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ABSTRACT

The thesis contains the systematic study on the synthesis and characterization
of two and three alkali zinc borate glass systems prepared by melt-quenching method.

The structural, optical, thermal and mechanical properties are studied in detail.

The non-linearity observed in the mechanical, thermal and structural
properties of alkali zinc borate glasses with nominal composition 5Li.O-(25-x)K20-
xNa20-60B203-10Zn0O (x= 0, 5, 10, 15, 20 and 25 mol %) strongly suggests that
there exists a strong mixed alkali effect (MAE) in this systems. It is also observed that
the MAE is much stronger in three alkali doped system compared to that of two alkali
doped glass system. The TMO doped 5Li20-xK20-(25-x)Na.0-60B203-(10-y) ZnO-
yTMO (x= 0 and 5 mol% and y= 0 and 0.1 mol%, TMO= Cr,COs, MnO2, Fe;0s,
C03COq4, and Ni2CO3) glass system revealed the presence of transition metal ions in
specific valence and coordination states in the glass matrix. This results in varied
optical absorption and hence, is responsible for the colour of the prepared glasses.
Chromium and cobalt in both two alkali and three alkali glass matrix favors high

valence and coordination states and therefore exhibit the intense colour.

The detailed comparative studies of Fe3* and Mn?* ions doping on the
properties of two alkali 5Li,0-25Na,0-60B,03-(10-y)ZnO-yTMO (y = 0, 0.1, 0.3,
0.5, 0.7 and 0.9 mol%, TMO= Fe>0z and MnO3) glass system with that of the three
alkali 5Li,0-xK,0-(25-x)Na.0-60B,03-(10-y)ZnO-yTMO (x = 0 and 5 mol%, y= 0,
0.1, 0.3, 0.5, 0.7 and 0.9 mol%, TMO= Fe;O3 and MnO>) glass system is done.
Fourier Transform Infrared (FTIR) and Raman spectroscopy studies reveal that both
Fe,O3 and MnO: act as network modifiers. Both Fe,Oz and MnO; are observed to
enhance the thermal stability of these system of glasses. These glass systems therefore
are good host materials for optical fiber fabrication which yield a crystal-free fiber.
Optical band gap energy, Eg, of the studied glass systems is found to reduce with
increasing Fe>Os and MnO> content. Mechanical strength and fracture toughness of
the prepared glass samples determined using Vickers micro-indentation technique,
exhibit better mechanical properties with the incorporation of Fe.Os and MnO:

content. The inclusion of Fe2O3 and MnO: has proved to be of great importance in



tailoring the properties of the glass systems to make them promising candidates for
optical filters.

Keywords: Alkali borate glasses; optical basicity; thermal stability; fracture
toughness; Vickers hardness; Brittleness.
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Chapter 1
INTRODUCTION

Solid materials are broadly classified as crystalline and amorphous materials.
Crystalline materials possess long range periodicity and symmetry in the arrangement
of the constituent atoms or molecules, which is lacking in the non-crystalline solids.
Both crystalline and non-crystalline solid materials find a large number of scientific
and technological applications. In particular, non-crystalline solid materials have
emerged as promising materials during the last few decades owing to their significant
industrial applications. Hence, they have gathered much consideration in the branch of
condensed matter physics, chemistry and materials science. Among non-crystalline
materials, glass and glassy materials have acquired tremendous scope due to their
significant technological applications (Le Bourhis 2008) particularly in the field of
telecommunication as optical fibers. Further, they are extensively used in optical and

electrical switching, in solar cells, in nuclear waste devitrification, etc.

Glass is known to mankind from ancient times, archaeological proofs confirmed
that few glaze materials found to be dated back to 12, 000 B.C and purest form of glass
materials were found during 700 B.C in Egypt (Doremus 1973). The word ‘glass’ is
derived from Latin term ‘glaecsum’ used to denote the transparent materials. One more
word is often used to refer glassy materials is ‘vitreous’ which is originated from Latin
word “vitrum”. In olden days, glass was used mainly for decorative purposes. In today’s
date glass has considered to be most essential material without which it is difficult to
imagine day to day life. As it is mentioned in the “Glass Source Book” by Jo Marshall
(1990) quoted by K.J. Rao (2002) “It is only when one tries to imagine a world without
glass that one realizes in how many ways it is used and extent of our unthinking

acceptance of it”.
1.1 Glasses

X-ray diffraction studies reveal that glasses do not exhibit sharp peaks

corresponding to long-range periodic arrangement of atoms. Instead, they show a broad



hump characteristic of amorphous materials. Therefore, glasses are called amorphous
or non-crystalline solids. Glasses can be well defined as amorphous solids which do not
show long-range periodicity in its atomic structure, and exhibit glass transition
temperature (Shelby 2005). In general, all the amorphous solids may not be glasses. If
an amorphous solid exhibits glass transformation behaviour then only it can be called
as glass. In order to understand the concept of glass it is vital to know its glass
transformation behaviour, which can be well understood by enthalpy versus

temperature plot as represented in figure 1.1.
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Figure 1.1: Enthalpy versus temperature diagram for glass forming liquids.

As shown in the figure 1.1, a small volume of liquid is considered at a
temperature (point A) well above the melting temperature (Tm) of that particular
substance, and that liquid is subjected to cooling to the T represented by point B, at Tr
vapour pressure or Gibb’s free energy is same for both solid and liquid. At this
particular temperature there exists extremely insignificant quantity of crystals which
are in thermodynamic equilibrium with the liquid. However, in order to get a noticeable

level of crystallization further cooling is required just below the Tm (at point C).
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Crystallization take place if and only if the following conditions are satisfied,
(i) existence of sufficient number of nuclei and (ii) tendency for greater crystal growth
rate. As represented in the figure 1.1, enthalpy will be largely effected by the
crystallization process corresponding to the crystal, if cooling is further continued,
enthalpy of the crystal will further decrease. If the cooling rate is high, crystallization
does not occur instead the liquid reaches a state called supercooled liquid state through
the straight line ABCD, which is the extrapolation of the line ABC. In this case unlike
crystallization, there will be no sudden decrease in enthalpy since there is no continuous
structural rearrangement. If liquid is further cooled down, the viscosity of the liquid
will increase and eventually becomes so high that there will be no scope for atoms to
rearrange to the equilibrium liquid structure. In this situation the enthalpy curve starts
to deviate from the ABCD line and forms ABCE. This kind of change in equilibrium
happens in a very narrow transformation range where the rate of change of enthalpy
decreases suddenly with respect to temperature to a particular value which is equivalent
to that of crystalline solid. The low temperature portion of ABCE curve acts
fundamentally as a solid, this particular state can be called as ‘glassy state’. The smooth
curve region of the plot can be denoted as glass transition region, the upper region
possess Viscosity about 10° poise or lesser, the viscosity of glassy state needs to exceed
nearly 10'® poise or more in order to become a solid glass. This state is not occurring at
a sharp temperature value. The point where both glass line and the supercooled liquid
lines interpolation intercept is called as fictive temperature (Tr), which can be defined

as the temperature at which the supercooled liquid is rapidly frozen into glass.
1.2 Glass formation

In principle, glass can be formed by oxides, tellurides, halides and some
polymeric organic compounds, etc. Among all, metal oxides are the most important
class since they are used for commercial and technological applications. The oxides
like SiO, B20s3, P2.Os, and GeO. which readily form glass on their own by forming
three-dimensional random network when it is subjected to cooling from its liquid state
are called as ‘Glass formers’ or ‘network formers’. Oxides like As;O3 and Sb203 are

also recognized as glass formers since they form glass subjected to rapid cooling from



their liquid state. On the other hand, there exist certain oxides like TeO2, SeO2, Ga;0s,
Al>,O3, WO3, M0o0O3, Bi20O3 and V20s which may not produce glass on their own but
when mixed with suitable glass formers yield glasses. They are called as ‘conditional
glass formers’ or ‘intermediates’. The alkali and alkaline earth metal oxides form
another important class of oxides in the glass synthesis. Even though they do not
participate in the glass network formation, they however, contribute substantial
structural modification when added with network formers and hence they are named as

‘network modifiers’.

In the year 1932, Zachariasen made classification of oxides as glass forming
oxides and non-glass forming oxides. Vitreous network is the crucial feature for glass
formation, hence Zachariasen considered this aspect and categorized the oxides which
yields such a network. Initially he suggested four fundamental rules known as ‘Random

Network Theory” which must be satisfied by an oxide to form a glass.

An oxygen atom may be linked to not more than two cations.
The number of oxygen atoms surrounding cations must be small (3 or 4).

The oxygen polyhedral share corners with each other, not edges or faces.

el

At least three corners in each oxygen polyhedron must be shared if the

network is to be three dimensional.

The initially proposed rules satisfy the glass formation of simple oxide glasses
but failed to define the formation of complex oxide glasses. Hence Zachariasen
modified the initially proposed postulates and redefined them as given below, which

contains complex oxide glasses as well as non-glass forming oxides.

1. The material should contain a high percentage of cations, which are bounded
by either oxygen triangles or oxygen tetrahedral.

2. Polyhedra are associated only through their corners.

3. Some oxygen atoms are connected to only two such cations and do not form

additional bonds with other cations.



The modified postulates pointed out the necessity of adequate cations presence
in order to form continuous structure. Hence network is basically an open structure
which requires enough bonds connecting to the Polyhedra in order to get continuity in
network structure. The required cations can be isomorphically substituted in the glass
network. Incorporation of such cations which are not glass formers are commonly
termed as network modifiers since they participate in network modification by
disrupting the continuous random network structure and produce non-bridging oxygen.
For example, alkaline and alkaline earth metals substituted with the glass forming
oxides enter the glass structure by braking the glass network and create non-bridging
oxygens. Figure 1.2 illustrates the formation of non-bridging oxygen in case of SiO;

glass network consisting of SiO4 units.

Figure 1.2: SiO> glass structure modification with incorporation of alkali metal oxides.
(Shelby 2005)

The incorporated alkali metal ions firstly breakdown the continuity in the glass
network and occupy the interstitial positions. These alkali ions bind to the negatively
charged broken oxygen bonds in order to achieve charge balance. Alkali ions yield one
non-bridging oxygen per cation whereas alkaline earth ions yield two non-bridging
oxygens per cation. So, addition of alkaline earth ions produces more non bridging
oxygens. This results in lowering the glass transition temperature and due to the
reduction in cross-linking of the network, viscosity of the glass melt is lowered. The
glasses which have absolutely no oxygen ions like chalcogenide glasses and heavy
metal fluoride glasses do not fall under the Zachariasen ‘Random Network Theory’.



These type of non-oxide glass formation can be well described based on the ‘Kinetic
Theory of Glass Formation’, since formation of these kind of glasses are subjected to

the processing methodology where the kinetics of formation play a crucial role.
1.3 Glass preparation methods

Glasses can be prepared in different ways, but there are three important methods

present in order to obtain glasses for practical applications. They are as follows

1. Melt quenching technique.
2. Sol-gel processing method.

3. Chemical vapour deposition method.
1.3.1 Melt quenching technique

It is one of the oldest methods used for preparation of glasses. It is a practice
used to produce amorphous solid by rapid cooling (quenching) of the melt (viscous
liquid) obtained by fusion of one or more precursors. Rapid cooling is used to bypass
crystal nucleation and growth in order to retain the disordered state of the liquid in the
solid state. In the process of melt quenching, stoichiometric proportion of fine
powdered precursors are systematically mixed in an agate mortar to get glasses with
desired property. The mixture is placed in a porcelain, silica or platinum crucible and
melted in a furnace for a defined time period. The melt will be stirred regularly to
acquire homogeneous liquid. The melt is then rapidly cooled to room temperature by
squeezing the melt between two steel or bronze plates which has high thermal
conductivity. A cooling rate of the order of 10 Ks™ can be attained by this particular
technique and is adequate for making most of the glasses. The synthesized glass
samples were then annealed near the glass transition temperature (Tg) to eliminate
thermal stresses developed in the process of glass formation owing to low thermal
conductivity of glass. The cooling rate plays a crucial part in the process of glass
formation. For some glass formers like B2Os very slow cooling rate (1Ks™) is enough
and some metallic glasses need very high cooling rate of nearly 10° Ks™. Some of the

different quenching technique and their rates of cooling are given in table 1.1



Table 1.1 Different quenching techniques and their rates of cooling.

Technique Cooling rate (Ks™)
Air quenching 1-10

Liquid quenching 10%-103

Chill block splat cooling 10°

Melt spinning or melt extraction 106-108

The advantages of the melt quenching technique compared to the other two methods

are,

I.  The high flexibility of the geometry of a glass which is advantageous in
obtaining material of large size required for the preparation of glasses with
special properties.

ii.  The large flexibility of composition in preparation of glasses with a wide variety
of compositions, consisting of several constituents at various ratios. It is
possible because quenching of melt does not need stoichiometry among
constituents. The addition of ions such as rare-earth or transition metal in
comparatively lesser quantity is possible. This plays a major role in production

of glasses with different properties.

The melt-quenching method has some disadvantages like it is difficult to
prepare glasses of ultra-high purity and difficult to synthesize glasses having a greater
quantity of refractory material such as SiOz, TiOg, etc., as they require extremely high

temperature for melting.

1.3.2 Sol-gel processing method

Sol-gel method is one of the low temperature glass preparation techniques. Gel
is an elastic solid matter formed suddenly from a sticky liquid through continuous
polymerization. The gel obtained will be heat treated to eliminate the residual volatile
components. The process is followed by the densification by sintering at suitable
temperature to produce glass solid (Yamane and Asahara 2000). The sol-gel process is

very beneficial in preparing glasses containing large quantity of refractory materials. In
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this process, thermally unstable compounds can also be incorporated into glass due to
the low processing temperature (especially well below the melting point) utilized. This
is advantageous in preparing the glasses with unusual properties like high optical
nonlinearity. The major disadvantage of this route is the formation of fracture initiated

during the large shrinkage of wet gel during the heat treatment.

1.3.3 Chemical vapour deposition method

This method is used to prepare amorphous solids of polycrystalline materials.
In this method, chemical decomposition of a vapour occurs promoting the deposition
of a solid film on a substrate placed in plasma (Yamane and Asahara 2000). The
formation of solid includes viscous sintering of the film deposited. The major benefit
of this technique is the preparation of ultrahigh pure glasses. However, glasses
incorporated with alkali, alkaline or rare-earth elements cannot be prepared using this
method.

1.4 Classification of glass systems

Glass is one of the major oldest artificial materials in the history of mankind.
There are wide variety of glass systems available depending on the network former
used. Among all, the most exploited class of glasses are the oxide based glasses. They
can be classified into categories called borates, phosphates, silicates, borosilicates,
aluminium silicates, chalcogenide glasses etc. In addition, chalcogenide glasses, halide
glasses, heavy metal fluoride glasses, metallic glasses and organic glasses are some of
the other types of glasses which are of immense interest. Some of the important class

of glasses are mentioned in the following section.

1.4.1 Chalcogenide glasses

These are the glass systems containing chalcogene elements viz., sulphur,
selenium and tellurium of Group VI of the periodic table. In combination with other
elements from 111, IV or V group viz., As, Sb, Ge, Si etc, a wide variety of chalcogene
glasses with outstanding properties can be prepared by melting these elements in an
oxygen-free ambiance. Chalcogenide glasses exhibit band gap of the order 1-3 eV and

8



therefore behave as semiconductors with conductivity in the range of
10 to 102 ohm™ cm™. The atoms in these glasses are connected through covalent
bonds in their structure whereas the oxide and halide glasses contain ionic bonds. In
addition, the melts of theses glasses contain rings and chains of sulphur, selenium and
tellurium atoms. These glass systems are promising candidates for applications like
fiber optics and X-ray imaging plates, IR transmission, host materials for IR lasers,
switching devices for computer memories, xerography etc. (Fairman and Ushkov
2004).

1.4.2 Halide and Oxy-Halide glasses

Halide glasses are formed by rapidly cooling the melt of halides viz., BeF2 and
ZnCl, (K.J. Rao 2002). These glasses are widely in use owing to the least refractive
index (RI1) and highest Abbe number. The halides are tetrahedrally coordinated Be and
Zn, with halogens forming bridges between the tetrahedra. The chemical bond in these
systems are ionic in nature, and therefore they show certain desirable properties like
good transparency to the IR radiation, low glass transition temperature, low phonon
energies and acts as hosts for active rare earth ions (Adam 2001). The low linear and
non-linear R1 of BeF enable these glasses to be used for high-power laser applications
when doped with TM ions like Nd*". The drawback of halide based glasses limiting
their usage in practical applications is their toxicity and extreme hygroscopic behaviour.
But, the halide glasses in combination with the oxide glasses, oxy-halide glasses in
particular, are very interesting in terms of practical applications (Nazabal et al. 2012).
The oxy-hallide fluorophosphate glasses are used as host material for high power laser
systems as they exhibit low dispersion and a low non-linear RI. The oxy-halide
PbF2-SnF2-P20s glass system shows very low glass transition temperature and

possesses excellent chemical durability.
1.4.3 Oxide glasses
Oxide glasses are mainly classified as

1. Silicate glasses



Phosphate glasses
Germanate glasses

Telluride and Vanadium glasses

o ~ wDN

Borate glasses

1.4.3.1 Silicate glasses

Silicate glasses are the most extensively investigated glasses, due to their
commercial importance as they possess good chemical and weathering stability. In
silicate glasses SiO; tetrahedron acts as glass former and appropriate modifiers are
added to reduce the melting point of the silica. Modifiers are used to yield non-bridging
oxygen and thereby reduce the melt viscosity. Silica glasses show a superior refractory
nature, thermal shock resistance, optical transparency in both the UV and visible
regions, and great chemical durability (Yamane and Asahara 2000). These glasses are
mainly used in the semiconductor industry, photolithography and in opto-electronic
(OE) devices.

1.4.3.2 Phosphate glasses

The network former in phosphate glass is P2Os. Phosphate glasses consist of P-
O-P chains of four—fold coordinated phosphorous. They consist of polymeric
arrangement of POy tetrahedral units. These glasses have the ability to accommodate
high concentrations of transition metal ions and still remain amorphous (Shelby, 2005).
Phosphate glass has proved to be very suitable, optically transparent dielectric material
medium for growing small noble metal nanoparticles without any atmospheric
oxidation and contamination (Uchida et al. 1994). These glasses can be easily
synthesised due to their low glass transition temperature (Tg) and low melting
tempertuare (Tm). They are used in various applications viz., solid state lasers (Shah et
al. 2006, Arbuzov 2013), fast ion conductors (Martin 1991, Sdiri et al. 2015), non linear
optical devices (Nazabal et al. 2012), nuclear waste vitrification (Krishnaiah et al. 2014)
and biomedical industry (Hench 2006) because of their high thermal expansion
coefficient (o) and biocompatibility (Pavie et al. 2014). They are also used as

achromatic optical materials owing to the low dispersion and high RI compared to that
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of silicate based optical glasses. On the other hand, poor thermal stability against
crystallization, low chemical durability, volatile and hygroscopic nature of phosphate
glasses limit their extensive practical applications (Sastry and Rao 2014, Harada et al.
2004).

1.4.3.3 Germanate glasses

Germanate glasses are prepared using GeO: as glass forming oxide. They
consist of random 3D network of Ge-O-Ge bonds. These systems are studied in view
of their academic interest as they have limited practical applications due to expensive
raw materials and high melting point. They are used only for special applications like
infrared transmitting glass. they possess higher infrared transmission properties
compared to other silica glasses which make them potential material for ultra-low-loss

optical fiber.
1.4.3.4 Telluride and Vanadium glasses

TeO2 and V205 are also used for the preparation of glasses with special
properties. Because of high refractive index, telluride glass is used as a nonlinear optical
glass with ultra-fast response. V20s combined with P.Os is used to prepare electronic

conducting semiconductor glasses.
1.4.3.5 Borate glasses

Boric oxide (B203) is the network former of borate glass system. B2Os is
considered as one of the best network former attributing to its higher bond strength,
lower cation size and smaller heat of fusion. Borate glasses are always treated as unique
and special as they do not act as expected compared to other major glass forming oxides
like silicates and phosphates. For example, (a) even though the bond between B-O is
slightly stronger compared to the bond between Si-O, at 1200°C, the viscosity of liquid
B-Os is almost eleven order of magnitude lower than that of super-cooled liquid SiO»,
(b) the glass transition temperature of vitreous B2O3 is 280°C which is considerably
lesser compared to vitreous SiO2 which is 1190°C (c) incorporation of network

modifiers into silicate glass matrix results in variation of glass properties monotonically

11



with the variation of modifiers concentration, whereas in case of borates instead of
monotonical variation, they exhibit an extrema at particular modifier concentration.
This kind of borate behaviour which is exceptional is often referred as ‘borate
anomaly’, and (d) at ambient pressure, pure anhydrous borates do not get crystallize,
because in the case of B,Os3, crystallization is inhibited by the very high activation
energy required to break up the boroxol groups, leading to zero nucleation and growth

rates.
1.4.35.1 Structure of Borate Glass

Pure anhydrous B2Oz is made up of planar BO3z units which are arbitrarily
positioned by sharing the oxygen atoms with neighbouring BOs3 units in a three-

dimensional network.
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Figure 1.3: Raman band corresponding to boroxol ring structure in vitreous B2O3

(Galeener and Geissberger 1982).

The planar BO3 unit apparently involved in SP? hybridization, while the third
orbital will be unfilled and prolonging in the direction which will be perpendicular to

the BO3s plane. In order to have partial double bond, this unfilled orbital readily accepts
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unpaired electrons from the oxygen atoms. It is believed that these BO3 triangular units
will join together and formulate a well-defined ring structure, known as ‘boroxol ring’
or ‘boroxol group’ which will be present in vitreous B2O3 in a large concentration.
Existence of these boroxol rings was further supported by the presence of sharp band
at 808 cm™ in Raman spectrum. The Boroxol ring structure and the supporting Raman

spectral observation are represented in figure 1.3.
1.4.3.5.2 Alkali Borate Glass

Borate glass gathered the significant attention of scientific community starting
from 1936 till today due to its structural diversity which is not found in other oxide
glasses. Introduction of modifier into borate matrix may results in (a) breaking up of B-
O-B bonds by oxygen anions in order to create non-bridging oxygen, (b) the
overlapping oxygen anions filled orbital with vacant p-orbital of boron atom leads to
change in hybridization of boron atom to sp® tetrahedra. This results in the conversion
of BOs triangular unit to BO4 tetrahedral unit, and (c) an oxygen atom could perhaps
donate a pair of electrons to the two BOj3 units which may result in conversion of sp? to
sp? hybridization leading to change in the coordination of boron atom without creating

any non-bridging oxygen.

