE mode

For BZS-6 glass-ceramic the micrograph (Figure 5.4) shows elongated crystals (2-4 pum in
size) of the BaSi,Os phase dispersed in a glassy matrix. For BZS-7 glass-ceramic, the SEM
micrograph (Figure 5.5) shows granular crystals (4-5 pm in size) of BaSi,Os, BasSizO,, phases
dispersed in a glassy matrix. At a higher magnification the micrograph shows a very fine,

mixed plate like and granule type morphology of crystallites.

20 ym I

Figure 5.5: SEM micrographs of the BZS-7 glass-ceramic at different magnification (a) 0.5kx
(b) 5kx.
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5.3.4 Crystallization kinetics and mechanism of BZS glasses

The Non-isothermal crystallization kinetics of a few BZS glasses was investigated using
Ozawa and Matusita-Sakka method as described in chapter 4. The Avrami parameter ‘n’ was
determined through Ozawa method from the crystallized fraction ‘x’ obtained at different
temperatures for different heating rates. The Ozawa plots of BZS-1 and BZS-8 glasses are
shown in Figure 5.6 (a) and (b). Fitting of the data to straight lines (R* > 0.98) gives values of
Avrami parameter ‘n’ which increased gradually when temperature changes from higher to

lower side. The average value of ‘n’ is 1.9 for BZS-1 glass and 1.2 for BZS-8.
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Figure 5.6: Ozawa plots of (a) BZS-1 and (b) BZS-8 glasses.

Figure 5.7 (a) and (b) show the Marseglia plots of both the glasses. Using the value of
n, the activation energy E, (Marseglia) for both the peaks were calculated from the slope of
these straight lines and tabulated in Table 5.5. The values of growth morphology parameters
‘n’ and ‘m’ for BZS-1 glass (Table 5.5) indicate a diffusion controlled bulk crystallization for
this glass with varying number of nuclei. This bulk crystallization occurs via two dimensional

growth of the crystal. The microstructure of the crystallized glass also conform the two to
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three dimensional growth of crystals. These results are consistent with the reported one for
BZS glasses [171]. The values of growth morphology parameters ‘n’ and ‘m’ for BZS-8 glass
(Table 5.5) indicate a diffusion controlled surface crystallization for this glass with varying

number of nuclei.
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Figure 5.7: Marseglia plots of (a) BZS-1 and (b) BZS-8 glasses.
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Figure 5.8: Matusita plots of (a) BZS-1 and (b) BZS-8 glasses.
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Figure 5.9: Kissinger plots of (a) BZS-1 and (b) BZS-8 glasses.
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Table 5.5: Activation energies and growth morphology parameters for crystallization of a few
representative BZS glasses.

Sample Average ‘n’ m E, (kJ/mol) | E,(kJ/mol) | E, (kJ/mol)
P (Ozawa) (Matusita) | (Kissinger) | (Marseglia) (Matusita)

BZS-1 1.9 1 333 636 648

BZS-8 1.2 1 364 448 441

Figure 5.8 (a) and (b) show the Matusita-Sakka plots of BZS-1 and BZS-8 glasses,
respectively. Data were fitted to straight lines with simple least squares method with R* >
0.99. The value of ‘mE,” was calculated from the slope of these straight lines and found to be
648 kJ/mol for the BZS-1 glass and 441 kJ/mol for the BZS-8 glass as summarized in Table
5.5. It can be seen from Table 5.5, that the activation energy ‘E,’ is quite high compared to
‘E,’ for the BZS-1 glass and this value is comparable to ‘E,;’ for the BZS-8 glass. Relatively
higher activation energy for the BZS-1 glass compare to the BZS-8 glass suggests that the
kinetics is more activated with the temperature for this composition. Lower activation energy

for the BZS-8 glass indicates that this composition has a better control over the crystallization
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during the sealing process. The Kissinger plots of both the BZS glasses are shown in Figure
5.9 (a) and (b). Data were fitted to straight lines with simple least squares method, obtaining
R* > 0.99. The Kissinger activation energy ‘E,’ was calculated from the slope of these plots

and given in Table 5.5.

5.3.5 Bonding properties and interface studies

The adhesion behaviour of a few glasses to YSZ was investigated. The SEM image of the
interface between YSZ and BZS-8 glass after a heat treatment at 900°C for 1 h in air ambient

is shown in Figure 5.10(a) and (b).

