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

ISt

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 (Tq) 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 T, relax at different rates and result in different values
of Ty being measured. When a liquid is cooled either crystallization may take place at the
freezing point (or melting point Tp ), 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 (h = 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 T4 cannot be uniquely defined. However, for convenience the
Ty 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 Ts or Ty, as shown in Figure 1.1. Thus, the Tq
of a glass is not an intrinsic property but depends on its thermal history [10]. Dependence of

Tyon the cooling rate q is given as:

where ¢ and ¢, are constants [10]. The experimentally measured value of Ty is not unique.
The value of Ty 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 Ty the material shows a solid like
behaviour for observation time ty; which is smaller than the structural relaxation time t, .

For t; < tp, 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, T4 should occur when t, 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 &r compressibility Ky 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 Ty 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:

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 Tg, Try and the crystallization temperature (T¢) as follows:

If (Te-Ty) is large and (Tm-Tc) is small, the inhibition to the process of nucleation and
crystallization is strong and consequently the glass-forming tendency of the system is high.
Ty 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 T4. 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].
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Here, o 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]

SR

where o, B and Ty are constants. This equation describes the viscosity (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, Vi, 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,

» = * +

where Vy, is the free volume of the glass and Vj is the volume of glass and ’ ,

where and 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 Ty [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  [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,Os is shown in Figures 1.2(a) and 1.2(b).
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Figure 1.2: Atomic structural representation of a A,O5 crystal (a) and a A2O5 glass (b) (Filled
circles are A = cations and open circles are O = oxygen).

Thus, both the crystalline and the glassy forms are composed of AO; triangles joined
to each other at corners, except that the glassy form has disorder introduced by changes in the
A O Abond 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,O3, P,0s, GeO,, As,S3, 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%, $%, 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 beeshavith neighbouring polyhedral in
order to form a three-dimensional (3D) network.

Zachariasen classified the cations in a glass|bks\vsr

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

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

3. Intermediates that may either reinforce the netwbyk cross-linking (coordination
number 3 or 4) or weaken the network by depolyna¢ion (coordination number 6-8).
Moreover the intermediate cations solely cannanftiie single component glass.

NWM oxides (e.g. NgD) depolymerize the perfectly connected continuaumslom network

of glass formers (e.g. S¥D The action of the modifier is to break up thetomuous silica

network by introducing "dangling or non-bridgingygens (NBOs)". This process is shown
in Figure 1.3 and is not limited to silica glasdyptbut can occur in other inorganic systems

as well.

Figure 1.3: Two-dimensional schematic diagram efshicate glass structure in the presence
of modifier ions such as Nand the formation of non-bridging oxygens.

The original CRN model of glass structure [24] eds0 be extended to describe the structure

of strongly ionic or covalent non-oxide glasses hsuas halides and chalcogencides,
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