Warren et al, in 1936, for the first time carried out a detailed structural study on
the alkali borate glasses. They confirmed that the BO3 units are linked together by
sharing the oxygen atoms in a three dimensional random network as proposed by
Zachariasen. The Zachariasen two dimensional representation of borate glass network
is shown in figure 1.4 (a) which is recently redrawn in colour by Wright (2015). Later
in the year 1938, Biscoe and Warren reported that the addition of alkali metal (Na2O)
modifier oxide to borate glasses converts the triangular BOs unit into tetrahedral BO4
unit. Figure 1.4 (b) represents the two-dimensional glass network of Na,O incorporated
boron glass matrix, where the network modifying Na* cation occupied the interstices
position in the borate glass network adjacent to the BO4 tetrahedra. This change in
coordination of boron atom led the authors to propose structural explanation for the
‘boron anomaly’. Finally, in 1960 the most important two features of borate structure

were reported and made borate glasses stand unique among other oxide glasses. These
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are (i) the incorporation of network modifier cation to the borate network at first
involves the conversion of triangular BO3 unit to tetrahedral BO4 units rather than
creating the non-bridging oxygen atoms. The creation of non-bridging atoms takes
place only at higher concentration of network modifier cations, and (ii) As the
concentration of network modifier increases up to the certain level which exhibits
diborate composition, the structure of borates are mainly dominated by the

superstructure units.

Figure 1.4: (a) Two-dimensional Zachariasen’s random network diagram and (b) two-
dimensional representation of vitreous Na;O-B»Os structure (Note for colour
representation: blue: tetrahedral boron atom, cyan: trigonal boron atom, red: bridging
oxygen atom and black: Na* cation). (Wright 2015)

These two characteristics of the borate glasses are mainly responsible for the unusual
behaviour in the properties of borate glasses, which is called as boron anomaly. In the
year 1958, Silver and Bray (Silver and Bray 1958) confirmed the change in boron
coordination number using !B NMR spectroscopy technique for the first time,
followed by this in the year 1963 by another important article (Bray and O’keefe 1963)
which gave a clear insight into the basic structure of borate glasses depending on the
modifier concentration. Hence the conversion of coordination number from 3- to 4-fold
of boron atom was justified and it gave a clarity that creation of non-bridging oxygens

takes place only at higher concentration of alkali cations.
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Figure 1.5: Schematic representation of (a) BOs unit, (b) BO4 unit, and (c) boroxol

group in borate glass matrix. (Wright 2015)

Thus incorporation of modifier alkali oxides to the borate glass network glasses
mainly consist of triangular BOs units, tetrahedral BO4 units and boroxol rings which
are represented in figure 1.5. Further increase in the concentration of alkali content,
eventually results in disappearance of boroxol rings. This is validated by the Raman
spectra where the high intense band at 808 cm™ (corresponds to boroxol rings)
gradually decreases and disappears. On the other hand the tertaborates groups start
converting into diborate groups which consist of two-tetrahedra per three membered
ring. Finally, incorporation of alkali content about 25 mol% begins to create the non-
bridging oxygens, all these composition dependent structural modifications were
represented in figure 1.6. Superstructural units are some features which make borate
glasses unique when compared to other oxide glasses. Superstructural units are
basically rigid and combination of the fundamental structural units of borate glass
which do not have any kind of internal degree of freedom in the form of variable bond
or bond torsion angle. These are mainly based on three-membered rings of fundamental
structural units. In the year 1960, Krogh-Moe (Moe 1960) published an article, which
later turned out as a milestone in the history of borate structures. This explained the
vital role of superstructural unit in the borate network., particularly in the case of
lithium and sodium diborate glasses. In case of these Li>O-2B>03 and Na>0-2B.03

glass compositions Krogh-Moe (1958) proposed a structure which is completely
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created on the basis of diborate groups (Krogh-Moe 1958, 1960, 1962, 1965). The
distribution of superstructural units in the sodium borate glasses was explained up to

the diborate composition.
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Figure 1.6: Schematic representation of modifier alkali concentration dependent
intermediate structures (dashed lines represents theoretical variations and solid lines

represents experimental results). (Shelby 2005)

This suggestion of Krogh-Moe was well captured by Griscom et. al. (1978) and
they articulated the model for superstructural unit which led them to propose a complete
structural model for borate glasses. This proposed model clearly convinced the fact that
superstructural units connect together in order to form a random network in borate
glasses rather than basic structural units. The schematic representation of
superstructural units of borate glass network is represented in figure 1.7. The network
modifying cations play a vital role in determining the structure and properties of borate
glasses. It is crucial to understand that all the property changes of borate network are
mainly influenced by the concentration of the modifier content. Another significant
aspect of modifying cations are that they simply do not enter and occupy the space
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formed by the surrounding vitreous glass network, rather they effectively modify their
surrounding in order to fulfil their own specific requirements. In this regard the size
(radius) of the network modifying cation plays an important role since it determines the

space in which it enters to modify and reside in the network.
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Figure 1.7: Borate superstructural units (Wright 2015) (a) boroxol group,
(b) pentaborate group, (c) triborate group, (d) di-pentaborate group, (e) diborate group,
and (f) di-triborate group

On the other hand, their nominal charge also should get compensated by the
appropriate number of negative charges which is usually compensated by negatively
charged tetrahedral BO4 unit or by the non-bridging oxygen atom. Hence alkaline and
alkaline earth modifiers bonding to non-bridging oxygen atoms show substantial

covalent nature. Hence these glasses cannot be considered as purely ionic.
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1.4.3.5.3 Boron oxide anomaly

Boron oxide anomaly or boron anomaly is the one of the unique properties of
borate glasses. This is not seen in any other oxide glasses like silicate or phosphate
glasses. As discussed in the introduction part of the borate structures, in other oxide
glass systems when the modifier cation concentration increases the corresponding
property of the glass system varies monotonically but in the case of borate glass system
with a particular concentration of modifier cations, properties of the borate glasses show
extreme behaviour which is not a usual trend in other oxide glass systems. For example,
in case of sodium-borate glass system viscosity of the melt increases gradually with
increasing mol % of sodium oxide content and suddenly attains a maximum value of
viscosity at 16 mol% of sodium oxide content. In the same way thermal expansion
coefficient exhibits a noticeable minimum at about 16 mol % of sodium oxide.
According to Biscoe and warrens (1938) the incorporation of each alkali ion to boron
oxide results in converting the triangular BO3 unit into tetrahedral BO4 unit without
creating any non-bridging oxygen up to certain level of alkali concentration. Hence the
connectivity increases which results in lowering the thermal expansion coefficient. The
conversion of coordination number of boron atom stops at around 16 mol % of
incorporated alkali content, thereafter, further addition of alkali oxides leads to the
creation of non-bridging oxygens. This causes increase in expansion coefficient and
decrease in viscosity. This kind of extreme behavior exhibited by borate glass system

is often termed as ‘boron anomaly’ or ‘boron oxide anomaly’.

1.4.35.4 Mixed alkali effect

If one alkali cation is progressively substituted by another alkali cation without
disturbing the total alkali cation content, a few properties which are related to the
movement and presence of alkali ions exhibit a maxima or minima variation with
respect to alkali content. This behaviour is generally referred to as Mixed Alkali Effect
(MAE). There are certain properties like ion diffusion, chemical durability, electrical
conductivity, electrical loss and viscosity which are directly associated with the alkali
ion movements with large deviation from linearity. On the other hand, the properties

like density, refractive index and micro-hardness exhibit relatively less deviation (Day
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1976, Isard 1969, Ahmed and Abbas 1986). In alkali borate glass system, each alkali
oxide is associated with a proportional quantity of B>Os so that the number of structural
units depends on the nature and total concentration of the incorporated modifiers
(Shelby 2005, Varshneya 1994,). Mixed alkali effect is useful in controlling the
properties according to desired technological applications by selecting suitable
modifiers (Day 1976). Therefore, understanding the mixed alkali effect is essential in
order to gain the knowledge of physics and chemisty behind it. In fact, many theoretical
models have been proposed for MAE (Maass 1999, Bunde et al. 1991, Van Ass and
Stevels 1974a, 1974b). However, there is no generalized model present till date which
can be applied to all possible oxide glass systems. Hence there remains a scope for
experimental investigation in this regard. In recent years there has been extensive

studies published on different types of alkali borate glass system.

Doweidar et al. (2008) extensively studied the density of mixed alkali borate
glasses and noted that the ratio of alkali oxide/boron in any case would be that of the
total alkali oxide/total boron oxide. In spite of the great change with composition of the
volume of structural units in alkali borate glasses, the volumes of the borate structural
units in mixed alkali glasses are the same as found in the corresponding binary alkali
borate glasses. This conclusion would be useful for calculating the density and molar
volume of multiple alkali borate glasses.

Focus has been also given to understand the mixed alkali effect in Vickers
hardness measurements (Mohajerani and Zwanziger 2012). It has been concluded that
the increase in the hardness of mixed alkali glasses is mainly due to their deceased
plastic deformation, rather than any marked variation in their densification. The mixed
alkali effect was also found less strongly in the length of measured radial cracks which
may be due to the mixed contributions of Young’s modulus on residual stresses and
fracture toughness. The authors concluded that mixed alkali glasses showed modestly
shorter cracks than single alkali glasses. This knowledge is certainly required to design

the glasses for practical applications where hardness of the glass plays vital role.
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1.4.3.5.,5 Transition metal doped alkali borate glasses

One of the significant properties of glasses is their unique ability to
accommodate various types of dopants, such as rare earth ions, transition metal ions,
metal nanoparticles, etc. (Yamane and Asahara 2000). Any foreign atom can easily find
a place to occupy inside the glass matrix because of its random network structure. The
flexibility of chemical composition of glass facilitates the synthesis of glasses with
special properties through doping of active elements. Transition metal (TM) doped
oxide glasses possess both scientific and technological interest owing to their wide
range optical properties. This is due to the presence of TM ions with varying valencies
or co-ordinations with their respective colors (Ehrt et al. 2000) They also find potential
applications in solid state lasers, optical filters, and optical fibers for communication

devices (Sanghera et al. 2002).

In the recent developments, novel compositions (Flower et al. 2007) with
superior physical and chemical properties such as high thermal expansion coefficients,
low melting and softening temperatures and high ultra-violet and far infrared
transmission (Liu et al.1997), make alkali borate glasses potential candidates for many
technological applications, such as sealing materials, medical uses (Li et al. 2008), and
solid state electrolytes (Brown et al. 2001). Among all, the transition metals ions (TMI),
like Cr, Fe, Mn, Ni and Co doped borate glasses find enormous applications in
microelectronics, optical glasses and solid state lasers (Wu et al.1999, Bogomolova et
al. 1980). The TM ions doped alkali borate glasses exhibit non-linear behaviour which
has applications in solid state devices, electro-optic modulators & switches, and non-
linear optical parametric converters (Nazabal et al. 2001, Moustafa et al. 2013). The
formation and the nature of the color centers in different types of glasses have received
a considerable attention (Nazabal et al.2001). Doping of TM ions having multiple
valences may enhance or reduce the coloration by changing the valence state or by
trapping the released electrons, respectively. TM ions possess more than one valence
state, broad radial distribution of outer d-orbital electron functions and are very
sensitive to the change in the surrounding cations. This has considerable influence on

the optical, electrical and magnetic properties of glasses (Naresh and Buddhudu 2012).
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Zinc oxide possesses large band gap and therefore it is a potential candidate for
applications in OE devices like laser diodes and laser emission covering a wide visible
region (Ding 2008). Zinc oxide added borate glasses are potential candidates for
applications in plasma display panels for high quality and performances (Gaafar et al.
2009, Raju et al. 2006). They are also used for large area, hang-on-wall TVs and
computer monitors. Krishna et al. (2012) have reported that the divalent Zn acts both

as network former and modifier in the glass network.

In the recent past Bhogi et al. (2018) investigated 15Ba0O-25Li,0-(60-x) B2Oa:
xFe203 where x = 0, 0.2, 0.4, 0.6, 0.8 and 1 mol% glass system using RPR and UV
Visible spectroscopy. They observed EPR spectra of Fe** ion to have resonances at
g =2.0032, 4.282 and 8.033. They noticed optical absorption spectra exhibiting a band
at around 452 nm which was assigned to ®As4(S) — “Eq (G) of Fe3* ions with distorted
octahedral symmetry. They found decrease in optical band gap energy (Eopt) with
increase in iron ion concentration. This showed that the glasses become more
semiconducting in nature and the Urbach energy values affirm the increase in defects

with the increase of iron ion concentration in these glasses.

Moustafa et al. (2013) have studied the effect of gamma radiation on ultraviolet,
visible and infrared optical studies of NiO, Cr.O3 and Fe>Os-doped alkali borate
glasses. They observed that the borate glasses with basic composition
XR20(100 — x)B203 where R = Na, K, were colored by adding one of or the mixture of
TM ions like Ni, Cr, Fe. They observed a shift in the positions of the absorption bands
according to the alteration of the composition of the base glass. The corresponding
changes in the optical absorption of these glasses containing mixed NiO, Cr.O3 and

Fe>O3 dopants are associated to the coordination or valence states of the TM ions.

Gaafar et al. (2009) have investigated the longitudinal and shear ultrasonic wave
velocities in binary Li.O-2B203 glasses doped with different TM ions like V205, Fe203,
Cr203, NiO, TiO2, MnO- and CuO using pulse echo technigue. They have reported that
both longitudinal and shear ultrasonic velocities and the Debye temperature values are
increased with addition of small amounts of different TM ions. They attributed this to

the increase in connectivity of the network structure. Elastic moduli and Poisson's ratio
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increased, calculated values of thermal expansion coefficient decreased and number of
bonds per unit volume increased, indicating the increase in rigidity of the network

structure.

1.5 Scope and objective of the present research work

1.5.1 Scope

Designing glasses with unique functional properties is a topic of active research
in view of providing solution to long standing problems in modern glass science and
technology. Applications like photonics switching and information processing depend
critically on the development of improved glass materials. This can be achieved by
preparing glass materials with various dopants available such as rare earth ions,
transition metal ions, chalcogenides, halides etc., as glasses possess inimitable
capability to contain various dopants. Glasses are the best hosts for embedding active
elements for the development of special properties like colour, high nonlinear
susceptibility, emission of fluorescent light, etc. It is known that the chemical
composition of glassy materials controls most of the properties of them. Doping of
alkali ions into borate glass introduces interesting structural variations by creating BO3
and BOs structural units and forming Non Bridging Oxygens (NBOs). These structural
variations, pertaining to the mixed alkali effect (MAE), greatly controls the physical
parameters of borate glasses. MAE enables the researchers to produce glasses according
to industrial needs. In the present work, relatively less quantity of transition metal (less
than 1mol%) ions are added which can considerably modify the optical properties of
glasses with improved thermal and mechanical properties. These kind of glasses can be

used as optical filters and in electro optical devices etc.

In the literature one can find a large number of studies on two-alkali borate
glasses and mixed alkali effect but no serious systematic attempts have been made to
understand the effect of adding third alkali ion into the two-alkali borate glass system.
Hence, the present work is taken up to prepare, characterize and study the effect of
incorporation of third alkali ion into two-alkali borate glass system in order to give clear

insight into MAE in three-alkali borate system. In a similar way, transition metal ions
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are added into both two and three alkali zinc borate glass system in order to develop

glass materials with improved optical, thermal and mechanical properties.

1.5.2 Objectives

The main objective of this research is the synthesis and characterization of the
two and three alkali zinc-borate glass system to explore the mixed alkali effect and to

study the effect of addition of transition metal ions. This research focuses on

» Optimization of the influencing parameter like melting and calcination
temperature, soaking time to obtain homogeneous alkali zinc borate glasses.

» Synthesis of alkali zinc-borate glasses of different compositions of 5Li>O-(25-
X) K20-xNa20-60B203-10Zn0 (x= 0, 5, 10, 15, 20 and 25 mol%).

» Synthesis of transition metal doped alkali zinc-borate glasses of two and three
alkali system of composition 5Li,O-xK>0-(25-x)Na,0-60B203-(10-y) ZnO-
yTMO (x= 0 and 5 mol%, y= 0 and 0.1 mol % and TMO= oxides of Cr, Mn,
Fe, Co, Crand Ni)

» Synthesis of transition metal doped alkali zinc-borate glasses of different
compositions of 5Li20-(25-x) K20-xNa20-60B203-(10-y) ZnO-yTMO (x= 0
and 5 mol%, y= 0, 0.1, 0.3, 0.5, 0.7 and 0.9 mol% and TMO= Fe,O3 and
MnOy).

» Structural investigation of synthesized glasses using X-ray diffraction (XRD),
Fourier transform infrared (FTIR) spectroscopy, Scanning electron
microscopy (SEM).

» Study of optical properties like optical band gap energy, Urbach energy and
refractive index of the prepared samples.

» Study of the thermal properties like glass transition temperature, crystalline
temperature and melting temperature of the synthesized glass samples using
Differential thermal analysis (DTA).

»  Study of the mechanical properties like micro hardness, fracture toughness and
brittleness by indentation technique.
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1.6 Organization of the thesis

The thesis is organized as follows

e Chapter 1 includes a brief general overview to various glasses and their
properties. In particular, it includes thorough introduction of oxide glasses,
specially, the borate glasses. A brief overview of theory of glass formation,
glass preparation techniques and methodology is discussed in this chapter.
This chapter includes brief literature review on the properties and
applications of borate glasses. It also includes the scope and objective of the
present research work.

e Chapter 2 includes detailed description of materials and synthesis
techniques used for the preparations of glasses proposed under the present
research work. Various structural and morphological characterization
techniques used such as XRD, FTIR, Raman and SEM are discussed briefly
in this chapter. Also the method used for investigating physical, optical and
mechanical properties of glasses are discussed in detail.

e Chapter 3 presents the results on structural, physical, optical, thermal and
mechanical properties of glass system with composition 5Li>0-(25-x) K20-
XNa20-60B,03-10Zn0 (x=5, 10, 15, 20 and 25 mol%) prepared using melt-
quenching technique. The chapter also includes a brief summary of the
investigation carried out on this system of glasses.

e Chapter 4 presents the results on structural, physical, optical and mechanical
properties of glass system with composition 5Li>0-xK20-(25-x) NazO-
60B203-(10-y)ZnO-yTMO (x= 0 and 5 mol%, y= 0.1 and TMO= oxides of
Cr, Fe, Mn, Co and Ni). This chapter presents the effect of TMO on two
alkali and three alkali system.

e Chapter 5 presents the results on structural, physical, optical, thermal and
mechanical properties of glass system with composition 5Li>0-xK>0-(25-
X) Na20-60B203-(10-y)ZnO-yTMO (x= 0 and 5 mol%, y=0, 0.1, 0.3, 0.5,
0.7 and 0.9 mol% and TMO=Fe;03). This chapter discusses the effect of
FeoOs on properties of the synthesized glasses and gives a detailed
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comparison between the effect of Fe2O3 on two alkali and three alkali glass
system.

Chapter 6 presents the results on structural, physical, optical, thermal and
mechanical properties of glass system with composition 5Li20-xK20-(25-
X) Na20-60B203-(10-y)ZnO-yTMO (x= 0 and 5 mol%, y= 0, 0.1, 0.3, 0.5,
0.7 and 0.9 mol 5 and TMO=MnO). This chapter discusses the effect of
MnO2 on properties of the synthesized glasses and gives a detailed
comparison between the effect of MnO- on two alkali and three alkali glass
system

Chapter 7 summarizes the important findings of the present research work
along with conclusions. This chapter also comprises of scope for further

research work in the area of borate glass system.
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Chapter 2
MATERIALS AND METHODS
2.1 Glass Synthesis

In the present investigation alkali zinc-borate glasses of different compositions
have been prepared. Glass systems with two and three alkali elements were prepared to
investigate in detail the mixed alkali effect (MAE) in these systems. The glass system
with composition 5Li,0-(25-x) K20-xNa20-60B.03-10Zn0 (x=0, 5, 10, 15, 20 and 25
mol%) was synthesized using melt-quenching technique. Also, transition metal doped
alkali zinc-borate glasses of different compositions were synthesized and the effect of
transition metals in two and three-alkali borate glass system was studied. Number of
preliminary experiments were carried out to optimize multiple synthesis parameters to

get homogeneous glasses.
2.1.1 Precursors and compositions used

Alkali zinc-borate and transition metal doped alkali zinc-borate glasses of
various compositions were prepared through melt-quenching technique using high
purity (99.9% - Analytical Grade chemicals supplied by Sigma Aldrich) precursors viz.,
Lithium carbonate (Li-.COswith 99.9% purity), Sodium carbonate (Na,COz with 99.8%
purity), Potassium carbonate (K2COs with 99.9% purity), Boric acid (HsBO3 with 99%
purity), Zinc oxide (ZnO with 98% purity), Chromium carbonate (Cr.Coz with 99%
purity), Manganese oxide (MnO: with 99% purity), Iron Oxide (Fe2O3 with 99%
purity), Cobalt carbonate (Co3CO4 with 99% purity) and Nickel carbonate (Ni2COs
with 99% purity). The compositions of the glasses prepared in the present investigation

and their nomenclature are given in table 2.1, table 2.2, table 2.3, and table 2.4.
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Table 2.1 : Batch composition of three-alkali zinc borate glass system and their

nomenclature.

Glass system | Glass | Li.O Na2O K20 B203 ZnO
code | (mol%) | (mol%) | (mol%) | (mol%) | (mol%)
Al 5 - 25 60 10
A2 5 05 20 60 10
A3 5 10 15 60 10
LNK
A4 5 15 10 60 10
A5 5 20 05 60 10
Ab 5 25 - 60 10

Table 2.2 : Batch composition of TMO doped two and three-alkali zinc borate glass

system and their nomenclature.