“'ﬂ M H|1
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Figure 5.10: SEM micrographs of the BZS-8 glass-ceramic to YSZ interface after sealing at
900°C at different magnification (a) 1kx, (b) 10kx, (c) EDS line scans across the interface
showing the inter-diffusion of Si, Ba, Zr and Y.
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A continuous interface shows good bonding between glass and YSZ. Elemental line scans
across the interface [Figure 5.10(c)] indicate that the inter-diffusion of Ba, Si from glass side
to YSZ side and inter-diffusion of Y, Zr from YSZ side to glass side is responsible for a good
bonding with YSZ. It is found that the interfacial zone is around 3-4 um. The SEM image of
the interface between Crofer-22-APU and BZS-8 glass after a heat treatment at 1000°C for 1
h in air ambient is shown in Figure 5.11(a). Continuous interface shows good bonding
between glass and Crofer. This bonding is attributed to the inter-diffusion of Fe, Cr and Si
across the interface [Figure 5.11(b)].

Testing for vacuum integrity of seal between BZS-8 glass-ceramic and Crofer-22-
APU revealed the hermeticity of the seal up to 800 h at 800°C. This indicates the long-term

stability of the BZS-8 glass-ceramic for use as a high temperature sealant.

Glass-Ceramics|

()

! :

Figure 5.11: (a) SEM micrographs of the BZS-8 glass-ceramic to Crofer-22-APU interface

after sealing at 1000°C (b) EDS line scans across the interface showing the inter-diffusion of
Si, Fe and Cr.
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5.4 Conclusion

Barium zinc silicate based glasses/glass-ceramics have been prepared and characterized.
Investigated barium zinc silicate based glasses/glass-ceramics have requisite dilatometric and
viscosity properties for their application as a sealant for SOFC. It is found that addition of
Nd,Os3 increases the MH, T, and Tgs but reduces the TEC due to an increased cross-linking.
Addition of B,0; is useful for improving the flow property and suppressing the
crystallization tendency, that are beneficial for sealing applications. From the crystallization
studies, it is concluded that the weight ratio of BaO to SiO; decides the formation of different
barium silicate crystalline phases in the glass upon heat treatment. In all BZS glasses, the
crystallization of barium silicate phases having high TEC is advantageous for good thermal
and mechanical stabilities of the glass-ceramic sealants. The base glass (BZS-1) shows the
bulk crystallization and with the additives, the surface crystallization mechanism starts
dominating. On the basis of thermo-physical and bonding properties, the BZS-8 composition

seems to be more suitable as high temperature sealant for SOFC.
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Summary and Future Scope

Recently, alkaline earth based silicate glasses and glass-ceramics got renewed interest for
their use as high temperature sealants for p-SOFCs. Similarly, phosphate glasses have
attracted much interest in various scientific and technological fields, after the development of
novel compositions of superior chemical and physical properties in the recent past. Therefore,
in this dissertation we have investigated some technologically important phosphate and
silicate based glasses and glass-ceramics. Present investigations are mainly focused on
preparation, thermo-physical properties and structural/microstructural aspects of sodium
aluminium titano-phosphate (NATP) glasses, strontium zinc silicate (SZS) and barium zinc
silicate (BZS) based glasses/glass-ceramics. Investigations carried out on NATP glasses, SZS
and BZS glasses/glass-ceramics are discussed in Chapters 3, 4 and 5, respectively in this
dissertation. This chapter summarizes the work carried out in the thesis and presents the
important finding along with future scope of the work.

The primary aim of investing NATP glasses was to study the effect of TiO, addition
on various thermo-physical and optical properties of sodium alumino-phosphate (NAP)
glasses, as these glasses have potential application in low temperature hermetic seals and
optoelectronic devices. It is found that Ty, p and MH increase while TEC and V,, decrease up
to 10 mol% TiO; and beyond 10 mol% these properties show the reverse trend when P,Os is
replaced by TiO,. An attempt has been made to correlate the observed thermo-physical
properties with structural aspects of the NATP glasses. Raman, FTIR and ’'P MAS-NMR