Glass system | Glass | Li2O K20 Na20O B20s ZnO MO
code | (mol%) | (mol%) | (mol%) | (mol%) | (mol%)
A6 5 - 25 60 10 -
Crl 5 - 25 60 99 |0.1cCr
M1 5 - 25 60 99 |0.1Mn
LN-TM
F1 5 - 25 60 99 |0.1Fe
Col 5 - 25 60 9.9 0.1Co
N1 5 - 25 60 9.9 0.1 Ni
A5 5 5 20 60 10 -
KCrl 5 5 20 60 9.9 0.1Cr
KM1 5 5 20 60 99 |0.1Mn
LNK-TM
KF1 5 5 20 60 9.9 0.1Fe
KCol 5 5 20 60 9.9 0.1Co
KN1 5 5 20 60 9.9 0.1 Ni
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Table 2.3: Batch composition of Fe,Oz doped two alkali and three alkali glass system.

Glass | Li2O K20 Na,O B203 Zn0O Fe O3
Glass system

code | (mol%) | (mol%) | (mol%) | (mol%) | (mol%) | (mol%)
A6 5 - 25 60 10 -
F1 5 - 25 60 9.9 0.1
F3 5 - 25 60 9.7 0.3

LN-Fe
F5 5 - 25 60 9.5 0.5
F7 5 - 25 60 9.3 0.7
F9 5 - 25 60 9.1 0.9
A5 5 5 20 60 10 -
KF1 5 5 20 60 9.9 0.1
KF3 5 5 20 60 9.7 0.3
LNK-Fe

KF5 5 5 20 60 9.5 0.5
KF7 5 5 20 60 9.3 0.7
KF9 5 5 20 60 9.1 0.9

Table 2.4: Batch composition of MnO. doped two alkali and three alkali glass system.

Glass | Li2O K20 Na2O B203 ZnO MnO>
Glass system

code | (mol%) | (mol%) | (mol%) | (mol%) | (mol%) | (mol%)
A6 5 - 25 60 10 -
M1 5 - 25 60 9.9 0.1
M3 5 - 25 60 9.7 0.3

LN-Mn

M5 5 - 25 60 9.5 0.5
M7 5 - 25 60 9.3 0.7
M9 5 - 25 60 9.1 0.9
A5 5 5 20 60 10 -

KM1 5 5 20 60 9.9 0.1

KM3 5 5 20 60 9.7 0.3

LNK-Mn

KM5 5 5 20 60 9.5 0.5

KM7 5 5 20 60 9.3 0.7

KM9 5 5 20 60 9.1 0.9
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2.1.2 Experimental Procedure

Melt quenching method has been employed to prepare the glass samples of

proposed composition.

Batch Preparation

Raw materials: Li;CO;, NayCOs,
K:CO:, H:BO:, ZnO and TMO

Calcined at Melted at
450 °C for 1050°C - 1100 °C
2hrs

Glass Melt

Quenched in air
between two steel
plates, annealed and
furnace cooled

Homogeneous Glass

|
1 ! l

LN-TM and LNK-TM LNK glass system LN-Fe/Mn and LNK-Fe/Mn
glass system glass system
Properties Studied
Structural - XRD, FTIR, Raman Structural - XED, FTIR Structural - XRD, FTIR, Raman
Thermal - DSC Thermal - DSC Thermal - DSC
Optical - UV-Vis Spectroscopy Mechanical - Micro hardness tester Optical - UV-Vis Spectroscopy
Mechanical - Micro hardness tester Mechanical - Micro hardness tester

Figure 2.1. The process flow of preparation and characterization of alkali zinc-borate

glass systems.

The precursors corresponding to batch composition were weighed using
sensitive analytical balance with a precision of 0.1mg and then mixed in an agate mortar
thoroughly for about 30 to 45 min. The homogeneous mixture was then transferred to
an alumina crucible and calcined at 450 °C for 2 hr in an electric furnace. After

calcination the content of crucible was again transferred to agate mortar, ground
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thoroughly and then melted at 1050-1100 °C about an hour in muffle furnace. The glass
melt was swirled frequently in order to avoid bubble formation. Further, the melt was
rapidly quenched between the well-polished steel plates maintained at 100 °C to get
bubble free disc shaped glass samples. The as prepared glass samples were quickly
transferred to an electric furnace and annealed at 400 °C for 2 hours in order to remove
the residual internal stresses evolved during quenching process. The process flow of

preparation and characterization of proposed glass systems is given in figure 2.1.

2.1.3 Surface polishing of the sample

The synthesized glass samples were fine polished on both sides to obtain flat
surfaces with fine optical quality and suitable for investigating mechanical properties.
Grinding and polishing of glasses were performed on motorised polishing machine
(Chennai Metco, Grinder-Polishing machine). Silicon carbide abrasive sheets with
various grit size from 120 to 2000 were used to achieve optically smooth surface. Then,
final polishing was carried out using silk cloth to remove possible scratches created by
abrasive sheets to obtain smooth optical quality surfaces. The samples were then
subjected to ultrasonic cleaning to eliminate the residues of polishing agents. These
fine polished samples were then used for the optical, electrical and mechanical

characterization.

2.2 Sample characterization

The synthesized glass samples were subjected to various studies viz., structural,
morphological, thermal, mechanical and optical to investigate their various properties.
Structural and morphological properties of the prepared glass samples were examined
using X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, Raman
spectroscopy and Scanning electron microscopy (SEM). Density of the samples was
measured using the Archemedies principle. The optical properties of the samples were
studied using the UV-Visible spectroscopy and refractive index measurements.
Thermal properties were studied using Differential scanning calorimeter (DSC). The
mechanical properties of the samples were studied using Vickers micro indentation

measurement.
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2.2.1 X-ray diffraction (XRD)

It is one of the most powerful non-destructive structural characterization
methods used to analyze the crystal structure, geometry, identification of unknown
materials and defects etc. In the present investigation, to confirm the amorphous nature
and identify presence of phases, all the prepared samples were characterized using
X-ray diffraction (XRD) using a Bragg-Brentano diffractometer (PANalytical — X’Pert
Pro MPD) with CuKoy radiation in the diffraction angle (20) range of 10° to 80° with

the scan rate of 2°/min.

2.2.2 Fourier Transform Infrared (FTIR) spectroscopy and Raman

spectroscopy

Owing to the lack of availability of a particular method to study the structure of
an amorphous materials, the determination of structure in glasses is a complex task
(Meyer 1997). FTIR and Raman are two essential tools, which demonstrate dependence
of local structure on composition and help to comprehend the effect of composition on
glass properties (Velli et al. 2005). It is observed that, certain transitions that are
allowed in Raman are forbidden in IR spectroscopy. So these techniques are often used
in complementary way to determine the structure of materials. These complimentary
techniques proved to be extremely important in differentiating the trigonal and
tetrahedral borate units and to determine the concentration of NBOs per unit. In
addition, they are also helpful in identifying the local building units constituting the
glass network and the anionic sites hosting the modifying metal cations and super
structural units, such as rings and chains, or the combination of rings. Hence both these

techniques are used to study short and intermediate range ordering in a glass.

2.2.2.1 Fourier Transform Infrared (FTIR) spectroscopy

It is one of the vibrational spectroscopic techniques used to reveal the existence
of various structural groups in the glasses. Various chemical bonds in a molecule or
molecular structure of materials can be identified by analysing the infrared absorption

or transmission spectrum with peaks corresponding to the frequencies of vibration
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between the atomic bonds making up the material. Absolute intensity and the frequency
of lines corresponding to IR active transitions give information about the molecular
structure. In the present investigation, FTIR spectra of samples were recorded in the
range of 400-4000 cm™ at an average resolution of 32 scans per cm using Schimadzu

FTIR 8400S spectrophotometer using KBr pellet method.
2.2.2.2 Raman Spectroscopy

It is one of the vibrational spectroscopic techniques to study the structure of the
glasses. Glasses constitute the network of molecular units with random orientation in
three dimension. The Raman spectroscopic technique records the modes of vibration
that are Raman active. For a mode to be Raman active change in the polarizability of
the molecule must be involved during the interaction of light with the molecule. In its
simplest form it can be thought of as a process where a photon of light (usually from a
laser) interacts with a sample to produce scattered radiation of different wavelengths

(inelastic scattering).

In the present investigation, Raman spectroscopy is used to identify the subtle
changes in the glass structure by varying glass composition. The spectra of fine powder
glass samples were collected in the wavenumber range 400-2000 cm™ using a Laser
Confocal Raman microscope (inVia, Renishaw, UK) equipped with an argon ion laser

source of 100 mW power and 514 nm wavelength.
2.2.3 Scanning Electron Microscopy (SEM)

It is the most unique and versatile electron microscopic technique that provides
image of a sample providing information about the surface of the specimen at much
higher magnification, higher resolution and large depth of focus compared to optical
microscopy. This is due to very low wavelength of accelerated electrons. This
examination can yield information about the topography (surface features of an object)
and morphology (shape and size of the particles making up the object) of the samples.

In the present investigation, surface morphology of the samples and
indentations with median-radial cracks formed by the Vickers indentation on the
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samples surface were examined using SEM (SEM, ZEISS Sigma FE-SEM). The length

of the generated crack was estimated by images obtained.
2.2.4 Density measurements

Archimedes principle is employed to determine to density of glasses in order to
get an insight into the modifications in the structure of glasses as it is related to molar
volume and atomic packing density. It is also crucial in obtaining information about
short range structure of oxide glasses. Density of the samples is highly sensitive to
physical properties such as compactness, softening, cross link density, modifications of
geometrical configuration, coordination number and dimension of interstitial spaces of

the glass.

In the present investigation, Archimedes principle was adopted at room
temperature using O-Xylene as the immersion liquid. The choice of the immersion
liquid is based on the chemical durability of the sample (Shelby 2000). A highly
sensitive balance, with 0.1mg accuracy, was used to measure the weight of glass
samples. The samples were weighed both in air and when suspended in O-Xylene of
density p; = 0.86 g/cc (at room temperature). The difference in weights gives the

weight of the displaced liquid. The density of the glass is calculated using the formula

Wq

p=———p (2.)

Wa—W|

where p is the density of the sample, p; is the density of the immersion fluid, w, and
w; respectively are the weight of sample in air and liquid, respectively. The average

density of three specimens of each composition is considered for further analysis.

The molar density for the samples is calculated using the formula given by,

M
Vm == ; (22)

where M is the calculated molecular weight of the glass samples based on their

respective compositions.
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Oxygen packing density OPD can be defined as the number of oxygen atoms per

formula unit and can be determined by the relation,

Oxygen packing density = p}: 0 (2.3)
T
Where Mt represents the total molecular weight and O represents the total number of

oXxygen atoms.
2.2.5 Thermal Analysis

In the present investigation, the thermal analysis for the samples was done to
determine three main thermal parameters such as glass transition temperature (Tg),
onset crystallization temperature (Tx) and melting temperature (Tm). The measurements
for the samples were carried out using a simultaneous thermal analyser (Perkin Elmer
STA 8000). The differential scanning calorimetry (DSC) data in the temperature range
of 30 °C to 1100 °C at a heating rate of 10 °C cm™ under a constant flow of nitrogen
gas was recorded. The DSC data was recorded on fine crushed glass granules of size of

the range 0.85 to 1mm.

Thermal stability of glasses against crystallization was evaluated by taking

difference between their Ty and Tq values
AT =T, —T, (2.4)

Glasses with higher AT value would show better thermal stability against crystallization
(Donald et al. 2006). Glass forming ability of samples was obtained by calculating
Hruby’s parameter (Hr), which is given as

Tx—T,
HR == = 4
Tim—Tx

(2.5)

Thermal stability and glass forming ability play a crucial role in preparing large scale
glasses for practical applications and academic studies. The other thermal parameters
which are proposed for the oxide glass system (Nascimento et al. 2005 and
Saffarini et al. 2000) are also evaluated using the following formulae.
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Te—Tg

Weinberg parameter (Nascimento et al. 2005 ), Ky, =

(2.6)
Parameter proposed by Lu and Liu (Lu et al. 2003), K;;, = T;—"Tm
2.7)
Glass stability parameters K1, and K> (Saffarini et al. 2000)
Ky =Tn—T, (2.8)
Ky =3 (2.9)

2.2.6 Optical properties
2.2.6.1 Refractive index (RI) measurement

The refractive index of any material is defined as the ratio of the velocity of
light in vacuum and the velocity of light in that material. Magnitude of refractive index
is always needed to interpret different types of spectroscopic data. The RI coefficients
are significant factor in the design of a solid state laser. Rl of glasses largely depend on
electron density and polarizability of the ions coordinated with anion, field strength of
the ions, number of NBO atoms etc. Increase in either electron density or polarizability
of ions present in the glass matrix increases the refractive index of glass samples
(Shelby 2005).

In the present work, refractive indices of fine polished samples were measured
at room temperature using an Abbe (MAR-33) refractometer with an accuracy of
+0.001. Mono-bromo naphthalene was used as the contact layer between the glass and
refractometer prism. Measurements were carried out for two specimens of each

composition and the average value of refractive index was obtained.
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2.2.6.2 UV-Visible spectroscopy

Ultraviolet and visible (UV-Vis) absorption spectroscopy is the measurement
of the attenuation of a beam of light with a wavelength in the range after it passes
through a sample or after reflection from a sample surface. Difference between the
intensity of incident radiation (lo) to the transmitted radiation (I) gives the amount of
light absorbed by a sample. The amount of light absorbed is expressed as either
transmittance or absorbance. A plot of intensity of absorption against the wavelength
or frequency of the electromagnetic radiation is called the absorption spectrum. The
prominent optical properties of glasses like refractive index, dispersion, and

transmission mainly depend on their chemical composition among other factors.

In case of glasses since they obey dipole selection rule, possibility of transitions
may be direct or indirect. The absorption coefficient (o) can be related by the following

equation,
[ = Iyexp(—at) (2.10)

where I, denotes the incident light intensity, t is the thickness of the glass sample. By
means of the equation (2.10) together with the Davis and Mott relation (Fu et al. 2012),
magnitude of the absorption coefficient (&) can be linked to the optical band gap energy

Eq as,
_ B _ n
a=_ (hv — Ej) (2.11)

where B is a constant, hv signifies the incident photon energy, n denotes transition type
viz., n=1/2, 2, 3/2 and 3 for direct, indirect, direct forbidden and indirect forbidden

transitions, respectively.

Since indirect allowed transition takes place in glasses, considering the value of n as 2,

equation (2.11) can be simplified and written as,

(ahv)'/2 = B'/2 (hv — E,) (2.12)
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The band tails are characterized by Urbach energy, Eu (Narayanan et al. 2015) which

is given by the relation,
a=a,exp (Z—Z) (2.13)

where «, is a constant which is well known as the tailing parameter. Taking natural

log on both sides of the equation (2.13), it can be simplified and written as,
1
Ina= (E) ho + In a, (2.14)

In the present investigation, the optical absorption spectra of very well polished
glass sample of 1.5 mm thickness (measured by employing a micrometre with 0.001
cm of precision) were recorded in the wavelength range of 200-850 nm using fiber
optic spectrometer USB4000 (Ocean Optics Inc., USA).

2.2.6.3 Electronic polarizability

The cationic and anionic polarizability are consistent when they are combined
to corresponding stoichiometric batch composition (Dimitrov et al. 1996).
Consequently, the estimation of oxide ion polarizability for glasses is decisive as it
plays a vital role in optoelectronic materials. For crystals, liquids, and glasses the molar
refraction (Rm) based on n and Vr, is determined using the Lorentz-Lorenz equation
(Zhao et al. 2007), given by

R = (%2) Vi (2.15)

n2+2

The molar polarizability, am can be determined using the relation (Azlan et al. 2016)
given by,

Uy == () = 2 (2.16)

T am \Ny
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The oxide ion polarizability based on refractive index (aé’?_) and optical band gap

((lgz—) energy (Zhao et al. 2007, Mallur et al. 2015) can be determined by the equation
given by,

el = [ - Y| (Nge-) (217)

ag- = 2% <1 — \/%) - Zail (Ny2-)t (2.18)

Where Y ¢ is the molar cation polarizability, N ,z- is the total number of oxygen ions
in the chemical formula. Owing to the chemical reaction among constituent oxides in
the glass systems, oxygen ions, O? always possess a tendency to transfer its negative
charge to the cations. This ability of oxide ions to donate electrons to the surrounding
cations is termed as optical basicity. The optical basicity of the both the series of glass

systems is calculated using the equation, proposed by Duffy (Duffy 1996), given by

£=167 (1-=) (2.19)

o

where a0?" is the refractive index based oxide ion polarizability.

The quantity 5—’" provides the polarizability density of the glass systems.

According to Hertzfeld metallization theory (Duffy 1996), if a material is densified to

have the ratio i—m =1 then the quantity n?-1 will become equal to n?+2, this can

m

materialize only when n=c. According to this discussion, the electrons in the valance
state which are gquasi-elastically connected to the atoms are now liberated by means of
polarization in the condensed state and this process is referred to as “polarization

catastrophe’ (Chandrashekaraiah et. al. 2018) The solid materials having the ratio

5—’" > 1 behave as metallic conductors whereas the materials having the ratioi—m <1

m m

behave as insulators. Dimitrov et. al. (1996) have evaluated the metallization criterion,

M using the equation
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M=1--=2 (2.20)

They found that the modifier oxides with borate and silicate glasses have greater M,
which lie in the range of 0.5-0.7. It is established that the materials with least value of

metallization criterion usually exhibit narrow Eg.
2.2.7 Mechanical Properties

Glasses with outstanding mechanical and elastic behaviour are desired for
practical applications viz., glass components for television tubes, architectural use,
optical fibers for data transmission, temporary implants for bone repair and
reconstruction etc. (Sehgal et al. 1995, Kurkjian 2000, Rao and Shashikala 2014a).
Therefore, it is crucial to carryout systematic study of mechanical and elastic properties

to decide the type of glasses suitable for technological and biomedical applications.
2.2.7.1 Micro indentation studies

Mechanical properties of glasses such as Young’s modulus, hardness, fracture
toughness and brittleness are usually investigated using simple indentation method.
This method involves applying a known load to hard diamond tip and measuring the
area, depth or length of the crack generated on the specimen surface. Different types of
indenters like spherical, canonical and pyramidal are employed to measure the
resistance to penetration by material’s surface. Four sided diamond pyramid indenter

known as Vickers indenter is usually used for micro indentation experiments.

In micro indentation experiments, a known load is applied to the indenter to
indent on a sample surface for prescribed dwell time (10 s). Then area of residual
impression formed on the surface of sample due to indentation is measured using optical
microscope. Vickers hardness (Hy) of sample is obtained by dividing indentation load

by measured area of the impression after unloading and is given by the relation

1.852P
HV = FE (221)
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where Hy is Vickers hardness in GPa, P is indentation load in N and d is half of the

average length of two indentation diagonals in um.

Vickers
indenter

' Residual
/ impression
Sample !

Figure 2.2: Schematic diagram of Vickers indentation on surface of sample.

So, Vickers hardness measures the resistance of sample to the permanent
deformation caused by a sharp diamond indenter (compression load). Vickers hardness
of a material depends on their bond strength, presence of defects, packing density of
ions, surface features etc. Schematic diagram of residual impression formed on a

surface of sample by Vickers indentation is shown in figure 2.2

Strength of glasses mainly depends upon two factors, crack initiation and crack
propagation. Mechanical failure which results from crack initiation and subsequent
propagation at the surface limit the practical applications of glasses (Sehgal and
Ito 1999). Crack propagation can be evaluated by measuring fracture toughness (Kic),
which defines the ease with which a crack can propagate in a material. When Vickers
indenter indents on a sample surface, median-radial cracks originate from four corners

of the indentation outside the plastic zone as shown in figure 2.3.
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Figure 2.3: Schematic diagram of cracks propagating from four corners of Vickers
indentation (Marshall 1983)

These median-radial cracks are used to determine fracture toughness (Kic) of
normal glasses. Fracture toughness of the glasses is usually calculated using an equation
developed by Anstis et al. (1981), which involves the direct crack measurement method.

This can be formulated as

K,c = 0.016 (5)1/2 (C%/) (2.22)

where Kic is the fracture toughness in MPa (m)*2, E, H, P and C are Young’s modulus
(GPa), measured Vickers hardness (GPa), peak load applied (4.9 N) and measured half
crack length (um) respectively. The Young’s modulus, E (GPa) is calculated using the

equation
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where G; is the dissociation energy density of oxide constituents (Gi of
B203=82.8 kJ/cm®, Zn0=49.9 kJ/cm3 Li,0=77.9 kl/lcm3 Na0=31.9 kl/cm?
K20=19.2 kJ/cm® and MnO.=74.7 kl/cm® (Chandrashekaraiah et al. 2018 and
Taha et al. 2018) and X; represents the mole fraction corresponding to the i component
and V¢ is the atomic packing fraction (Fu et al. 2012), which is represented as,
_ o XiViX;

Ve = 'DZiMiXi (2:24)

where M; represents the molar weight of the i component. The volume occupied by

the ions of i component is represented by Vi for a compound MpNq, given by
4
V; = sm(pRj; + qRY)N, (2.25)

Where M, and Nq are metal oxides. R is the radii of corresponding M and N ions.

Avogadro’s number is represented as Na.

Crack initiation in glasses mainly depends on their brittleness (Sehgal and
Ito 1999). Brittleness or simple index of brittleness (B) of glasses can be calculated
from the method proposed by Lawn and Marshall (1979), and is given by the ratio of
Vickers hardness (resistance to deformation, Hy) to fracture toughness (resistance to
fracture, Kic)

Hy

B= (2.26)

Kic

In order to choose the glasses for industrial and technological application
detailed examination of mechanical as well as elastic properties is required. In this
regard along with Young’s modulus (E) (Makishima and Mackenzie 1973), the
Poisson's ratio (o) of the prepared glass system was evaluated by means of the equation
(Makishima and Mackenzie 1975), which connects the Poission’s ratio to the

determined packing density (Vt) of the glass samples, given by

(2.27)

42



Shear modulus (S) and bulk modulus (K) were evaluated by the equation given by,

_ E
S =300 (2.28)
K = 1.2V,E (2.29)

In the present investigation, the mechanical strength of the prepared glasses was
studied in detail using Vickers micro-indentation studies. The Hardness (Hv) of the
prepared glasses was measured using a Vickers micro-indenter (Clemex MMT X7) by
applying 0.98 N with dwell time of 10 s. The procedure is repeated ten times for each
glass specimen and the mean value is considered for further calculations. Fracture
toughness for the samples is measured using the median-radial cracks generated by
indentations made on glass samples at 4.9 N. The length of the generated crack was

estimated by imaging the surface of the samples using optical microscope.

2.2.8 Error analysis

All scientific measurements, however carefully made, are always associated
with inevitable uncertainties (Taylor 1997). Since, scientific studies involve
measurement, it is crucial to assess these uncertainties and keep them as minimum as
possible. Hence, error analysis is carried out to study and estimate these inevitable
experimental uncertainties and to keep the errors as small as possible. In present
experimental measurements, error in measured quantities was estimated by taking the
standard deviation of the mean (SDOM) of all the measurements. Error in calculated
quantities was obtained from error in related measured quantities using the quadrature

sum of uncertainty rule of error propagation.

2.2.8.1 Standard deviation of the mean (SDOM)

If N measurements of a quantity made using same instrument and procedure
are Xi, X,,....., X, then the best estimate for the quantity x is obatined by taking average

or mean x of x1, X,....., Xn. Here x is calculated as
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X1+X2+"'+XN _Zixi
N N

X =
Uncertainty in Xpest OF X iS estimated by taking the standard deviation of the mean
(SDOM) or standard error of the N measurements and is given by the equation

O—x
Oz = —

N

where o is standard deviation of the mean and o, is standard deviation, which

measures average uncertainty of N measurement. Standard deviation (o,) is given by

g = L d:? = 1 (x; — %)?
x N—1Z ! N—1""
L

where difference (x; — ¥) = d; gives the deviation of i measurement x; from

the relation

mean value x. If these deviations are very small then measurement carried out will be
precise. Some deviations may be positive and some may be negative, so averaging the
deviations may not give reliable uncertainty in the measurements. Thus, deviations are
squared first to obtain a set of positive numbers and then square root of the average of
set of positive numbers are obtained to get a quantity having same unit as the
measurements. This root mean square (RMS) deviation of the measurements is known
as standard deviation, a,, which is found to be useful in characterizing reliability of

measurements.

Standard deviation of the mean (o) is preferred over standard deviation (o) to

obtain uncertainty in the X. Because, as the number of measurements increases, o will

give more reliable uncertainty in the final result due to the presence of factor VN in the
denominator. But, o, will not change appreciably with increase in number of

measurements.

Final result (X) of N number of measurements is represented as
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2.2.8.2 Quadrature sum of uncertainty

In many cases quantity cannot be measured directly, instead value of the
physical quantities of interest is calculated from the other measured quantities. When a
quantity is obtained through calculations, uncertainty also propagates through
calculations and final result contains propagated errors. When uncertainty in measured
quantities are independent and random, uncertainty in final calculated quantity is

obtained by adding uncertainty in quadrature as given below.

Considering that quantities m,....,r are measured with uncertainties m,...., r and these

quantities were used to calculate x, which is given as

mX..Xo

X =
qX.XT

Suppose error in m,....,r are independent and random, then fractional uncertainty in x is

obtained by summing the quadrature of fractional uncertainties of measured quantities

%:j<%)z+...+(%)z+(%)z+ +<67r)2

Then 6x is obtained by multiplying |x| with quadrature of fractional uncertainties of

measured quantities.

Considering that the uncertainty in experimental measurements carried out in
the present investigation are independent and random, error in measured quantities such
as density, measured Young’s modulus, Vickers hardness and half crack length were
evaluated by taking the standard deviation of the mean (SDOM) of their measurements.
Error in calculated quantities like molar volume, packing density, bulk modulus, shear
modulus, fracture toughness and brittleness was obtained from error in related

measured quantities using the qudrature sum of uncertainty rule of error propagation.
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Errors are not shown for theoretically calculated parameters. All the errors reported in

this thesis are rounded to one significant figure.

46



Chapter 3

INVESTIGATION OF MIXED ALKALI EFFECT ON MECHANICAL,
STRUCTURAL AND THERMAL PROPERTIES OF THREE-ALKALI
BORATE GLASS SYSTEM

The results of investigation on mixed alkali effect (MAE) in mechanical,
structural and thermal properties of alkali zinc borate glasses with nominal
composition 5Li20-(25-x)K20-xNa20-60B.03-10Zn0O (x= 0, 5, 10, 15, 20 and 25 mol
%) are presented in this chapter. The samples were prepared using standard melt
quenching technique. Amorphous nature of the samples were confirmed using X-ray
powder diffraction studies. Fourier transform infrared (FTIR) spectroscopy,
differential scanning calarometry (DSC) and Vickers indentation studies were
performed to investigate the mixed alkali effect in the samples. From the DSC studies,
it was observed that the thermal parameters viz., glass transition temperature (Tg),
glass melting temperature (Tm), glass crystallization temperature (T¢), glass stability
(S) and fragility (F) exhibited a non linear variation with respect to increase in
compositional parameter (Rna). This behavior clearly indicates the presence of strong
MAE in the samples. FTIR studies confirmed the presence of both [BOs] and [BO4]
units, indicating the present glass networks to be made up of these two units placed in
different structural groups. The non linear variation of peak positions of B-O-B bending
and stretching of [BOs] and [BOa4] units of each glass sample explain the role of
modifier alkali elements validating the existence of strong MAE. The microhardness
and fracture toughness of the samples were measured using Vickers micro indentation
technique and a non linear variation of both the properties which confirmed the

presence of MAE in these glass samples was observed.

3.1 Results and Discussion

3.1.1 X-ray diffraction studies

X-ray diffraction (XRD) patterns of powdered samples obtained between

diffraction angle (20) 10° - 80° are depicted in figure 3.1. Presence of a broad hump like
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feature in the range of 20° - 40° seen in all XRD patterns and the absence of sharp peaks

in the pattern confirm the amorphous nature of the synthesized samples.

Intensity (Arb.units)

40 60 80
20

]
o

Figure 3.1: X-ray diffractrogram of 5Li>0O-(25-x)K20-xNa20-60B,03-10Zn0O glass

system.
3.1.2 Fourier Transform Infrared Spectroscopy

Infrared spectroscopy is one of the most powerful tools to study the structure of
glass system (Kamitsos, 1990). Upon adding some additives to the borate unit,
modifications in its structural groups can be observed. Hence the study of the infrared
spectra of synthesized glasses is an important technique to get knowledge of chemical
bonding in borate glass structure. Alkali elements are well known for their network
modifying ability in glass system. The addition of alkali elements into borate glass
matrix converts the planar BOs unit to most stable tetrahedral BO4 units and leads to
the formation of Non Bridging Oxygens (NBO), during the process of conversion.
Alkali elements are having the ability to modify the B>O3 and give rise to different

structural groups, which can be boroxyl ring, penta-borate, tri-borate, di-borate, meta-
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borate ring, meta-borate chain, loose BOs tetrahedra, pyroborate, orthoborate, borate
tetrahedral with two bridging oxygens (Kamitsos, 1990). Infrared spectra of present

glass system recorded in the range of 400 to 4000 cm™ is presented in figure 3.2.

Transmittance (Arb.units)
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Figure 3.2: FTIR spectra of 5Li,0-(25-x)K20-xNa.0-60B,03-10Zn0 glass system.

The observed vibrational bands are compared with that of crystalline lithium-
borate, sodium-borate, potassium-borate systems and vetourouse borate structure
reported by earlier investigators (Kamitsos, 1990, Ulagaraj Selvaraj, 1984,
Gan Fuxi, 1982). In modified borate glasses, the major vibrational modes are active in
mainly three regions viz., 600-800cm™, 800-1200 cm™ and 1200-1600 cm™. The
observed absorption region of 1200-1600 cm! is attributed to the stretching vibrations
of B-O bond in the trigonal BO3 unit, 800-1200 cm™ is due to the tetrahedral BOs4
stretching vibrations and 600-800 cm™ is attributed to the bending vibrations of the
B-O-B. The lower wave number regions are due to the specific cation vibrations and
deformation modes. The band assignments of the present glass system are given in the
table 3.1. Ulagaraj Selvaraj et al. (1984) have studied the single as well as mixed alkali

borate glass systems and found that, in pure lithium diborate glasses, the absorption
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peaks at 1360 cm™ 980 cm™ and 703 cm™ were quite broad but the absorption band

which was prominent in these glasses at 760 cm™ was absent in case of sodium and

potassium diborate glasses. They observed the B-O stretching vibrations of three

coordination boron at 1330 cm™ and corresponding bending vibration at 730 cm™.

Further, those authors observed a sensitive non linear variations in the peak positions

of both B-O stretching and bending modes when peak positions and the corresponding

molar concentration of alkali oxides were plotted.

Table 3.1: Band assignments for IR spectra of 5Li>0-(25-x)K20-xNa,0-60B,0s3-

10ZnO0 glass system

Compositional Parameter Rna

Band Assignments

0 02 | 04 | 06 | 08 1

430 | 472 | 426 | 443 | 432 | 445

0-B-0 bond bending, Li-O, Na-O, K-O
cation vibrations. (Sevaraj et al. 1984)

528 | 524 | 528 | 522 | 520 | 536

Vibrations of [BO4] tetrahedral. (Sevaraj
et al. 1984)

705 | 715 | 707 | 711 | 715 | 709

Bending vibrations of B-O-B linkage.
(ElBatal, 2012)

833 | 862 | 896 | 850 | 858 | ---

Stretching vibrations of NBOs of BO4
groups from tri, tetra, and penta borate
units. (Gaafar et al. 2013)

968 | 939 | 958 | 977 | 954 | 990

B-O stretching vibrations of BO4
tetrahedra. (Naresh et al. 2012)

1249 | 1251 | 1244 | 1242 | 1251 | 1245

B-O stretching of [BO3]* unit in meta
borate chain and ortho borates. (Saritha et
al. 2008)

1334 | 1352 | 1369 | 1373 | 1336 | 1353

Stretching vibrations of the B-O bonds of
[BOs]* unit involving mainly the linkage
oxygen connecting different groups.
(ElBatal, 2012)

1502 | 1508 | 1514 | 1506 | 1504 | 1515

Antisymmetric stretching vibrations with
three(NBOs) of O-B-O groups. (Naresh
etal. 2012)

1658 | 1652 | 1645 | 1660 | 1649 | 1647

O-H bending modes. (Samee et al. 2013)
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The variation in those two alkali systems was not much pronounced. In the
present study of three-alkali glass system absorption band due to bending vibrations of
B-O-B at 707-715 cm™* (EIBatal, 2012) and stretching vibrations at 1334-1369 cm™ are
observed. Peak positions of B-O-B bending and stretching of [BOz] units with the
compositional parameter Rnaare plotted in figure 3.3, as suggested by Ulagaraj Selvaraj
et al. (1984). A clear non linear variation is observed. Hence it can be concluded that
MAE is present in three-alkali system. Less pronounced absorption peaks are found in
the range 426-476 cm™ which are assigned to the B-O-B bending and may be due to the
specific Li-O, Na-O, K-O cation vibrations. The absorption peaks at 532-540 cm™ is
attributed to the borate deformation modes. Gaafar et al. (2013) have studied the three-
alkali borate glass system and the observed absorption band at 846-859 cm™ was

assigned to the stretching vibrations of NBO’s of [BO4] units.

716 1380

0

-]
=]
= =]
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Peak position (cm'l)
Peak position (cm™)

= 1335

704
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0.0 0.2 0.4 0.6 0.8 1.0

Compositional parameter R

Figure 3.3: Peak positions variations of B-O-B bending (left Y-axis) and stretching
(right Y-axis) as a function of compositional parameter Rna,

Razvan et al. (2012) have studied the xCuO(100—x) [55B.03-45Zn0] (0<x<20
mol%) glass system and found a band at 878-885 cm™ and assigned it to the B-O
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stretching vibrations mainly arising due to the tri, tetra and penta borate groups. In the

present glass system absorption band of 833-896 cm™ is assigned to the stretching

vibrations of NBO’s of BO4 unit. These stretching vibrations are due to the tri, tetra and

penta borate groups. Absorption peak near 940-990 cm is attributed to the stretching
vibrations of B-O bonds in BOs4 unit (Gaafar et al. (2013), Naresh et al. (2012), Gaafar
et al. (2009)). Gaafar et al. (2009) and Motke et al. (2002), have studied the (1—x)
[29Na20— 4Al03— 67B203]—xZn0O (0=<x<35 mol%), PbO-ZnO-B,03 glass systems
respectively. They attributed the B-O stretching vibration of [BOs]* unit in ortho and

meta borate chains to the absorption peak at 1240 cm™. The shoulders at 1234 cm™ is

due to B-O stretching vibrations of [BOs]* unit in meta borate chain and ortho borates
(Kamitsos et al. 1990).
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Figure 3.4: Peak position variations as a function of compositional parameter Rna of ()
O-B-0O bond bending and [BO4] tetrahedral vibration, (b) B-O stretching vibration of
BOs tetrahedra and [BOs]* unit and (c) antisymmetric stretching vibrations of O-B-O

group and OH bond bending modes, with compositional parameter Ra.
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In the present study, the vibration band at 1232-1251 cm™ is assigned to the
B-O stretching of trigonal [BO3]* unit in meta borate chain and orthoborates. The
absorption band at 1504-1551 cm™ is assigned to the asymmetric stretching vibrations
of B-O-B, in trigonal BO3z units (ElBatal et al. (2012), Naresh et al. (2012),
Saritha et al. (2008)). Absorption band of 1637-1660 cm™ is assigned to O-H bending
modes, and may be attributed to the change of trigonal [BO3] unit to tetrahedral [BO4]
unit. Figure 3.4 shows the peak position variation as a function of compositional
parameter Rna of (a) O-B-O bending and vibrations of [BO4] tetrahedral, (b) B-O
stretching vibrations of BOs tetrahedra and B-O stretching of [BO3]* unit in meta
borate chain and ortho borates and (c) Antisymmetric stretching vibrations with three
(NBOs) of O-B-O groups and O-H bending modes, which shows the clear MAE in all
bending and stretching vibrations. The pronounced non linear variation shows stronger
MAE in this three-alkali system compared to the two alkali system reported by earlier
investigators (Gaafar et al. (2013), Samee et al. (2013), Samee et al. (2011))

3.1.3 Density, Molar volume and atomic packing density

Density of the samples was measured using Archimedes method, since it plays
an important role in finding out the ionic packing ratio. The molar volume of the

. M .
samples was calculated using the formula 1, = > where M is the molar mass and

p is the density of the sample.

Table 3.2: Density (p), and molar volume (V,,,) of 5Li20-(25-x)K20-xNa,0-60B20s3-
10Zn0O glass system

Compositional Parameter Rya | p (g/cm3) £0.005 | V,, (cm3) +0.05
0 2.392 31.33
0.2 2.421 30.29
0.4 2.442 29.38
0.6 2471 28.37
0.8 2.480 27.63
1 2.484 26.93
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The results obtained from these measurements are tabulated in table 3.2 and depicted

in figure 3.5.
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Figure 3.5: Variation of density and molar volume as a function of compositional

parameter Ra.

It is seen from the figure 3.5 that the density is increasing and the molar volume

mol% (Na,O0)

is decreasing with the compositional parameter Rna [Rna = mol% (Nay0 4 K30)

]. This

behaviour is attributed to the contraction of the glass matrix due to the replacement of
the larger K* ions by the smaller Na* ions. Replacement of K* ions by Na* ions leads
to the conversion of triangular BO3 units to tetrahedral BO4 units. Conversion of BOs
units into BO4 with increase in Na2O is further confirmed from FTIR studies. Since the
mol% of all other constituent ions is kept unchanged, it is assumed that only K>O is
replaced by Na2O. Therefore, the conclusion of increase in density due to the
replacement of K ions by Na ions is drawn. The linear behaviour of the molar volume
indicates that the atomic packing depends on additivity. The change in density reveals

that each oxide in glass would contribute to the overall density with a specific factor.
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Similar variation of density and molar volume were reported in alkali glass systems
which show MAE (Ulagaraj Selvaraj et al. 1984). However, density of the present glass
system is less affected by the MAE, which shows only £10% deviation from linearity
depending on the composition of sodium (Rna). On the other hand, molar volume does

not show any deviations from linearity.
3.1.4 Thermal Analysis

DSC studies were performed on as-quenched amorphous glass samples and the
thermal parameters like glass transition temperature (Tg), onset of glass crystallization
temperature (Tcx), glass crystallization temperature (T¢), glass melting temperature (Tm)
and glass transition width (47g) are determined. Figure 3.6 represents the variation of
Tgand Tc over compositional parameter Rna. The results obtained from the analysis of
DSC thermograms are summarized in table 3.3. From the figure 3.6, non-linear
variation has been observed in T4 and T¢ which confirms the MAE in the present glass
system. The deviation from linearity is huge in all the thermal parameters when
compared to reported two alkali systems which also indicates the stronger MAE in
three-alkali system. In alkali borate glasses, alkali oxides enter the glass network and
modify the trigonal [BO3] unit to tetrahedral [BO4] unit. In the process they create
NBO’s in the glass network. Due to this, depolymerization of oxide network takes
place. The thermodynamic stability (S) of the glass system is determined by taking the
difference between glass crystallization temperature and glass transition temperature
(S= Tex-Tyg). In glass physics, the thermodynamic stability tells about the strength of the
glass against thermal shock (Srivastava et al. 2008). Thermodynamic fragility of any

glass system can be calculated using the relation, (Souri, 2011)

0151y
© 0151 +y

where Xziﬁ , ATy is glass transition width. Fragility in glass physics gives
g

information about the speed with which the dynamics of material changes as the glass

is cooled down to glass transition temperature (Tg).
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temperature (Tc) as a function of compositional parameter Rya.

Table 3.3: Thermal parameters of 5Li>0-(25-x)K20-xNa20-60B203-10ZnO glass

system

Compositional Parameter -
- Tg%C | Tex °C | TmOC | S=Tg- Tex | 4T, °C | Fragility
0 420 | 456 568 36 37 0.263
0.2 409 | 454 565 45 31 0.332
0.4 413 | 482 551 69 52 0.091
0.6 421 | 487 545 66 54 0.081
0.8 418 | 482 557 64 41 0.212
1 428 | 499 562 71 57 0.063
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Fragility can be correlated with glass transition width A7y, where relatively high
fragility materials have narrow transition width. Figure 3.7 shows the large non linear

variation both in fragility and transition width indicating strong MAE.
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Figure 3.7: Variation of thermodynamic fragility and glass transition width as a function

of compositional parameter Rna.
3.1.5 Mechanical Properties

Figure 3.8 depicts the variation of Vickers hardness and crack length as a
function of compositional parameter Rna Of the investigated samples. The Vickers
hardness was calculated using the equation,

1.854P
H, = 72

where Hy is Vickers hardness in GPa, P is applied load (0.98N) and d is the half of the
average length of the two diagonals of the indentation. It is observed that all the samples

in the present investigation exhibit non linear variation of both Vickers hardness and
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crack length with respect to increasing compositional parameter Rna. This non linear
variation indicates the presence of MAE in these samples which presumably happens
due to the replacement of K>O by Na>O leading to the conversion of BO3 unit to BO4
units. On the other hand, the glass samples are prone to undergo both compression and
shear, during the measurement of hardness due to the high stress developed during the

indentation process.
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Figure 3.8: Variation of micro hardness and brittleness as a function of compositional

parameter Rya.

This in turn leads to various changes in samples viz., plastic deformation, plastic
flow and densification. Rao and Shashikala (2014a), have attributed the variation of
hardness of mixed alkali glasses to the variation in their plastic deformation, since the
densification of the samples remains unaffected even for different alkali ion ratios.
Figure 3.8 confirms the existence of prominent mixed alkali effect, as there exist a non
linear variation of crack length, which is consistent with the microhardness properties

studied.
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The measured crack lengths were further utilized to determine the fracture

toughness of the samples using the model proposed by Anstis et al. (1981), given by,

12 p

E
KIC = 0016 [H_v] m

where E, Hy, C and P are Young’s modulus (GPa), Vickers hardness(GPa), half of the
crack length (mm) and applied load (19.6N), respectively. Variation of crack length
with respect to the compositional parameter Rnais presented in figure 3.8. It confirms
the existence of prominent mixed alkali effect, as there exist a non linear variation of
crack length, which is consistent with the microhardness properties studied. Figure 3.9
shows the SEM micrographs of the indents made at 4.9 N load on glass sample A5.

X288 S8mm BB88 15 57 SEI

Figure 3.9: Scanning electron micrograph of Vickers impression with radial cracks of

glass sample A5.

Straight cracks were generated from the four corners of the pyramidal Vickers

indentation, which confirmed that fracture pattern for the glasses were penny-like
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median-radial cracks. The crack lengths generated by Vickers indentations were also
measured using an optical microscope. Figure 3.10 depicts the variation in fracture
toughness with respect to compositional parameter Rna. Further, the estimated values
of Vickers hardness and fracture toughness are utilized to estimate the brittleness, B of

the samples using a model proposed by Lawn and Marshell (1979), which is given by,

K

where K. is the fracture toughness (MPa.mY?). The non-linear variation of the
properties viz., hardness, crack length, fracture toughness and brittleness with
compositional parameter Rna is a consequence of mixed alkali effect in the glass

samples.
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Figure 3.10: Variation of crack length and fracture toughness as a function of
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3.2 SUMMARY

In summary, the mixed alkali effect in mechanical, structural and thermal
properties of three-alkali borate 5Li,0O-(25-x)K20-xNa>0O-60B203-10Zn0O glass system
is presented. XRD studies confirmed the amorphous nature of the prepared samples.
Peak positions of different vibration modes in FTIR of glass samples vary non linearly,
which explains the role of modifier alkali elements and the existence of strong MAE.
Density measurements show a slight positive deviation from linearity showing less
MAE on the property. Infrared spectra show clear modifications in the structure which
confirm the presence and conversions of [BOs] and [BO4] unit. Thermal parameters
like glass transition, crystallization, melting temperature, fragility and glass stability
exhibit non linear variation which validates the presence of MAE in the studied glass
system. The non-linear variation of the mechanical properties viz., hardness, crack
length, fracture toughness and brittleness is also a consequence of mixed alkali effect
in the glass samples. From the observed non linearity in the mechanical, thermal and
structural properties, it can be inferred that the MAE is strong in three-alkali ion added

glass systems.
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Chapter 4

EFFECT OF TMO ADDITION ON THE PROPERTIES OF 5Li20-25Naz20-
60B203-9.9Z2n0-0.1TMO AND 5Li20-5K20-20Na20-60B203-9.9Zn0-0.1TMO
GLASS SYSTEMS: A COMPARATIVE STUDY OF LN-TM AND LNK-TM
ZINC BORATE GLASS SYSTEM.