studies confirm that addition of TiO, in the NAP glass results in a progressive
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depolymerization of the glass with the formation of P-O-Ti linkages at the expense of P-O-P
linkages. Raman spectra revealed that TiO, enters in the glass network in the form of
octahedral and tetrahedral units and at a higher concentration of TiO,, tetrahedral structural
units are more favourable. Interestingly a significant change in the Al coordination from
octahedral to tetrahedral was observed through Al MAS-NMR for glass samples containing
more than 10 mol% TiO,. Based on optical studies, the observed luminescence (broad
emission peak at ~435 nm) has been attributed to different types of luminescent centers
present in the glass. The variation in Egpical values and emission maxima for these glasses are
also in accordance with the structural changes in the glass. From structure-property
correlation it is inferred that the role of TiO, and Al,O3; changes from network modifier to
network former in NATP glasses around 10 mol% TiO,. A decrease in the extent of
degradation of the glass surface in humid environment was observed with the TiO;
incorporation in the NAP glasses, which reflect the higher chemical durability of NATP
glasses. The development of phosphate glass composition with a higher chemical durability is
beneficial to make use of the unique properties of phosphate glasses in various technologies.
The NATP glass having TiO, content around 10 mol%, have a TEC around 160 x 107/°C,
which is closely matched with the thermal expansion of Cu and Cu-Be alloy. Therefore, this
composition is suitable for making matched type hermetic glass-to-metal seals with these
metals and alloys. Further, investigation on effect of two intermediate oxides (mixed
intermediate effect) as a function of the TiO,/(Al,03+TiO;,) ratio with fixed amount of Na,O
and P,Os, will be useful to get deeper understanding about the role of Al,O; and TiO; in

NATP glasses.
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Strontium zinc silicate glasses and glass-ceramics have been investigated as potential
high temperature sealants for SOFCs. Main aim to investigate the SZS system is to develop a
suitable composition for SOFC sealant applications. Studied compositions of SZS glasses
fulfill the most important criteria (TEC, T, Tgs and viscosity) of thermo-physical properties
for use as a high temperature sealants for the SOFCs. Upon further optimizing the
composition of SZS glasses using various additives, it is found that B,O3 and V,0s allow a
better bonding of glasses with SOFC components. The XRD and microstructural studies
revealed that the parent SZS glass phase separated into SiO; and ZnO rich regions prior to
crystallization and Sr3Si309 and Sr,ZnSi,0; phases crystallized in these regions upon further
heat treatment, respectively. The microstructural evolution with heat treatment depicts the
spinodal decomposition mechanism for liquid in liquid phase separation in this glass. Based
on the crystallization kinetics using Ozawa and Matusita-Sakka methods it is inferred that a
diffusion controlled bulk crystallization with 2-3 dimensional growth occurs for the SZS
glass. With the addition of additives a surface crystallization mechanism starts dominating
over the bulk crystallization and the activation energy decreases. Lower activation energy
indicates a better control over crystallization process during sealing. This information is
useful to develop and optimize suitable glass-ceramic sealants and sealing procedure. Both
the crystallized phase (Sr3Si309 and Sr,ZnSi,07) in SZS glass-ceramics have high thermal
expansion therefore, advantageous for the glass-ceramics based sealants for the SOFC. The
desirable crystalline phases having a matched TEC, higher mechanical strength, chemical
durability and dielectric properties are formed in the SZS glass-ceramics, which indicate long
term stability for their use as a sealant for SOFC.

The structural studies of SZS glasses and glass-ceramics indicate the

depolymerization of silicate network with the incorporation of different additives. This is
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associated with the modification of thermo-physical properties of glasses. In an interesting
result, the Raman spectroscopy revealed a three member ring type structure for the
SrSi03/Sr3Si309 phase. Raman and FTIR studies show the decisive role of structural units on
the formation of crystalline phases during heat treatment of the glass. Raman and XRD
studies together confirm that in early stage of crystallization, Sr,ZnSi,O; phase and later
Sr3Si309 phase formed in the SZS glass-ceramics. The XRD studies suggested the formation
of a solid-solution of Sr,ZnSi,07 phase in SZS glass-ceramics containing B,O3; and/or Al,O3,
but it is difficult to identify the nature and composition of the solid-solution. *’Al and ''B
MAS-NMR spectra confirmed the crystallization of B and Al in the tetrahedral coordination.
Thus, on the basis of combined studies of NMR and XRD it is inferred that a solid-solution of
Sr2ZnSi,07 phase is formed in the SZS glass-ceramics with the substitution of B/Al at Si or
Al tetrahedral sites. Information about crystallization kinetics and mechanism is important to
develop suitable glass-ceramic sealants and sealing procedure. Crystallization kinetics studies
indicated that, with the incorporation of additives in the glass, a surface crystallization
mechanism starts dominating over the bulk crystallization and the activation energy
decreases. Based upon these studies, a composition (SZS-6 glass) with B,O3; and V,0s
additives has been found most suitable and seals were fabricated with Crofer-22-APU. These
seals were vacuum compatible at elevated temperatures, even after 800 h exposure at 850°C
and further studies regarding long-term use are underway.