In the present chapter, the results of comparative studies carried out on the
effect of 0.1 mol% of TMO ions (TMO= Cr2CO3z, MnO2, Fe;03, Co3CO4, and Ni>COa)
addition on the properties of LN-TM glass system with that of the LNK-TM glass system
are presented. XRD results, for both LN-TM and LNK-TM series, confirmed the
amorphous nature of the synthesized glasses. The IR vibrational modes were mainly
active in three major regions, for both LN-TM and LNK-TMO series of glass samples
corresponding to the B-O stretching vibrations of BOs and BO4 units. It can be noticed
from the FTIR spectra of examined glasses the existence crucial bands of vitreous B>O3
and a trivial shift from their original position. The results obtained by the FTIR spectra
analysis were further supported by the Raman spectral analysis. The optical studies
indicated that the TMO doped LN-TM and LNK-TM glass systems exhibit an extra
characteristic absorption band corresponding to each TM ion in its specific valence or
coordinate state. It was also observed that the TM ions favor the high valence or
tetrahedral coordination states in borate host glass. The median-radial cracks
produced due to Vickers indentation were studied for both LN-TM and LNK-TM glass
systems. The TMO ions such as Fe, Mn and Ni doped glass systems were observed to
exhibit higher Vickers hardness. Brittleness was found to be relatively higher in Cr203
incorporated glass sample. Further efforts have been made to analyze and correlate

the physical and mechanical properties with the structure of the studied glass system.

4.1 Results and Discussion

4.1.1 X-ray diffraction studies

The XRD patterns of the all the prepared samples are presented in the figure 4.1
(a) & (b).
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Figure 4.1 (a): X-ray Diffraction patterns of TMO doped LN-TM glass system.

Wr KN1

s P KCol

KF1
W KM1
e e KCrl
W AS

-t r 1 1t 1t rT.71
10 20 30 40 50 60 70 80
20 (Degree)

Intensity (Arb. units)

Figure 4.1 (b): X-ray Diffraction patterns of TMO doped LNK-TM glass system.
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The measurements were done using powdered samples between diffraction angle
10°-80°. It is noticed that all the samples show a broad hump like feature and there are
no Bragg peaks observed for any of the samples. This result confirms that the prepared
LN-TM and LNK-TM glass system are amorphous in nature and the incorporation of 1
mol% transition metal ions do not modify the amorphous nature of prepared glass

samples.
4.1.2 Structural Studies

In this section the structural analysis through the FTIR and Raman spectroscopy
techniques are presented. These complimentary techniques are considered as one of the
most sensitive methods in order to find out the basic structural units present in the glass
system as well as to determine the corresponding super structural units present. These
studies are helpful to find out the concentration of NBOs per formula unit. In addition,
they are also helpful in identifying the resident building blocks which are establishing
the glass network and the anionic sites accommodating the modifier transition metal
(TM) cations and superstructural units, viz., different types of rings, a combination of

rings along with chains and chains alone.
4.1.2.1 Fourier Transform Infrared Spectroscopy studies

Figure 4.2(a) & (b) depicts the FTIR spectra of two alkali and three alkali glass
systems. Each spectra consists of bands with particular intensity and centre
corresponding to the structural group present in the glass samples. In order to extract
all the possible information from any over lapped bands in the spectrum, deconvolution
has been done on each spectrum using Gaussian function. The deconvoluted FTIR
spectrum is represented in figure 4.3 (a) & (b). It is well known that, in the borate glass
system there are majorly three active regions in the IR spectrum viz., 600-800 cm™,
800-1200 cm™* and 1200-1500 cm™. The first region i.e., 600-800 cm™ corresponds to
the bending modes from different groups of borate units, the second region i.e., 800-
1200 cm™* belongs to stretching vibrations of B-O bonds which are connected with BO4
units and the last region i.e., 1200-1500 cm™ corresponds to the stretching vibrations

of B-O bonds involved in BOs3 units.
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Figure 4.3 (a): Deconvoluted FTIR peaks of TM doped LN-TM glass system.

It can be noticed that the FTIR spectra of examined glasses includes the crucial

bands of vitreous B>Oz with a trivial shift from their original position. Band

assignments are presented in table 4.1. The two alkali glass sample i.e., A6 is exhibits

a band at 711 cm™, which can be attributed to the bending vibration of B-O-B linkage
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of the borate glass network (Subhashini et al. 2016, Kamitsos and Chryssikos 1991,
Pascuta et al. 2010).
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Figure 4.3 (b): Deconvoluted FTIR peaks of TM doped LNK-TM glass system.
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Table 4.1. Assignment of absorption bands present in FTIR spectra of TMO doped LN-
TM and LNK-TM glass system.

Band position (cmt) FTIR band assignments
705, 711 B-0O-B bending vibrations. (Selvarajan et al. 1984)
865 Stretching vibrations of B-O bonds in BO4. (Fayad et al.
2017)
950 Stretching vibrations of B-O bonds in BO4 from diborate
groups. (Gaafar et al. 2013)
1060 B-O stretching vibrations of BO4 units in tri-, tetra-, and
penta-borate groups. (Reddy et al. 2008)
1950 Symmetric stretching vibrations of B-O bonds in BOs.
(ElBatal 2012)
Stretching vibrations of B-O in BOs units from different
1313-1350

borate groups. (Naresh et al. 2012)

The addition of third alkali element i.e., K20 to the A6 glass sample shifts band
observed around 711 cm towards the lower wave number i.e., 705 cm™ this can be
also attributed to the bending vibrations of B-O-B linkage. In two alkali glass system it
can be observed that the band position of bending vibrations of B-O-B linkage is
shifting towards the lower wave number for transition metal doped two alkali borate
glass sample (A6) and on the other hand there is a shift in the same band position
towards the higher wave number in case of transition metal doped three alkali glass
sample (A5) this may be attributed to the change in field strength of the glass samples.
This indicates the fact that even though there is no significant coordination change
occurred but there is a slight modification in the structure of glass samples with the
incorporation of transition metal ions in both LN-TM and LNK-TM glass systems. The
comparative influence of the different alkali oxides present in the glass system may be
ascribed to different ionic radii of alkali ions. In the present glass system both LN-TM
and LNK-TM contains 5 mol% of Li»O content, which easily enter the glass network
and occupies the void spaces in the glass network without disturbing the glass structure.
Another important aspect is the oxygen ions present in the vicinity of the sodium or
potassium ion must be more polarized in vicinity to the lithium ion (Fayad et al. 2017).
The band observed around 950 cm™ with a shoulder around 865 cm™ in both LN-TM

68



and LNK-TM glass system can be attributed to the stretching vibrations of B-O bonds
of BO4 units involved in diborate units. The shoulder around 865 cm™ is present in only
chromium, manganese and iron doped glasses in both two and three alkali glasses and
absent in the cobalt and nickel doped glass samples this band can be attributed to the
stretching vibrations of tri- tetra- and pent borate units apart from this, the band can be
also attributed to the deformation modes of the network structure which gives the clear
hint that the chromium, manganese and iron ions directly influence the structure of the
glass system. Another prominent band around 1060 cm™ is attributed to the B-O
stretching vibrations of BO4 units. The broad band around 1313-1350 cm™ with a
prominent shoulder around 1250 cm™ can be attributed to the stretching vibrations of
B-O bonds in BOgz units involved in different borate groups mainly with pyro- and
ortho- borates (Subhashini et al. 2016, Reddy et al. 2008).

4.1.2.2 Raman Spectroscopy studies

The recorded Raman spectra of transition metal doped two and three alkali glass
systems were represented in figure 4.4 (a) & (b). In order to collect all the possible
information from superposed bands of the spectrum deconvolution has been done using
Gaussian function. The deconvoluted Raman spectrum is depicted in figure 4.5 (a) &
(b). The band assignments are represented in the table 4.2. The band around 465 cm™
in LN-TM and LNK-TM glass system can be attributed to the B-O-B bending vibrations
from the isolated diborate groups (Meera and Ramakrishna 1993). The relatively sharp
band present around 725-735 cm™ observed in both the glass system may be due to the
symmetric breathing vibrations ascribed to the six membered structure involved in the
different kinds of ring type structures containing two units of four-fold boron atom viz.,
di-tri-borate or di-penta-borate (Meera and Ramakrishna 1993, Maniu et al. 1999). The
band appeared around 958-955 cm™ and 1100-1070 cm, in LN-TM glass system can
be ascribed to the vibrations of diborate groups in the structure (Meera and
Ramakrishna1993). Similarly, the band appearing around 850 cm™ and 950-1180 cm,

in LNK-TM glass system are due to same reason as in LN-TM glass system.
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Figure 4.4 (a): Raman spectra of TMO doped LN-TM glass systems.
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Figure 4.4 (b): Raman spectra of TMO doped LNK-TM glass systems.
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Figure 4.5 (a): Deconvoluted Raman spectra of TMO doped LN-TM glass system.

The bands around 1396-1364 cm™ in LN-TM glass system and the band around

1350 cm™ with the minor shoulder around 1120-1250 cm™ in LNK-TM glass system
can be attributed to the BO>O" triangles associated to BO units. Lastly the broad band
in the region of 1489-1481 cm™ and around 1477-1485 cm™ respectively in LN-TM

and LNK-TM glass system can be assigned to the BO»O" triangular structures

connected to the horate units.
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Figure 4.5 (b): Deconvoluted Raman spectra of TMO doped LNK-TM glass system.

In general, the borate glass systems possess various structural groups like
[BO3], [BO4], tri-borate, di-borate, etc., which are observed in present investigation as
well. It is expected, in general, that there are outnumbered diborate units present in
stoichiometric diborate glass structures (Reddy et al. 2008), which can be further

confirmed from the band assignments of FTIR and Raman spectra. The diborate units
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are associated with two [BO4] units along with two [BOs] units in bridging position,

which formulate a rigid symmetrical geometry in the glass network.

Table 4.2. Assignment of absorption bands present in Raman spectra of TMO doped
LN-TM and LNK-TM glass system.

Band position (cm™) Raman band assignments
448-455 Isolated diborate groups. (Meera and Ramakrishna 1993)
508-519 Vibrations of TMO. (Meera and Ramakrishna 1993)
Symmetric breathing vibrations of six members ring with
725-735 one or two BOg4 units (ditri- or dipenta-borate). (Maniu et
al. 1999)
B-0-B bending mode, and symmetric stretching vibrations
765 of six members ring with two tetrahedral borate units (i.e.,

dibortate). (Maniu et al. 1999)
TMO vibrations and vibrations of diborate groups in the

955-958 .
structure. (Meera and Ramakrishna 1993)
1100-1180 Vibrations of diborate groups. (Meera and Ramakrishna
1993)
BO.O" triangles linked to B-O units. (Meera and
1364-13%6 Ramakrishna 1993)
1481-1489 BO,O" triangles linked to other triangular borate units.

(Reddy et al. 2008)

4.1.3 Optical Studies

Optical properties of LN-TM and LNK-TM glass systems were studies using
UV-Visible absorption spectroscopy studies. TMO doped LN-TM and LNK-TM glass
systems exhibit extra characteristic absorption bands, as shown in figure 4.6 (a) & (b),
due to each TM ion in its specific valence or coordinate state. The optical spectra show
that the TM ions favor the high valence or tetrahedral coordination states in borate host
glass. Infrared absorption bands of all the prepared glasses reveal the appearance of
both triangular BOs units and tetrahedral BOs units within their characteristic
vibrational modes. The TM ions cause minor effects in structural properties because of
the low doping concentration (0.1 mol %). The LN-TM and LNK-TM glass system
containing chromium ions exhibit a strong absorption band around 370, 610 and 650
nm corresponding to the *Axqy(F) — *T1g(P), *Axg(F) — “T2¢(P) and *Axg(F) — “Tag(t)
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respectively.
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Figure 4.6 (a): UV-visible absorption spectra for the TMO doped LN-TM glass system.

The absorption band from 350 to 370 nm is attributed to the charge
transformation. The chromium ions are present in both Cr¥* and Cr®" states with

octahedral environment. In case of Mn doped LN-TM and LNK-TM glass system, the
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divalent manganese ions (Mn?*) present in distorted octahedral symmetry.
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Figure 4.6 (b): UV-visible absorption spectra for the TMO doped LN-TM glass system.

This is confirmed by the absorption band observed at 475 nm owing to the
A14(S) — *T14(G) transition. In Fe;O3 doped LN-TM and LNK-TM glass system, a
broad absorption band appeared around 450 nm revealing the presence of Fe®* ions in
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distorted octahedral state and the broad band around 450 nm is attributed to the
®A14(S) — “T24(G) transition. The cobalt doped glass samples exhibit deep royal blue
colour due to the presence of triple split in the visible region as shown in the
figure 4.6 (a) & (b). In case of cobalt there exist both spin allowed and spin forbidden
transitions. The three splits from 520 to 650 nm confirm the divalent state of cobalt ions
in both tetrahedral and octahedral symmetry. The nickel doped LN-TM and LNK-TM
glass samples exhibiting two major absorption bands around 425 nm and 770 nm are
respectively attributed to the 3Axg(F)— 3T1g(P) and 3Azy(F) — 3To4(F) transitions.
These transitions reveal the presence of nickel ions in Ni?* state in octahedral symmetry.
The optical absorption spectra of different transition metal ions reveal that the addition
of TM ions to the LN-TM and LNK-TM glass system greatly influences the optical
properties despite of having low concentration (0.1 mol%) of TM ions. Their specific
valence and coordination states exhibit absorption band at different wavelengths
indicating the possibility of using these glass samples as optical filters. The Fe2O3 and
MnO> were chosen to study the doping effect of them in the LN-TM and LNK- TM
glass system with increasing concentration of them. This was done to carry out further
studies to understand the influence of TM ions on various properties of studied glass

systems.

The systematic learning of UV-visible spectra yields evidence about the
structure of electronic bands and optical transitions of glass system. It is well known
that glass obeys dipole selection rule hence direct or indirect transition occurs. The
absorption coefficient (a) can be calculated using the equation (2.10). The magnitude
of absorption coefficient (a) can be linked to the optical band gap energy Eg, using
equation (2.10) with the equation (2.11) known as Davis and Mott relation
(Fu et al. 2012). Since indirect allowed transition takes place in glasses, considering the

value of n as 2, equation (2.11) can be simplified and written as equation (2.12). The

optical band gap energy (Eg), can be determined by plotting (ahv)l/z against photon
energy which is named as Tauc plot and is depicted in figure 4.7 (a) & (b) for the present

glass system. The determined values of Egare tabulated in table 4.3.
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Figure 4.7 (a): Variation of (ahy)Y? as a function of photon energy (hy) for the TMO
doped LN-TM glass system.

i RS (b)
* KCrl
o 44 KM1
S | xm
_“sde Kcot
= 4 KN1
=]
a7 4
9
=
EFE
0 T T T T T v
2.5 3.0 3.5 4.0 4.5
Photon energy (eV)

Figure 4.7 (b): Variation of (ahy)¥? as a function of photon energy (hy) for the TMO
doped LNK-TM glass system.
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From the tabulated data it can be observed that Eqof A6 sample is5.40 +0.1 eV
upon the incorporation of third alkali metal (K20) it has reduced to 3.67£0.1 eV. This
reduction of Eq may be ascribed to the structural differences occurring due to the
addition of relatively lower field strength K20 (0.12 x 10 m) to higher field strength
Na2O (0.17 x 10 m2). The average bond energy is another key factor which affects
the Eg. The replacement of relatively higher bond energy Na.O (8.4 KJ/mol) with
relatively lower bond energy K-O (12.2 KJ/mol) may cause the reduction in the average
bond energy of the glass network, which lowers the energy of the conduction band edge
and hence results in reduction of Eg. In the present study addition of 0.1 mol% transition
metal oxide to A5 and A6 glass samples results in significant variation in the optical
band gap energy (Eg). In LN-TM series Mn ion doped glass samples exhibit
comparatively higher values of Eq whereas glasses Cr ion exhibits relatively lower Eg

values as shown in the table 4.3.

Table 4.3. Optical band gap energy (Eg) and Urbach energy (Eu) of TMO doped LN-
TM and LNK-TM glass systems.

Eq Eu
Glass system | Glass code

(eV,x0.1) | (eV,x0.1)

A6 5.40 0.14

Crl 2.37 0.15

M1 3.58 0.19

LN-TM

F1 3.19 0.17

Col 2.96 0.27

N1 3.25 0.21

A5 3.67 0.16

KCrl 2.42 0.17

KM1 3.16 0.20

LNK-TM

KF1 3.22 0.18

KCol 3.07 0.28

KN1 3.35 0.23
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In LNK-TM series, Ni ion doped glass has the highest Eg with Cr ion doped
glass having the lowest Eg. This can be attributed to the increasing concentration of
non-bridging oxygen (NBO), which are created during the structural rearrangement
occurring in the glass network upon addition of TMO content. The band tails are
characterized by Urbach energy, Eu (Narayanan et al. 2015) which is given by the
equation (2.13).

Taking natural log on both sides of the equation (2.13), it can be simplified and
written as represented in equation (2.14). Figure 4.8 (a) & (b) represents the reciprocal
of the slope of the linear region. The determined values of Urbach energy, Eu are
summarized in table 4.3. It is noticed that the value of the Ey is observed to increase
with the addition of TMO content. This can be attributed to the presence of defects
occurring due to the modifications of the structure. It is witnessed that the absorption
tail is broad owing to the indirect electronic transitions assisted by the presence of
phonons. Consequently, Urbach energy values endorse the presence of electronic
transitions assisted by the phonons in the current investigated glass samples.

2.8 3.5 4.2 4.9
Photon energy (eV)

Figure 4.8 (a): Variation of In(a) as a function of photon energy (hy) for the TMO doped
LN-TM glass system.
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Figure 4.8 (b): Variation of In (a) as a function of photon energy (hy) for the TMO
doped LNK-TM glass system.

4.1.4 Mechanical properties

Mechanical strength of glass material plays crucial role in choosing glass
samples for practical applications. The mechanical strength and fracture toughness of
the prepared glass samples were determined using Vickers micro-indentation
technique. To rule out any kind of experimental errors, each sample was indented ten
times and standard deviation was calculated. The measured values of Vickers micro-
hardness were presented in table 4.4. The measured Vickers micro-hardness values
were found to decrease from 4.992 to 4.760 GPa for A6 and A5 samples, respectively.
This may be ascribed to the partial replacement of relatively lower radius and higher
field strength Na?* with higher radius and lower field strength K2*. Partial substitution
of potassium ions having higher radius increases the distance between modifier cations
and anions in the glass network. This leads to the weakening of glass structure and
decreases the Vickers micro-hardness. Further it can be noticed that, there is a slight
decrease in the Vickers micro-hardness in the glass samples incorporated with TMO in
both LN-TM and LNK-TM glass series. In both the series Fe.O3 doped samples exhibit

80



relatively higher hardness values and Cr.Os exhibits lower hardness values. This may
be ascribed to the relatively higher radius of the chromium ions which increases the
distance between modifier cation and anion in the glass matrix. Mechanical strength of
the prepared glass samples can be evaluated by studying the crack initiation and
propagation patterns, which are the two major factors in determining the strength of the
glasses. The fracture toughness, (Kic) which is the measure of how easily a crack can
propagate through the material with the applied load is determined using the relation
(2.22) suggested by Anstis (1981). The determined fracture toughness (Kic) values are
represented in table 4.4. It is evident that Kic of Cr203 incorporated glass sample is
exhibiting relatively lower fracture toughness whereas Fe.O3 incorporated glass sample
exhibiting relatively higher fracture toughness value in both LN-TM and LNK-TM

glass samples.

Table 4.4. Vickers hardness (Hy), half crack length (C), fracture toughness (Kic) and
Brittleness (B) of TMO doped LN-TM and LNK-TM glass system.

Measured Fracture _
) Measured Half Brittleness
Glass | Glass Vickers toughness
crack length (um™?) +

systems | code hardness (MPa (m)Y/2

(um) £+ 1 0.02
(GPa) £ 0.004 +0.003
A6 4.992 57.18 0.730 6.84
Crl 4.946 57.89 0.713 6.94
M1 4.963 57.60 0.724 6.85
LN-TM

F1 4.977 57.53 0.725 6.86
Col 4.957 57.73 0.717 6.91
N1 4.968 57.33 0.721 6.89
A5 4.760 59.05 0.705 6.75
KCrl 4.643 60.57 0.687 6.75
LNK- | KM1 4.682 60.30 0.695 6.75
™ KF1 4.687 60.12 0.696 6.77
KCol 4.665 60.40 0.691 6.75
KN1 4.685 59.88 0.695 6.74
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Figure 4.9 (a): SEM micrograph of Vickers indentation of TMO doped LN-TM glass

system.

This can be attributed to the slight reduction of Vickers hardness and
enhancement in half crack length. Another influencing factor of crack initiation and
propagation is the index of brittleness, which is called as Brittleness (B). The brittleness
of the prepared glasses was estimated by the equation (2.26) involving the measured
Vickers hardness Hy and determined fracture toughness Kic as proposed by
Lawn and Marshall (1979). The evaluated brittleness values are presented in table 4.4.
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Figure 4.9 (b): SEM micrograph of Vickers indentation of TMO doped LNK-TM glass

system.

In general, the plastic flow by means of deformation and densification before
the crack initiation determine the brittleness of glass systems. Brittleness is found to be
relatively higher in Cr203 incorporated glass sample. This increase in the brittleness is
further confirmed by SEM micrographs represented in figure 4.9 (a) & (b). E is the
Young’s modulus (GPa) which is calculated using equation (2.23), H is the
experimentally determined Vickers hardness (GPa), P is the load applied (4.9 N) and C
is the measured half crack length (um). Young’s modulus of the poly component system

is obtained by the theoretical model suggested by Makishima and Mackenzie (1973)
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using the equation (2.23). The atomic packing fraction, V: is calculated using the
equation (2.24). The determined values of Young’s modulus (E), shear modulus (S),

bulk modulus (K) and atomic packing fraction, Vi are summarized in table 4.5.

Table 4.5. Young’s modulus (E), bulk modulus (K), shear modulus (S), and atomic
packing density (V) of TMO doped LN-TM and LNK-TM glass system.

Young’s Bulk Shear ] _
Glass Glass Atomic packing
modulus, modulus, | Modulus, )
systems | code density, Vi
E (GPa) K (GPa) S (GPa)
A6 80.95 59.14 31.82 0.609
Crl 79.33 56.76 31.30 0.596
M1 80.96 59.14 31.83 0.609
LN-TM
F1 81.05 59.26 31.86 0.609
Col 79.80 57.47 31.45 0.600
N1 79.07 56.40 31.22 0.594
A5 79.33 57.39 31.25 0.603
KCrl 80.19 56.76 31.30 0.596
KM1 79.51 57.58 31.30 0.604
LNK-TM
KF1 79.41 57.43 31.27 0.603
KCol 79.80 57.47 31.45 0.600
KN1 79.07 56.40 31.22 0.594

5.2 Summary

In the present chapter, the results of comparative studies carried out on the effect
of TM ions addition on the properties of LN-TM glass system with that of the LNK-
TM glass system are discussed in detail. The XRD results, for both the series, confirmed
the amorphous nature of the glass systems. It can be noticed from the FTIR spectra of
examined glasses the presence of the crucial bands of vitreous B2Os and a trivial shift
from their original position. The two alkali glass sample i.e., A6 exhibits a band at
711 cm?, which can be attributed to the bending vibration of B-O-B linkage of the
borate glass network. The optical spectra show that the TM ions favour the high valence
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or tetrahedral coordination states in borate host glass. Infrared absorption bands of all
the prepared glasses reveal the appearance of both triangular BO3 units and tetrahedral
BO4 units within their characteristic vibrational modes. The LN-TM and LNK-TM
glass system containing chromium ions exhibit a strong absorption band around 370,
610 and 650 nm corresponding to the *Axg(F) — “Tig(P), *Axg(F) — *T2g(P) and
*Aog(F) — “To4(t) respectively. Their specific valence and coordination states exhibit
absorption band at different wavelengths indicating the possibility of using these glass
samples as optical filters. The mechanical strength and fracture toughness of the
prepared glass samples were determined using Vickers micro-indentation technique.
The measured Vickers micro-hardness values were found to decrease from 4.992 to
4.760 GPa for A6 and A5 samples, respectively. Further it can be noticed that, there is
a slight decrease in the Vickers micro-hardness in the glass samples incorporated with
TMO in both LN-TM and LNK-TM glass series. The inclusion of TMO ions has proved
to be of great importance in tailoring the properties of the glass systems to make them
promising candidates for technological applications. The Mn and Fe transition metal
ion doped glasses were chosen for detailed investigation on the effect of their
composition on various properties in LN and LNK glass systems. Based on the superior
properties exhibited by the Mn and Fe transition metal ions doped LN-TM and
LN-TMO glasses over others studied these two glasses in both glass system were
chosen for further investigations.

85



Chapter 5

EFFECT OF Fe** ADDITION ON THE PROPERTIES OF 5Li0-25Naz0-
60B203-(10-X)ZNO-xFe205s  AND  5Li20-xK20-(25-x)Na20-60B203-(10-y)ZnO-
yFe203 GLASS SYSTEMS: A COMPARATIVE STUDY OF LN-Fe AND LNK-
Fe ZINC BORATE GLASS SYSTEM.

In the present chapter, the results of comparative studies carried out on the
effect of Fe** addition on the properties of LN-Fe glass system with that of the LNK-Fe
glass system are presented. XRD results, for both LN-Fe and LNK-Fe series, confirmed
the amorphous nature of the synthesized glasses. The IR and Raman spectral analysis
revealed that the Fe>Os acted as a network modifier for both LN-Fe and LNK-Fe series
in the present investigation. The prepared samples exhibited good thermal stability,
which got enhanced as Fe>O3 content was increased. The glass forming ability has been
enhanced with the partial incorporation of third alkali ion and Fe®* ion in the LNK-Fe
system. The glass transition temperature was found to reduce, for both LN-Fe and LNK-
Fe series, as Fe»Oz content increased. This is due to the opening of diborate units by
Fe>Os in order to compensate its own coordination requirements. The median-radial
cracks produced due to Vickers indentation were studied and it was confirmed that the
brittleness of the samples enhanced, for both LN-Fe and LNK-Fe series, as Fe;Os
content was increased. Optical band gap energy, Eg of the studied glass system was
found to reduce with increasing Fe-O3 content. Addition of Fe-O3 to B2O3 glass opens
up the diborate glass network and decreases the energy of Eqg resulting in the shift of
absorption edge towards the higher wavelength region. It was noticed, in both LN-Fe
and LNK-Fe series of prepared glasses enhanced refractive index as Fe;Os content
increased owing to the replacement of relatively lower polarizability Zn?* (0.283 A)
by Fe3* (0.437 A®). The absorption band observed, in both the series, around 450 nm
in UV-Visible absorption spectra was due to the d-d transition of 8Ai4(S) — *T24(G)
which indicates the presence of an iron ion in trivalent state (Fe3") with distorted
octahedral symmetry. Further efforts have been made to analyze and correlate the

physical and mechanical properties with the structure of the studied glass system.
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5.1 Results and Discussion
5.1.1 X-ray diffraction studies

The XRD measurement data of powdered samples of both LN-Fe and LNK-Fe
series recorded between diffraction angle 10°-80° are presented in figure 5.1 (a) & (b).
It can be observed that all the samples exhibit a broad hump like feature without
pronounced Bragg peaks. This result confirms the prepared glass samples to be

amorphous in nature.
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Figure 5.1 (a): X-ray Diffraction patterns of Fe2Os doped LN-Fe glass system.
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Figure 5.1 (b): X-ray Diffraction patterns of Fe>O3 doped LNK-Fe glass system.
5.1.2 Structural Studies

In the present section the FTIR and Raman spectroscopy data for the structural
analysis of Fe*" added glasses is discussed. These complementary techniques proved to
be extremely important in differentiating the trigonal and tetrahedral borate units and
to determine the concentration of NBOs per unit. In addition, they are also helpful in
identifying the resident building blocks which are establishing the glass network and
the anionic sites accommodating the modifier transition metal (TM) cations and
superstructural units, viz., different types of rings, a combination of rings along with

chains.
5.1.2.1 Fourier Transform Infrared Spectroscopy studies

Figure 5.2 (a) & (b) depicts the FTIR spectra of Fe.O3 doped LN-Fe and
LNK-Fe glass systems. Each spectrum has its corresponding bands emerging due to the

structural variations.
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Figure 5.2 (a): FTIR spectra of Fe2O3 doped LN-Fe glass system.
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Figure 5.2 (b): FTIR spectra of Fe2O3 doped LNK-Fe glass system.
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The resultant bands have specific area, intensity and centre corresponding to its
structural group. In order to extract all the information regarding this, the broad peaks

in the spectrum deconvoluted and the representative deconvoluted peaks are shown in
figure 5.3 (a) & (b).
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Figure 5.3 (a): Deconvoluted FTIR peaks of Fe2O3 doped LN-Fe glass system.
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Figure 5.3 (b): Deconvoluted FTIR peaks of Fe2Os doped LNK-Fe glass system.

The IR vibrational modes are mainly active in three major regions, for both
LN-Fe and LNK-Fe series of glass samples, viz., 600 to 800 cm™ which correspond to
the bending modes from different types of borate units, 800-1200 cm™ associated with
the stretching vibrations of B-O bonds in BOa units, and 1200-1500 cm™ corresponds

to the B-O stretching vibrations of BOs units. It can be noticed from the FTIR spectra
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of examined glasses the crucial bands of vitreous B2Oz and a trivial shift from their

original position. Band assignments are presented in table 5.1.

Table 5.1. Assignment of absorption bands present in FTIR spectra of Fe2O3 doped LN-
Fe and LNK-Fe glass system.

Band position (cmt) FTIR band assignments
705 B-0O-B bending vibrations. (Pascuta et al. 2010)
Diborate linkage, B-O-B network vibrations. (Pascuta et
830
al. 2009)
882-896 Stretching vibrations of B-O bonds in BO4. (Pascuta et al.
2010)
975-989 Stretching vibrations of B-O bonds in BO4 from diborate

groups. (Pascuta et al. 2010)
B-O stretching vibrations of BO4 units in tri-, tetra-, and

1068 penta-borate groups. (Pascuta et al. 2010)
1220 Symmetric stretching vibrations of B-O bonds in BOs.
(Pascuta et al. 2009)
1330-1338 Stretching vibrations of B-O in BOs units from different

borate groups. (Reddy et al. 2008)

All the samples, of both the series, exhibit a band at 705 cm™, attributed to the
bending vibration of B-O-B linkage in the borate network (Pascuta et al. 2010,
Pascuta et al. 2009). The observed increase in the intensity of B-O-B bending may be
ascribed to the breaking down of, the diborate units and a more relaxed glass structure.
Hence there will not be any constraint for bending. The broad band appearing around
882-896 cm™ to 1068 cm™ is associated with the B-O bond stretching of tetrahedral
[BO4] units (Pascuta et al. 2010, Pascuta et al. 2009). The band from 975-989 cm™ in
LN-Fe glass system (figure 5.2 (a)) and a band around 1058 cm* with a small shoulder
like anomaly observed around 947 cm (figure 5.2 (b)) in LNK-Fe glass system are
ascribed to the stretching vibrations of B-O bonds in BO4 units from diborate groups.
These stretching vibrations may arise due to the tri, penta- and tetra- borate groups
(Pascuta et al. 2010). The band around 1220 cm™ can be attributed to the symmetric
stretching vibrations of B-O bonds in [BOs] triangular units with NBO atoms. The band
in the region 1330-1338 cm™ is ascribed to stretching vibrations of three fold borate

unit linked with pyro-borate and ortho-borates (Subhashini et al. 2016).
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5.1.2.2 Raman Spectroscopy studies

The Raman spectra were recorded for both LN-Fe and LNK-Fe samples and the results
of the analysis are presented in this section. Figure 5.4 (a) & (b) depicts the Raman
spectra of Fe,Oz doped LN-Fe and LNK-Fe glass systems. All the recorded spectra
were deconvoluted using Gaussian function in order to recognize the existing vibration
bands of the spectrum. Raman spectra proved to be more sensitive to the change in the
concentration of Fe;Os in the glass systems. Figure 5.5 (a) & (b) represent the
deconvoluted Raman spectrum of both the series of samples. The band assignments are
presented in table 5.2. The assigned bands and their evolution with the addition of Fe
ion made using the Raman spectra are consistent with the FTIR analysis results. New

structural groups are identified using the Raman data, for the studied glass systems.
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Figure 5.4 (a): Raman spectra of Fe;O3 doped LN-Fe glass systems.

The band around 448-455 cm, observed in both LN-Fe and LNK-Fe glass systems, is
ascribed to the B-O-B bending vibrations from the isolated diborate groups
(Meera et al. 1993). The relatively sharp band around 722-730 cm™ in Fe,O3z doped

93



LN-Fe and at around 766 cm™ in LNK-Fe glass system are may be due to the symmetric
breathing vibrations ascribed to the six-membered structure involved in the different
types of ring type structures two units of four-fold boron viz., di-tri-borate or di-penta-
borate (Maniu et al. 1999). The band appearing around 958-955 cm™ and
1100-1070 cm™, in LNK-Fe series, are respectively ascribed to the vibrations of Fe-O
and diborate groups in the structure (Meera et al. 1993). Similarly, the band appearing
around 850 cm™ and 950-1180 cm™, in LNK-Fe series, are due to same reason an
in LNK-Fe system. The bands around 1396-1364 cm™ in LNK-Fe series and the band
around 1350 cm™® with the minor shoulder around 1120-1250 cm™ in LNK-Fe series

can be attributed to the BO.O triangles associated to BO units.
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Figure 5.4 (b): Raman spectra of Fe,O3 doped LNK-Fe glass systems.

Lastly the broad band in the region of 1489-1481 cm™ and around
1477-1485 cm™ respectively in LN-Fe and LNK-Fe glass system are also assigned to
the BO.O" triangular structures connected to the borate units. It can be noted that the
increase in the intensities of these bands further confirms the overall increase in BO3
units associated with NBOs (Meera et al. 1993).
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Figure 5.5 (a): Deconvoluted Raman spectra of Fe,O3 doped LN-Fe glass system.

In general, the borate glass systems possess various structural groups like
[BO3], [BO4], tri-borate, di-borate, etc., which are observed in present investigation as
well. It is expected, in general, that there are outnumbered diborate units present in
stoichiometric diborate glass structures (Gowda et al. 2007), which can be further

confirmed from the band assignments of FTIR and Raman spectra.
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Figure 5.5 (b): Deconvoluted Raman spectra of Fe2Os doped LNK-Fe glass system.

The diborate unit is associated with two [BOa4] units along with two [BOs] units

in bridging position, which formulate a rigid symmetrical geometry in the glass

network. This tightly bound diborate unit is not associated with the NBOs, and retains

a charge of -2 which remains delocalized throughout the unit. Partial incorporation of

Fe2Os content into this glass matrix, breaks the rigidly bound di-borate units and
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expands the glass network. The diborate structure becomes more relaxed when enlarged

due to breaking up of the bridges and the ring.

Table 5.2. Assignment of absorption bands present in Raman spectra of Fe.O3z doped
LN-Fe and LNK-Fe glass system.

Band position )
Raman band assignments
(cm™)
448-455 Isolated diborate groups. (Meera et al. 1983)
508-519 Vibrations of Fe-O. (Meera et al. 1983)
Symmetric breathing vibrations of six members ring with
722-730 one or two BO4 units (ditri- or dipenta-borate). (Maniu et
al. 1999)
B-0-B bending mode, and symmetric stretching vibrations
765 of six members ring with two tetrahedral borate units (i.e.,
dibortate). (Meeta et al. 1993)
955-958 Fe-O vibrations and vibrations of diborate groups in the
structure. (Gowda et al. 2007)
1070-1100 Diborate groups. (Meeta et al. 1993)
1364-1396 BO,O" triangles linked to B-O units. (Meeta et al. 1993)
BO,O triangles linked to other triangular borate units.
1481-1489
(Meeta et al. 1993)

This can be clearly seen from Raman data, where there is a shift of band towards
lower frequency from 1100 to 1070 cm™ in LN-Fe and from 1180 to 1080 cm™ in
LNK-Fe glass system which is assigned to diborate units. The splitting of the diborate
structure extends added connectivity to the diborate units and enhances the requirement
of oxygen coordination, which leads to the competition for charge compensation among
the modifier atoms. The competition for oxygen coordination in the glass network tends
to further breakdown the diborate units. When diborate unit opens up it may become
monocyclic and chain [B4O7]? unit, which has larger flexibility associated with the
diborate unit and can supply supplementary NBO coordination to iron atoms with a
trivial change in the volume. Hence the incorporated Fe,O3 may promote the breaking
of the diborate unit, beneficial to fulfil its own coordination necessities. Indeed, iron

prefers six coordination position in borate glasses (Cochain et al. 2012). Hence the
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addition of Fe2Os to the glass network breaks down the diborate and causes a structural
rearrangement in the glass network by occupying the octahedral position, which is

further confirmed from UV-Visible spectroscopy studies.

5.1.3 Density (p), Molar volume (Vm) and atomic packing density (OPD)

Density (p) is considered to be an important tool to understand the modifications
in the structure of glasses due to their high sensitivity to the properties viz.,
compactness, softening, cross link density, modifications of geometrical configuration,
coordination numbers, and dimension of interstitial spaces of the glass
(Saddeek et al. 2009). It is also crucial in exploring information about the short-range
structure of oxide glasses. In this section, the results of density measurement for all the

prepared samples are tabulated in table 5.3.

Table 5.3. The density (p), molar volume (Vm) and oxygen packing density (OPD) of
Fe>O3 doped LN-Fe and LNK-Fe glass system.

Glass Glass
p (9/cm®) £0.005 | Vm(cm®) £0.05 | OPD
system code
A6 2.473 27.05 81.33
F1 2.476 27.05 81.41
F3 2.478 27.10 81.41
LN-Fe
F5 2.482 27.11 81.51
F7 2.485 27.14 81.56
F9 2.486 27.19 81.57
A5 2.450 27.97 78.66
KF1 2.452 27.98 78.71
KF3 2.454 28.01 78.76
LNK-Fe
KF5 2.458 28.03 78.84
KF7 2.462 28.06 78.92
KF9 2.467 28.06 79.04
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The measured density is found to be slightly increasing with the increase in
Fe2O3 content. This may be due to the addition of higher molecular mass Fe;Os
(159.69 g/mol) in the place of comparatively lower molecular mass ZnO (81.408
g/mol). The molar volume (Vm) can be determined using the measured density i.e,

V= %, where M is the total molecular weight. The determined values of Vn are

presented in table 5.3. The Vi for both the series of samples is observed to increase
slightly with increase in Fe3* content. This may be ascribed to the replacement of
relatively lower field strength cation Zn?* (0.53) by higher field strength Fe®** (0.76)
ions which promotes the formation of NBOs. Oxygen packing density (OPD), the
number of oxygen atoms per formula unit, of the samples was calculated using the
equation (2.3) and the estimated values are given in table 5.3. OPD is defined as the
number of oxygen atoms present per formula unit. It is noted that there is a slight
increase in the OPD with an increase in Fe.Os content. This clearly indicates the
presence of tight packing of the oxide network. In other words, the increase in OPD
reveals the efficient packing of oxygen atoms, which is further substantiated by thermal

studies.
5.1.4 Thermal studies

Thermal parameters like Tq (onset of glass transition region), Tx (onset
crystallization temperature), T¢ (glass crystallization temperature) and Tm (glass melting
temperature) are determined using DSC thermographs which are obtained by plotting
heat flow versus temperature plots as depicted in figure 5.6 (a) & (b). The determined
thermal parameters values are summarized in table 5.4. It can be noted, from figure 5.6
(@) & (b), that for a given uniform heating rate, there exists a single glass transition
endothermic peak (Tg) and a single exothermic crystallization peak (Tc) and the
commencement of T considered as onset glass crystallization temperature (Tx). The
endothermic peak at the end of thermograph represents the glass melting temperature
(Tm). It can be seen that there is a sudden decrease in glass transition temperature Tg,
from sample A6 to A5. Basically, Tq can be used to indicate the rigidity of the glass
network. In general, T4 of an oxide glass depends mainly on bond strength, compactness

of glass structure and cross-link density (Ray 1974).
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Figure 5.6 (b): DSC thermographs of Fe,O3 doped LNK-Fe glass system.
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In the present case, the introduction of third alkali metal (K2O) to the A6 sample
of LN-Fe glass system decreased the Tqfrom 446 °C to 427 °C. This may be attributed
to the replacement of relatively higher single bond strength and lower ionic radii Na>O
(20 Kcal/mol and 0.78 A respectively) by lower single bond strength and higher ionic
radii K20 (13 Kcal/mol and 1.33 A respectively). The single bond strength and ionic
size of the network modifiers directly influence the glass transition temperature, since
glass transition mainly includes the alteration of bonds between modifier cation and
anions present in the network. Hence, comparatively heavier K>O acts more effectively
in the reduction of glass transition temperature than the lighter Na2O. The reduction of
Ty can also be ascribed to the fact that the relatively higher field strength Na.O
(0.17 x 10 m™) is replaced by relatively lower field strength K20 (0.12 x 10 m?)
which indeed weakens the glass network.

Table 5.4. Glass transition temperature (Tg), onset crystallization temperature (Tx),
crystallization temperature (T¢), melting temperature (Tm), glass forming ability (Trg),
glass stability (47) and Hurby’s parameter (Hr) of Fe2Os doped LN-Fe and LNK-Fe

glass system.