BZS glasses and glass-ceramics have also been prepared as a potential sealant for the
SOFC. The BZS glasses and glass-ceramics have shown adequate thermo-physical properties
like TEC, T,, Tq4s, MH etc, for their application as SOFC sealants. Crystallization kinetics of

BZS glasses also revealed a diffusion controlled bulk crystallization with two dimensional
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growth of crystals from a varying number of nuclei. With the addition of additives a surface
crystallization mechanism starts dominating over the bulk crystallization and the activation
energy decreases. This information is useful to develop and optimize suitable glass-ceramics
sealants and sealing procedure. BZS glass-ceramics have desirable high TEC due to the
formation of various compatible barium silicate crystalline phases having high TEC. Seals
with Crofer-22-APU were prepared using the BZS-8 glass (most suitable composition) and
vacuum tested at high temperatures successfully. The main aim to investigate the BZS glass-
ceramics is to compare the long term chemical and thermal stabilities, especially interfacial
reaction with Crofer-22-APU, of these sealants with SZS glass-ceramics sealants, in near
future.

In the thesis efforts have been made to show that the thermo-physical properties of the
investigated glasses are a sensitive function of structural configurations present in these
glasses and can be modified by incorporating suitable additives. Studies also demonstrate the
utility of structural/microstructural and thermo-physical characterization in optimization of
composition of glasses/glass-ceramics for novel applications like high temperature sealing.
However, there is a need to augment this information about the structure of glasses with a
variety of other structure sensitive techniques like high resolution EXAFS, XPS, as well as
small angle X-ray and neutron scattering. It is proposed to carry out these studies in near
future. MAS-NMR experiments like spin echo double resonance (SEDOR) and rotational
echo double resonance (REDOR) are being proposed to investigate the structure and
environment around the next nearest neighbour of Si atom. Further, such experiments can
also give information regarding cation distribution in the glass. The 0 MQ-MAS is planned
to understand the environment around the oxygen atom as well as to estimate different types

of oxygen atoms in the glasses and glass-ceramics. The 'V MAS-NMR is also proposed to
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investigate the effect of V,0s on the structure and therefore on properties of the glass. ZnO
can behave as a glass modifier or glass former depending on the composition of the glass. It
will be interesting to study the structural surrounding of Zn atom in investigated SZS/BZS
glasses by means of EXAFS. To show the insulating properties of studied glasses and glass-
ceramics, measurements of electrical conductivity with temperature are planned in the near
future. The phase quantification may be initiated for these systems using MAS-NMR and
XRD. Chemical durability of the prepared glasses in different media (acidic, alkaline and
neutral) and at different temperatures is also worth to investigate. Detailed electron probe
microanalysis (EPMA) and electron backscattered diffraction (EBSD) studies to investigate
the morphology and relative concentration of different crystalline and glassy phases will be
helpful for getting deep insights to the crystallization behaviour. Synchrotron radiation based
X-ray diffraction experiments are proposed for understanding the solid-solution formation in
the glass-ceramics. In-situ HTXRD (high temperature XRD) will also be useful to understand
the phase evolution mechanism in the glass-ceramics. It is also proposed to carryout TEM
(transmission electron microscopy) and SAED (small angle electron diffraction) studies on
these glasses to understand the phase separation and nucleation mechanism of the
crystallization. Studies related to isothermal crystallization kinetics are also proposed in the
future.

Studies carried out so far demonstrated the potentiality of SZS and BZS glass-
ceramics for high temperature sealant applications for SOFC. Therefore, it will be useful to
study the wetting behaviour of glasses on different cell components using the high
temperature microscopy. Such experiments are planned in the near future. Other studies
include long-term phase stability by a combination of XRD and MAS-NMR in wet oxidizing

and reducing environments that mimic the operational conditions of fuel cells. Further scope
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also exists in terms of reaction studies with other fuel cell components, especially over long
term use. Effect of ZnO and other additives on the formation of BaCrO4/SrCrO4 needs to be

investigated further.
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