Glass | Glass | Ty Tx Te Tm Trg K1
AT | Hg Ks Kw KL
system | code | (°C) | (°C) | (°C) | (°C) | (°C) (°C)
A6 | 446 | 601 | 620 | 736 | 0.606 | 155 | 1.15 | 290 | 0.817 | 0.211 | 0.508
F1 445 | 603 | 623 | 733 | 0.607 | 158 | 1.22 | 288 | 0.823 | 0.216 | 0.512

F3 444 | 605 | 623 | 728 | 0.610 | 161 | 1.31 | 284 | 0.831 | 0.221 | 0.516

Lh-Fe F5 443 | 606 | 624 | 725 | 0.611 | 163 | 1.37 | 282 | 0.836 | 0.225 | 0.519
F7 443 | 609 | 627 | 722 | 0.614 | 166 | 1.47 | 279 | 0.843 | 0.230 | 0.523
F9 442 | 616 | 635 | 712 | 0.621 | 174 | 1.81 | 270 | 0.865 | 0.244 | 0.534
A5 | 427 | 597 | 620 | 711 | 0.601 | 170 | 1.49 | 284 | 0.840 | 0.239 | 0.525
KF1 | 426 | 600 | 621 | 709 | 0.601 | 174 | 1.60 | 283 | 0.846 | 0.245 | 0.529
KF3 | 425 | 603 | 625 | 706 | 0.602 | 178 | 1.73 | 281 | 0.854 | 0.252 | 0.533
LNK-Fe

KF5 | 424 | 606 | 626 | 703 | 0.603 | 182 | 1.88 | 279 | 0.862 | 0.259 | 0.538
KF7 | 424 | 608 | 628 | 700 | 0.606 | 184 | 2.00 | 276 | 0.869 | 0.263 | 0.541
KF9 | 423 | 610 | 629 | 698 | 0.606 | 187 | 2.13 | 275 | 0.874 | 0.268 | 0.544

From the table 5.4, it can be clearly observed that after addition of Fe,O3 content
there is a slight decrease in Tg. This can be ascribed to the fact that the added Fe,O3
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content may prompt breaking up of the diborate units to fulfil its own coordination
requirements and mixed bonding may occur during glass formation resulting in the
decrease of the glass transition temperature. Glass stability criterion estimated by
considering the temperature difference between the onset glass crystallization and
transition temperature, (47=Tx-Tg) was also evaluated for both the series of samples.
The glass stability can be described as the ability of glass to bypass crystallization upon
heating. It is one of the important aspects of the preparation of large scale glasses for
practical applications (Zheng et al. 2012). The estimated values of AT are given in
table 5.4. It can be seen, from table 5.4, that AT is found to increase from 155 °C to
158 °C as Fe,03 content increased from 0 mol% to 0.9 mol% in LN-Fe glass samples.
Addition of K20 to the A6 sample of LN-Fe glass system exhibits a sudden increase in
the thermal stability from 155 °C to 170 °C and later increase upto 187 °C upon
increasing the Fe;O3 content. Hence with the incorporation of third alkali metal to the
LN-Fe system, it is possible to tune the stability of glasses and network rigidity. On the
other hand, with this knowledge of LNK-Fe glass system, one can make the selection
of better glass composition for different practical applications. It is advantageous to
have a glass host with greater AT value. Glasses with 47> 100 °C are very much stable
during fibre drawing and also stable against devitrification (Mehta et al. 2006). It is
observed, from table 5.4, that the examined glass samples have higher thermal stability
which satisfies the condition of conventional fibre drawing ability. The increase in AT
with the addition of third alkali metal ion (K20) and with increase in Fe-O3 content in
both LN-Fe and LNK-Fe glass systems result in a substantial enhancement in thermal
stability against crystallization. The glass transition temperature is found to decrease
with increasing Fe>O3 content in both LN-Fe and LNK-Fe glass systems. This may be
due to the fact that the Fe>Os tends to break up the diborate units in order to satisfy its
own coordination necessities. During the formation of the glass, mixed bonding
Fe-O-B is possible which may lead to a consequent decrease in Tq. The glass forming
ability (GFA) is another important aspect in glass science. It is a measure of how easily
melt is vitrified by a given composition or can be defined in terms of resistance to the
crystallization of melt during cooling. For a glass forming system, according to

Kauzmann assumption (Kauzmann 1948), the value range of Trqg must lie in between
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1/2 and 2/3, where T,, = TT—g (Clavaguera-Mora 1995). From the values of Tig

presented in table 5.4, it is evident that the glass systems in the present study are in the
recommended range. Hurby proposed a parameter named as Hurby’s parameter (Hg)
which can be used to find the glass forming ability of oxide glasses given by the
equation (2.5). The larger values of Hurby’s parameter for glasses exhibit their its
greater stability against crystallization on supplying heat. Hr is predominantly
associated with nucleation and growth aspect of the phase transformation. The
estimated Hr values are represented in table 5.4 and it is evident that the observed
increasing trend in the quantity Tx-Tg hinders the nucleation process. On the other hand,
there is a decreasing trend in Tm-Tx indicating that the growth process of the nucleated
crystals is retarded. It is a well-known fact that any glass with Hurby’s parameter lesser
than 0.1 is comparatively difficult to form since it requires faster cooling, on the other
hand glasses with Hurby’s parameter greater than 0.5 need comparatively lesser effort
to form glass with normal quenching (Abdel-Rahim, 2008). It is witnessed that both Hr
and Tx-Tg enhanced with the addition of KO and Fe>Os content. This indicates that
there is a significant improvement in thermal stability against crystallization together
with the enhancement in the GFA owing to the addition of third alkali cation and Fe.O3

in the studied glass systems.

In the present studies, the other thermal parameters proposed for oxide glasses
have been evaluated using the equations (2.6), (2.7), (2.8) and (2.9). All the estimated
values using the above mentioned relations are tabulated in table 5.4. The evaluated
values lie in the recommended range for glass applications. This enhanced thermal

property of the investigated glass system is suitable for the optoelectronic applications.
5.1.5 Optical studies

With a view to understanding the electronic band structure and optical
transitions, UV-visible spectra of samples of both LN-Fe and LNK-Fe glass systems
were recorded. Figure 5.7 (a) & (b) represents the absorption spectra of both the series.
The optical absorption spectra (figure 5.7 (a) & (b)) reveals, that the absorption edges

are not sharply defined, which is a characteristic feature of amorphous materials.
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The wavelengths corresponding to the absorption edge of LN-Fe glass system
with 0, 0.1, 0.3, 0.5, 0.7 and 0.9 mol% of Fe>O3 are 208nm, 335nm, 358nm, 371nm,
379nm and 380nm respectively. Similarly, the wavelengths corresponding to the
absorption edge for Fe.O3 doped LNK-Fe glass system for mol% of 0, 0.1, 0.3, 0.5, 0.7
and 0.9 are 212nm, 334nm, 354nm, 364nm, 371nm and 377nm respectively. It is
evident, from figure 5.7 (a) & (b), that there is a drastic increase in the cut off
wavelength with the incorporation of FeO3 content in both the series of glass samples.
It is evident from the values that there is a redshift in the absorption edge from 208nm
to 335nm in LN-Fe and from 334 nm to 377 nm in LNK-Fe systems. This shift in
absorption edge is a result of the introduction of a modifier which causes the transition
of a valence electron of an oxygen ion to vacant excited state (Chethana et al. 2018).
The shift in the absorption edge also signifies that the Fe>Oz acts as an oxidizing agent
as well as the network modifier. The shift in UV absorption edge is also partly attributed
to the presence of impurities particularly the transition metal ions. It can be
(figure 5.7 (a) & (b)) observed that there exists an additional band at 450 nm in both
the series of samples with non-zero Fe2Os concentration. The intensity of the band is
found to increase gradually with increase in Fe;O3 content. This band is ascribed to the
change of configuration from (t2g)%(eg)? to (t2g)*(eg) at 450 nm and is attributed to the
d-d transition of 8A14(S) — *T24(G). The observed band position is consistent with the
report published elsewhere (Naresh et al. 2012).

The optical energy gap (Eg) has been determined using the Tauc plot depicted
in figure 5.8 (a) & (b). The power law proposed by Davis and Mott (Fu et al. 2012) has
been utilized to correlate the Eq with that of the magnitude of absorption coefficient ()
at absorption edge. The absorption coefficient (o) as a function of photon energy (hv)
for direct and indirect optical transitions is given by the equation (2.11). Considering
n=1/2 and taking square root on both sides, equation (2.11) can be rewritten as,
equation (2.12) Eq for all the glass samples has been evaluated by finding the x-intercept
of the straight line graph obtained using equation (2.12). The band gap energy of the

prepared samples is summarized in table 5.5.
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In the present investigation, here is a sudden decrease in the optical band gap
energy, Eg from 5.40 + 0.1 eV to 3.67+0.1 eV upon the incorporation of third alkali
metal (K20) to the A6 sample of LN-Fe glass system. This reduction of Eg may be
ascribed to the structural differences occurring due to the addition of relatively lower
field strength K20 (0.12 x 10 m?) by higher field strength Na2O (0.17 x 102 m™?).
The average bond energy is the another key factor which affects the optical band gap
energy, Eg. The replacement of relatively higher bond energy Na>O (8.4 KJ/mol) with
relatively lower bond energy K-O (12.2 KJ/mol) may cause the reduction in the average
bond energy of the glass network, which effects in lowering the energy of the
conduction band edge and hence results in reduction of Eg. In addition to this, it is
observed (table 5.5) that the Eg value is decreasing with the increasing Fe.Oz content in
both LN-Fe and LNK-Fe glass systems. This can be attributed to the increase in the
concentration of non-bridging oxygen (NBO), which are created during the structural
rearrangement occurring in the glass network upon addition of Fe O3 content. The
addition of Fe.O3 opens up the tightly bound diborate unit as a result of which the
number of NBOs increases. NBOs bind the excited electrons less tightly compared to
bridging oxygens. The relatively higher magnitude negative charge possessed by the
NBOs supports the excitation of electrons to the conduction band of respective cations,
which leads to further decrease in optical band gap energy with increase in Fe.O3

content.

The amorphous nature of glassy materials is associated with the increased
number of localized electron states extending into the band gap and results in the
formation of an exponential band tail generally known as Urbach tail. These band tails
are characterized by a band tail parameter known as Urbach energy, Eu (Narayanan et
al. 2015) given by the equation (2.13). Taking natural log on either sides of the equation
(2.13), it can be written as equation (2.14). Figure 5.9 (a) & (b) represents the reciprocal
of the slope of the linear region. The values of the Ey are represented in table 5.5. It is
observed that the value of the Euy is decreased in the beginning but observed to increase
later as Fe>O3 content increases in both the series of glass systems. The increase in Ey
may be ascribed to the presence of defects and possible modifications in the structure.
A broad absorption tail is observed owing to the indirect electronic transitions assisted
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by the presence of phonons. Consequently, Urbach energy values endorse the presence
of electronic transitions assisted by the phonons in the current investigated glass
samples. Refractive index, n is measured using Abbe refractometer and the values are
tabulated in table 5.5. It can be observed that the partial substitution of third alkali ion
i.e., K" to the A6 sample of LN-Fe system increases the refractive index, n. This
increase in the refractive index can be attributed to the partial replacement of lower
polarizable ion Na* (0.175 A®) by higher polarizable cation K* (0.821 A3). Further, it
can be witnessed that there is a gradual increase in the refractive index with the increase
in Fe2O3 content in both the series of glass samples. This experimental observation can
be ascribed to the partial substitution of Fe3* which has relatively higher polarizability
(0.437 A®) than that of Zn?* (0.283 A3). It reveals that, in addition to density and
compactness of the glass system, the refractive index is also influenced by the cation

polarizability which again confirms the network modifier role of Fe;O:s.

Table 5.5. Optical band gap energy (Eg), Urbach energy (Eu), refractive index (n), molar

refractivity (Rm), refractive index based oxide ion polarizability (agzll), band gap energy

based electronic polarizability (af}fi), optical basicity (A) and metallization criteria (M)

of Fe>O3 doped LN-Fe and LNK-Fe glass system.

Glass E, Eu n a a® | af,-

code | (eV,#0.1) | (eV,+0.1) | (+0.001) R (ATZ) (,;3) (/(3)\3) A M
A6 | 540 0.27 1537 | 8.448 | 5.154 | 1.490 | 2.311 | 0.549 | 0.688
F1 3.19 0.17 1555 | 8.675 | 6.444 | 1.529 | 2.895 | 0.578 | 0.679
F3 2.94 0.20 1575 | 8.955 | 6.623 | 1.577 | 2.970 | 0.611 | 0.670
F5 2.78 0.20 1.632 | 9.666 | 6.744 | 1.702 | 3.020 | 0.689 | 0.644
F7 2.70 0.21 1.688 | 10.352 | 6.811 | 1.821 | 3.044 | 0.753 | 0.619
F9 2.65 0.23 1.697 | 10.469 | 6.856 | 1.839 | 3.059 | 0.762 | 0.615
A5 | 367 0.11 1540 | 8.769 | 3.480 | 1.533 | 2.835 | 0.581 | 0.687
KFL | 3.22 0.18 1542 | 8.798 | 3.491 | 1.537 | 2.970 | 0.583 | 0.686
KF3 | 3.5 0.19 1545 | 8.858 | 3.515 | 1.545 | 3.022 | 0.589 | 0.684
KF5 | 2.87 0.21 1550 | 8.923 | 3.541 | 1.554 | 3.078 | 0.595 | 0.682
KF7 | 2.74 0.22 1554 | 8.995 | 3.570 | 1.564 | 3.119 | 0.602 | 0.679
KF9 | 2.70 0.22 1559 | 9.054 | 3.593 | 1.571 | 3.127 | 0.607 | 0.677
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5.1.5.1 Electronic polarizability

The cationic and anionic polarizability is consistent when they are combined
with the corresponding stoichiometric batch composition (Dimitrov et al. 1996).
Consequently, the estimation of oxide ion polarizability for glasses is decisive as it
plays a vital role in optoelectronic materials. For crystals, liquids, and glasses the molar
refraction (Rm) based on n and Vr, is determined using the equation (2.15) known as
Lorentz-Lorenz equation. The obtained values of Ry, for both the series of glass systems
are summarized in table 5.5. The molar polarizability, am can be determined using the
equation (2.16). The values of am for the studied LN-Fe and LNK-Fe glass systems are
presented in table 5.5 and found to be in the range of 5.154 A® to 6.856 A®and 3.480
Alto 3.593 A3 for Fe,03 doped LN-Fe and LNK-Fe glass system respectively.

The oxide ion polarizability based on refractive index and optical band gap
energy for both the series of glass systems has been determined using the
equations (2.17) & (2.18). The determined values of electron oxide polarizability for
both the series of samples are presented in table 5.5. It is noticed that the oxide ion
polarizability is increasing monotonically as Fe»Oz content increases. In the present
investigation, the ratio of total alkali content to boron is maintained constant, and Na.O
is partially replaced with K-O, similarly, ZnO is replaced with Fe>O3 content. It can be
noted that the polarizability of K* (0.821 A®) ion and Fe®* (0.437 A3) ion are relatively
much higher than that of the Na* (0.175 A®) and Zn?* (0.283 A=) ions. This can be the
reason for the observed increase in determined oxide ion polarizability. On the other
hand, the increase in the number of NBOs with an increase in Fe2O3 content may also
contribute to the increase in overall polarizability of the investigated glass system. Since
the Fe** ion has affinity towards electrons, it tends to take away electrons by creating
mixed bonding with the surrounding anions through appropriate reaction. It is noticed
that the ionic radius (r;) reduces with increasing Fe>Os content. As a consequence, the
oxide ion polarizability will be altered owing to the diminishing number of overlying
orbitals (Dimitrov et al. 1996), which is consistent with Fazan’s rule
(Dimitrov and Komatsu 2010).
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5.1.5.2 Optical basicity

Owing to the chemical reaction among constituent oxides in the glass systems,
oxygen ions, O always possess a tendency to transfer its negative charge to the cations.
This ability of oxide ions to donate electrons to the surrounding cations is termed as
optical basicity. The optical basicity of the both the series of glass systems is calculated
using the equation (2.19) proposed by Duffy (1996). The evaluated values are tabulated
in table 5.5. In the perspective of network modification, it can be noted that, the acidity
is reduced due to the acid-base reaction between the glass forming oxide and the
modifier oxide ions. This knowledge can be utilized to find out the ionic or (and)
covalent nature of the glass samples. Basically, iconicity is a measure of basicity. It is
seen that the optical basicity increases from 0.549 to 0.581 with the partial incorporation
of K20 content to the glass matrix. This may be ascribed to the partial replacement of
relatively lower optical basicity Na>O (1.10) with higher optical basicity K-O (1.31). It
is also observed that the increase in Fe.O3 content monotonically increases the optical
basicity of both LN-Fe and LNK-Fe glass samples. This increase may be ascribed to
the partial replacement of ZnO having lower optical basicity of 0.9 compared to that of
Fe>O3 having higher optical basicity of 1.04. This increase indicates that the glass
systems are becoming chemically more basic with the increasing Fe>Oz content. The
basicity provides the magnitude of negative charge carried by the oxygen ions
(Dimitrov and Komatsu 2010).

5.1.5.3 Metallization criterion

The quantity 5—’” provides the polarizability density of the glass systems.

According to Hertzfeld metallization theory (Duffy 1996), if a material is densified to

have the ratio 5—’” =1 then the quantity n>1 will become equal to n?+2, which can

m

materialize only when n=c. According to this discussion, the electrons in the valance
state which are quasi-elastically connected to the atoms are now liberated by means of

polarization in the condensed state and this process is referred to as “polarization

catastrophe’ (Reddy et. al. (2008)) The solid materials having the ratio i—m > 1 behave
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m

as metallic conductors whereas the materials having the ratioﬁ— < 1 behave as

m

insulators. Dimitrov et. al. (1996) have evaluated the metallization criterion, M for the
glass modifier oxides with borate and silicate glasses having greater M, which lie in the
range of 0.5-0.7. It is established that the materials with least value of metallization
criterion usually exhibit narrow Eg. The M of the current glass systems was calculated
and summarized in table 5.5. It is observed to decrease with increasing Fe>Os content
in both LN-Fe and LNK-Fe glass system. Consequently, gap between the valence band
and conduction band is reduced. It is consistent with the Eg values for both the glass

systems.
5.1.6 Mechanical properties

Mechanical properties of the prepared glass samples play a crucial role in order
to use them for practical applications. In this regard, to understand the mechanical
strength of the prepared glass samples, the Vickers micro-hardness measurements were
performed and the results are summarized in table 5.6. Error in the hardness
measurement is determined by calculating the standard deviation of the average of
hardness values. It observed, from table 5.6, that the Vickers micro-hardness value has
decreased from 4.992 GPa to 4.760 GPa with the partial incorporation of K,O content
to the glass matrix of A6 system. This may be due to the partial replacement of
relatively lower radius and higher field strength Na2O with higher radius and lower
field strength K>O. Partial substitution of potassium ions having higher radius increases
the distance between modifier cations and anions in the glass network, which leads to
the weakening of glass structure and decreases the Vickers micro-hardness. Further, it
is seen that the Vickers micro-hardness of both LN-Fe and LNK-Fe system of glasses
is slightly decreasing with the partial incorporation of Fe>O3 content. This may be due
to the breaking up of tightly bound diborate structure and a slight increase in NBOs.
Crack initiation and crack propagation are the two factors which determine the strength
of the glasses. The propagation of the crack, determined using fracture toughness (Kic),
is @ measure of how easily a crack is able to disseminate in a given material. In the
current investigation, fracture toughness of the prepared glass sample is determined by
an equation (2.22) proposed by Anstis et al. (1981).

112



Table 5.6. Vickers hardness (Hy), half crack length (C), fracture toughness (Kic) and
Brittleness (B) of Fe2O3 doped LN-Fe and LNK-Fe glass system.

_ Measured Fracture )
Measured Vickers Brittleness
Glass | Glass Half crack toughness
hardness (um™?) +

System | code length (um) = | (MPa (m)*? +

(GPa) £ 0.004 0.02
1 0.003
A6 4.992 57.18 0.730 6.84
F1 4977 57.48 0.722 6.98
F3 4.955 58.35 0.706 7.14
LN-Fe

F5 4.927 59.00 0.695 7.25
F7 4.891 59.90 0.680 7.42
F9 4.862 61.08 0.663 7.72
A5 4.760 59.05 0.705 6.75
KF1 4.687 60.12 0.692 6.77
LNK- | KF3 4.667 61.18 0.676 6.90
Fe KF5 4.655 62.43 0.657 7.08
KF7 4.640 63.02 0.650 7.14
KF9 4.594 63.80 0.642 7.16

Young’s modulus of the poly component system is obtained by the theoretical
model suggested by Makishima and Mackenzie (1973) using the equation (2.23). The
atomic packing fraction, V; is calculated using the equation (2.24). The determined
fracture toughness (Kic) values are summarized in table 5.6. It is evident that Kic is
decreasing gradually. This can be attributed to the slight reduction of Vickers hardness
and increase in half crack length. The crack length in both the series of glass systems is
observed to increase with increasing Fe2Oz content. This signifies that the ease of crack
propagation through the glasses is enhanced with increasing Fe>O3z content. The
effortless propagation of cracks in the glasses is always facilitated by the weakest bonds
present in the samples. In the samples under present investigation, the formation of
more bonds linking NBOs and modifying cations facilitate the easy propagation of

cracks due to the very low strength of these bonds.
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Brittleness is another property that controls the crack initiation (Sehgal et al.
1999). The brittleness (B) is evaluated using the equation (2.26) suggested by Lawn and
Marshall (1979) and the evaluated brittleness values are presented in table 5.6. In
general, the plastic flow modes of deformation and densification before the crack
initiation determine the brittleness of glass systems. The brittleness is found to increase

with the increasing Fe>O3 content in both the series of samples.
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Figure 5.10 (a): SEM micrograph of Vickers indentation of A6 and F9 glass samples of

LN-Fe glass system.
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This enhancement is further confirmed by the SEM morphology obtained on the
indentation pattern showing the formation of cracks and chipping as represented in
figure 5.10 (a) and (b) for LN-Fe and LNK-Fe glass systems, respectively. One can
clearly witness, from the figure 5.10 (a) and (b), the median-radial cracks (or palmgvist
cracks), which are formed due to the Vickers indentation.

Figure 5.10 (b): SEM micrograph of Vickers indentation of A5 and KF9 glass samples
of LNK-Fe glass system.
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The cracks formed on the examined glass samples mainly originate from the
four corners of the Vickers indentation which is highlighted with black arrows. These
cracks are often originating from the flaws and extend if the stress applied crosses the
specific individual threshold. In the studies, median-radial cracks were generated when
the applied indentation load equal was increased to 4.9 N. This load was maintained
constant for all the studied glass samples. The white reflections shown in F9 of figure
5.10 (a) indicate the apparent surface chipping and shear cracks (which is absent in A6).
This reveals the higher brittleness of F9 glass sample in comparison with A6. Both
surface chipping and shear cracks have increased with increase in Fe2O3 content. Hence
there must be an increase in elastic properties of the LN-Fe glass system with an
increase in Fe;0s. Detailed study of mechanical investigation using Vickers indentation
technique and study of elastic properties of the glass samples are essential for the choice
of suitable glasses for industrial and technological applications. Therefore, along with
Young’s modulus (E), the Poisson's ratio (o) of the prepared glass system was also
evaluated by means of the equation (2.27). The Shear modulus (S) and bulk modulus
(K) were evaluated by the equations (2.28) & (2.29). The determined values of Young’s
(E), shear modulus (S) and bulk modulus (K) are summarized in table 5.7. It is seen
from table 5.7, that the calculated values of Young’s modulus, shear modulus and bulk
modulus are increasing with increase in Fe;O3 content. The partial substitution of K20
by Na.O and partial replacement of ZnO by Fe>Os in the investigated glass samples
result in an increase of over all elastic moduli. This may be due to the higher
dissociation energy and packing factor of incorporated modifiers. The replacement of
ZnO by Fe>0s3 in both LN-Fe and LNK-Fe glass systems result in an increase of elastic
moduli. This may be due to the higher dissociation energy, Gi (18.76 Kcal/cm®) and
packing factor, Vi (21.6 cm®mol) of Fe,Os compared to that of ZnO (G; = 11.93
Kcal/cm?, Vi= 21.6 cm3/mol). Poisson’s ratio of all the studied samples is least affected
due to the trivial variation of packing density. The estimated poisson’s ratio for both
LN-Fe and LNK-Fe series by means of equation (2.27) is 0.27 which is in good
agreement with earlier investigations and lie in the reported range for borate glasses
(Makishima and Mackenzie, 1973).
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Table 5.7. Young’s modulus (E), bulk modulus (K), shear modulus (S), and atomic
packing density (Vi) of Fe2O3 doped LN-Fe and LNK-Fe glass system.

Glass Glass Young’s Bulk Shear Atomic
System code modulus, E modulus, | Modulus, packing
(GPa) K (GPa) S (GPa) density, Vi

A6 80.95 59.14 31.82 0.609

F1 81.05 59.26 31.86 0.609

LN.Fe F3 81.11 59.31 31.88 0.609
F5 81.27 59.48 31.94 0.610

F7 81.38 59.60 31.98 0.610

F9 81.45 59.64 32.00 0.610

A5 79.33 57.35 31.25 0.602

KF1 79.41 57.43 31.27 0.603

LNK- | KF3 79.51 57.54 31.31 0.603
Fe KF5 79.65 57.69 31.36 0.604
KF7 79.78 57.83 31.41 0.604

KF9 79.96 58.03 31.47 0.605

5.2 SUMMARY

In the present chapter, the results of comparative studies carried out on the effect
of Fe®* addition on the properties of LN-Fe glass system with that of the LNK-Fe glass
system are discussed in detail. The XRD results, for both the series, confirmed the
amorphous nature of the glass systems. The IR and Raman spectral analysis revealed
that the Fe2Os acts as a network modifier for both the series in the present investigation.
It is observed that the prepared samples exhibit good thermal stability, which gets
enhanced as Fe»O3 content increases. The glass forming ability has been enhanced with
the partial incorporation of third alkali ion and Fe** ion in the LNK-Fe system. The
glass transition temperature is found to reduce, for both the series, as Fe,O3 content
increases. This is due to the opening of diborate units by Fe>Osz in order to compensate

its own coordination requirements. The median-radial cracks produced due to Vickers
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indentation were studied and it was confirmed that the brittleness of the samples
enhances, for both the series, as Fe»Oz content increases. Optical band gap energy, Egq
of the studied glass system found to reduce with increasing Fe>Os content. Addition of
Fe203 to B2O3 glass opens up the diborate glass network and decreases the energy of
Eg resulting in the shift of absorption edge towards the higher wavelength region. It was
noticed, in both the series of prepared glasses, that the refractive index increased as
Fe>0O3 content was enhanced owing to the replacement of relatively lower polarizability
Zn%* (0.283 A®) by Fe®* (0.437 A®). The band observed, in both the series, around
450 nm in UV absorption spectra is due to the d-d transition of 8A14(S) — *T24(G) which
indicates the presence of an iron ion in trivalent state (Fe**) with distorted octahedral
symmetry. Further efforts have been made to analyze and correlate the physical and
mechanical properties with the structure of the studied glass system. It seen that the
Vickers micro-hardness value has decreased from 4.992 GPa to 4.760 GPa with the
partial incorporation of K,O content to the glass matrix of A6 system. This may be due
to the partial replacement of relatively lower radius and higher field strength Na>O with
higher radius and lower field strength K.O. Further, it is seen that the Vickers micro-
hardness of both LN-Fe and LNK-Fe system of glasses is slightly decreasing with the
partial incorporation of Fe2Os content. This may be due to the breaking up of tightly
bound diborate structure and a slight increase in NBOs. Crack initiation and crack
propagation are the two factors which determine the strength of the glasses. It is evident
that Kic is decreasing gradually. This can be attributed to the slight reduction of Vickers
hardness and increase in half crack length. The crack length in both the series of glass
systems is observed to enhance with increasing Fe2Oz content. This signifies that the
ease of crack propagation through the glasses is enhancing with increasing Fe>Os
content. Hence, it can be concluded that the inclusion of third alkali element into the
matrix of LN-Fe system influences different properties of the studied glass system to a
greater extent. It is also observed that the doping of ZnO by Fe,Os modifies the basic
structure of the glass matrix both in LN-Fe and LNK-Fe glass systems. The inclusion
of Fe>O3 has proved to be of great importance in tailoring the properties of the glass

systems to make them promising candidates for technological applications.
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Chapter 6

EFFECT OF MnZ ADDITION ON THE PROPERTIES OF 5Li0-25Na20-
60B203-(10-X) ZnO-xMnO2 AND 5L i20-xK20-(25-x)Na20-60B203-(10-y)ZnO-
yMnO> GLASS SYSTEMS: A COMPARATIVE STUDY OF LN-Mn AND LNK-
Mn GLASS SYSTEM.

In the present chapter, the results of comparative studies carried out on the
effect of MnO> addition on the properties of LN-Mn glass system with that of the
LNK-Mn glass system are presented. XRD results, for both the series, confirmed the
amorphous nature of the synthesized glasses. Fourier Transform Infrared (FTIR) and
Raman spectroscopy techniques were used in order to explore the structural
rearrangement occurred due to the partial substitution of modifier cations. The
prepared glass samples exhibited good thermal stability, which got enhanced with the
incorporation of MnO> content in both LN-Mn and LNK-Mn glass systems. UV-visible
spectroscopy was performed for all the samples in order to understand the electronic
band structure and optical transitions in them. A broad band is observed at about
475 nm in both LN-Mn and LNK-Mn glass system with the incorporation of MnO>
content. This is due to the ®A14(S) — *T1g (G) transition representing the divalent state
of Mn in octahedral symmetry. It is observed that the partial incorporation of MnO-
content exhibit drastic redshift, from 208 to 258 nm and 212 to 275 nm, in the
absorption edge of LN-Mn and LNK-Mn glass systems respectively. Mechanical
strength and fracture toughness of the prepared glass samples were determined using
Vickers micro-indentation technique. The prepared glass samples exhibit superior

mechanical properties with the incorporation of MnO2 content.
6.1 Results and Discussion
6.1.1 X-ray diffraction studies

The XRD measurement data of powdered samples obtained between diffraction
angle 10°-80° are presented in figure 6.1 (a) & (b).
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Figure 6.1 (a): X-ray Diffraction patterns for the MnO doped LN-Mn glass system.
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Figure 6.1 (b): X-ray Diffraction patterns for the MnO2 doped LNK-Mn glass system.
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It can be observed that all the samples exhibit a broad hump like feature without
pronounced Bragg peaks. This result confirms the prepared glass samples are

amorphous in nature.
6.1.2 Structural Studies

Detailed understanding of structural features of the investigated glass system is
important, since most of the glass properties depends on the structural arrangements of
the glass network. Fourier Transform Infrared (FTIR) and Raman spectroscopy
techniques were used in order to explore the structural rearrangement occurred due to
the partial substitution of modifier cations. These two techniques are highly sensitive
to determine the basic structural units and super structural units viz., triangular BO3

units, tetrahedral BO4 units, boroxol rings, and diborate units etc.,
6.1.2.1 Fourier Transform Infrared Spectroscopy studies

FTIR spectrum of the studied glass system are presented in figure 6.2 (a) & (b).
Each spectra consists of specific area, intensity and band centre corresponding to the
structural groups present in the glass samples. In order to gather all these information,
entire spectrum was deconvoluted using Gaussian function, the representative
deconvoluted spectrums are given in figure 6.3 (a) & (b). It can be noticed from
figure 6.3 (a) & (b) that, there are majorly three active regions present in FTIR spectrum
viz., around 400-650 cm™ with relatively lower intensity corresponds to the bending
vibrations of B-O-B bonds as well as deformation of borate rings, 600-800 cm™ is
associated with the bending vibrations occurred due to the different types of borate units
and one more major band around 1200-1500 cm™ which is predominantly
corresponding to the B-O stretching vibrations of BOs units (Lewandowski et al. 2017).
The band assignments of the studied glass systems spectrum were briefly summarized
intable 6.1. The investigated LN-Mn and LNK-Mn glass systems exhibit a band around
705 cm™ which can be attributed to the bending vibrations of B-O-B linkage in the
borate glass matrix. The FTIR spectra of examined glasses includes the crucial bands

of vitreous B>O3 and observed a trivial shift from their original position.
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Figure 6.2 (a): FTIR spectra of MnO. doped LN-Mn glass system.
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Figure 6.2 (b): FTIR spectra of MnO2 doped LNK-Mn glass system.
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Figure 6.3 (a): Deconvoluted FTIR spectra of MnO doped LN-Mn glass systems.

All the samples exhibit a band around 703-705 cm?, attributed to the bending
vibration of B-O-B linkage in the borate network (Hammad et al. 2018, Colak et al.
2016). The increase in the intensity of B-O-B bending may be ascribed to the breaking
down of the diborate units and a more relaxed glass structure. Hence there will not be

any constraints for bending.
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Figure 6.3 (b): Deconvoluted FTIR spectra of MnO> doped LNK-Mn glass systems.

The broad band around 845-849 cm™ may be due to the B-O bond stretching modes of
tetrahedral BO4 units (Hammad et al. 2018, Colak et al. 2016, Colak 2017). The broad
band around 1052-1056 cm™ with shoulder around 937-942 cm™ can be due to the
diborate groups and stretching vibrations of BO4 groups, tri-, and tetra borates
respectively (Wen et al. 2016 and Moustafa et al. 2013).
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Table 6.1. Assignment of absorption bands present in FTIR spectra of MnO2 doped LN-
Mn and LNK-Mn glass systems.

Band position (cm™) FTIR band assignments

703-705 B-0-B bending vibrations. (Hammad et al. 2018)
Stretching modes of [BO4] tetrahedral borons. (Colak et al.

845-849
2017)

882-896 Stretching vibrations of B-O bonds in BO4. . (Colak et al.
2016)

937-942 Diborate group stretching vibrations. (Wen et al. 2016)

B-O stretching vibrations of BO4 units in di- tri-, tetra-,

1052-1056

and penta-borate groups. (Mustafa et al. 2013)

Symmetric stretching vibrations of B-O bonds in [BOs]
1219-1223 triangular units involving NBO atoms. (Satyanarayana et

al. 2013)

Stretching vibrations of B-O in BO3 units from meta-,
1307-1338 -

pyro-, ortho- and groups containing large number of
1403-1418

NBOs. (Satyanarayana et al. 2013)

The band observed around 1307-1314 cm™ with a prominent shoulder around
1219-1223 cm™ can be due to the symmetric stretching vibrations of B-O bonds in
[BOs] triangular units involving NBO atoms and the wide band may be ascribed to the
stretching vibrations of three fold borate unit linked with pyro-borate and ortho-borates

(Satyanarayana et al. 2013).
6.1.2.2 Raman Spectroscopy studies

The Raman spectra were recorded for all the investigated samples to understand
the structural variations thoroughly since it is a sensitive tool to gather all kind of minute
vibrations occur in the glass system. The recorded Raman spectra are presented in
figure 6.4 (a) & (b). The collected spectrums were deconvoluted using Gaussian
function in order to get all the superimposed spectrum details. Figure 6.5 (a) & (b)
represents the deconvoluted Raman spectra of both the MnO2 doped LN-Mn and LNK-
Mn glass system. Some of the new bands are identified in Raman spectrum which were

absent in FTIR spectrum.
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Figure 6.4 (a): Raman spectra of MnO, doped LN-Mn glass systems.
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Figure 6.4 (b): Raman spectra of MnO> doped LNK-Mn glass systems.
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Figure 6.5 (a): Deconvoluted Raman spectra of MnO2 doped LN-Mn glass system.

The broad band around 439-473 cm™ which has centre about 450 cm™ may be
ascribed to the bending vibrations of B-O-B bonds involved in the isolated diborate
groups (Hammad et al. 2018 and Saddeek et al. 2009). It can be seen, from the figure
6.5 (a) & (b), that there exists a prominent and comparatively sharp band at around 755
cm™L. This is due to the symmetric breathing vibrations ascribed to the six-membered

structure involved with the different types of ring type structures enclosing with two
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[BOs4] units namely, di-, tri-, di-penta- borates (Saddeek et al. 2009 and Zheng et al.
2012).
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Figure 6.5 (b): Deconvoluted Raman spectra of MnO doped LNK-Mn glass systems.

The band appeared around 950-1180 cm™ can be ascribed to the vibrations of
Mn-O and diborate groups in the studied glass structure (Hammad et al. 2018 and Zheng
et al. 2012). The band at high frequency range centred around 1450 cm™ found to be
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shifting toward the comparatively lower frequency about 1350 cm™. The decrease in
the intensity of higher frequency band, as the content of MnO; increased, indicates the
destruction of interconnected network resulting in small, highly charged groups with
NBOs (Zheng et al. 2012). The broad and major band around 1477-1485 cm™ can be
assigned to the BO>O" triangular structures connected to the borate units. From the
observations and analysis made based on deconvolution spectral data, one can witness
the enhancement in the intensities of the band connected with the [BOz3] units, which
are associated with the NBOs (Zheng et al. 2012). The band assignments of all the
studied glass samples are summarized in table 6.2. All the band assignments of Raman
spectra and their evolution with the addition of Mn ion are validating the results of

FTIR analysis.

Table 6.2. Assignment of absorption bands present in Raman spectra of MnO2 doped
LN-Mn and LNK-Mn glass systems.

Band position (cm™) Raman band assignments
Bending vibrations of B-O-B bonds involved in isolated
439-473 diborate groups. (Saddeek et al. 2009, Hammad et al.
2018)

Mn-O vibrations and vibrations of diborate groups in the

955-958
structure. (Hammad et al. 2018, Zheng et al. 2012)
1070-1100 Stretching vibrations of diborate groups. (Zheng et al.
2012)
1350 BO,0O" triangles linked to B-O units. (Zheng et al. 2012)
1477-1485 BO.O" triangles linked to other triangular borate units

connected to NBOs. (Zheng et al. 2012)

In general, when the stoichiometric ratio of alkali to borate content maintained
as 1:2, the glass structure is more likely consist of the rigidly bound di-borate units
(Meera and Ramakrishna 1993). In addition to this, borate glasses possess different
kinds of structural units like [BO3], [BOa4], tri-borate, di-borate, etc., which are further
substantiated from the band assignments of FTIR and Raman spectra. The diborate units
are associated with two units of [BO4] and [BOs] each in the bridging position, which
formulates a rigid symmetrical geometry in the glass network. This tightly bound
diborate unit is not associated with the NBOs, meanwhile retains a charge of -2 which
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remains delocalized throughout the unit. Partial incorporation of MnO; content into this
glass matrix, breaks the rigidly bound di-borate units and expands the glass network. In
this process of expansion, firstly breaking up of the bridge will take place and then that
of the ring, hence the diborate structure turn out to be less rigid. This can be witnessed
from the deconvoluted Raman spectra, where there is a shift of band (1170 to
1100 cm™) towards lower frequency which is assigned to diborate units. The breaking
up of the diborate structure promotes more connectivity to the structure which further
increases the requirement of oxygen coordination in the glass matrix. Hence there exists
a competition for charge compensation among the modifier cations. This competition
in the glass network promotes further breakdown of the diborate units for charge
compensation. When diborate unit breakdowns further, it attains monocyclic and chain
structure and holds greater flexibility and shares NBO to iron ions. Hence substitution
of MnO; content to the diborate glass system causes breaking down of diborate unit in
order to fulfil its own coordination requirements since it prefers to be in six coordination
position specially in borate glass system (Lu et al. 2003). This observation is further
substantiated by the UV-visible absorption studies.

6.1.3 Density (p), Molar volume (Vm) and atomic packing density (OPD)

The density of the prepared glass samples in the current investigation was
measured in order to understand the modifications in the structure of glasses. The
results are tabulated in table 6.3. Density is considered to be an important tool to
understand the modifications in the structure of glasses due to their high sensitivity to
the properties viz., compactness, softening, cross link density, modifications of
geometrical configuration, coordination numbers, and dimension of interstitial spaces
of the glass (Saddeek et al. 2009). It is also crucial in exploring information about the
short-range structure of oxide glasses. The density of the samples is observed to slightly
decrease with increasing MnO. content in both LN-Mn and LNK-Mn glass systems.
This may be attributed to the replacement of higher molecular mass ZnO (81.408 g/mol)
by relatively lower molecular mass MnO2 (70.937 g/mol). The determined Vm (using
equation (2.2)) for all the samples is given in table 6.3 and is observed to show opposite
trend compared to density. The oxygen packing density (OPD) can be defined as the
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number of oxygen atoms per formula unit and can be determined using the equation

(2.3) and the evaluated values are given in table 6.3.

Table 6.3. Density (p) and molar volume (Vm) and oxygen packing density (OPD) of
LN-Mn and LNK-Mn glass system.

Glass System | Glass code | p (g/cm?®) £0.005 | Vi (cm®) £0.05 | OPD
A6 2.473 27.052 81.32
M1 2.472 27.059 81.30
M3 2471 27.061 81.30
Ln-Mn
M5 2.470 27.064 81.28
M7 2.469 27.066 81.28
M9 2.468 27.069 81.27
A5 2.450 27.964 78.81
KM1 2.449 27.971 718.77
KM3 2.446 27.997 78.71
LNK-Mn
KM5 2.443 28.022 78.66
KM7 2.441 28.037 78.62
KM9 2.439 28.051 78.59

It is observed that there is a slight decrease in the OPD with an increase in MnO> content
in both LN-Mn and LNK-Mn glass systems. This clearly shows the presence of loose

packing of the oxide network.

6.1.4 Thermal studies

Thermal parameters like Ty (onset of glass transition region), Tx (onset
crystallization temperature), Tc (glass crystallization temperature) and Tm (glass melting
temperature) are determined using DSC thermographs which are obtained by plotting
heat flow versus temperature plots as depicted in figure 6.6 (a) & (b). The determined
thermal parameter values are summarized in table 6.4. It is evident, from table 6.4, that
there is a substantial decrease in Tg from 446 °C to 427 °C when third alkali ion is

introduced to the A6 glass sample of LN-Mn glass system.
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In other words, the addition of third alkali (i.e., K2O) ion reduces the rigidity of
the glass sample. In case of oxide glasses, glass transition temperature depends on
certain crucial factors like strength between bonds, compactness in glass network and
cross-link density. The reduction of Tg, in Mn free LN-Mn and LNK-Mn glass system,
may be attributed to the replacement of relatively higher single bond strength and lower
ionic radii Na.O (20 Kcal/mol and 0.78 A respectively) by lower single bond strength
and higher ionic radii K20 (13 Kcal/mol and 1.33 A respectively). It is also important
to note that, the glass transition mainly involves the transformation from solid to liquid
state by breaking up of the weakest chemical bonds. Therefore, consideration of single
bond strength and ionic size of the incorporated modifier ions plays a vital role in
deciding the T4. Therefore, partial incorporation of heavier network modifiers K20 is
more effective in reducing Tq than lighter Na2O. The reduction of Ty can also be ascribed
to the replacement of relatively higher field strength Na;O (0.17 x 10?° m?) by
relatively lower field strength K20 (0.12 x 102 m™2) which indeed weakens the glass
network. It can be clearly observed, from the table 6.4, that the addition of MnO-
content slightly decreases the Tgin both LN-Mn and LNK-Mn glass systems.

The thermal stability of glass (ability of glass to bypass crystallization upon
heating) is considered as one of the most significant aspects in the production of large
scale glass for the practical applications (Zheng et al. 2012). In this regard the
determination of thermal stability for the prepared glass system is a crucial factor. Glass
stability criterion (or thermal stability) can be determined by considering the
temperature differences between Ty and Ty, i.e., AT= Tx — Ty. The evaluated thermal
stability values are summarized in table 6.4. The thermal stability values are lying in
the range of 155 °C to 187 °C. Usually, the glasses having AT values greater than
100 °C with low temperature intervals (Tm-Tx) are good host materials for optical fiber
fabrication. These glasses yields a crystal-free fiber, since the fiber drawing technology
mainly involves reheating and in the process of fabrication any kind of crystallization
leads to scattering loss which eventually lowers the efficiency of the fiber. It can be
seen from table 6.4 that, the studied glass systems possess considerably higher thermal

stability (47) values which fulfils the condition of conventional fibre drawing ability.
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The increase in AT indicates that the addition of third alkali metal (K2O) content

significantly improves the thermal stability against crystallization.

Table 6.4. Glass transition temperature (Tg), onset crystallization temperature (Tcx),
crystallization temperature (T¢), melting temperature (Tm), glass stability (47), varies
glass forming ability and thermal stability parameters (K1, Kz, K3, Kw, KL and Kg) and
Hruby’s parameter (Hr) of LN-Mn and LNK-Mn glass system.

Glass system | Glass | Tq Tx Te T AT K1 Ks
code | (°C) | (°C) | (°C) | (°C) | (°C) | (°C) | (°C)
A6 446 | 601 | 620 | 736 155 | 290 | 0.817 | 0.211 | 0.508 | 1.15
M1 | 446 | 602 | 620 | 733 156 | 287 | 0.821 | 0.213 | 0.511 | 1.19
M3 | 445 | 604 | 623 | 729 159 | 284 | 0.829 | 0.218 | 0.514 | 1.27

Kw KL Hr

LN-Mn
M5 | 444 | 607 | 625 | 727 163 | 283 | 0.835 | 0.224 | 0.518 | 1.36
M7 | 443 | 610 | 627 | 725 167 | 282 | 0.841 | 0.230 | 0.522 | 1.45
M9 | 441 | 611 | 630 | 723 170 | 282 | 0.845 | 0.235 | 0.525 | 1.52
A5 | 427 | 597 | 620 | 711 170 | 284 | 0.840 | 0.239 | 0.525 | 1.49
KM1 | 426 | 601 | 621 | 707 175 | 281 | 0.850 | 0.248 | 0.531 | 1.65
KM3 | 425 | 603 | 623 | 705 178 | 280 | 0.855 | 0.252 | 0.535 | 1.75
LNK-Mn

KM5 | 425 | 604 | 625 | 703 179 | 278 | 0.859 | 0.255 | 0.537 | 1.81
KM7 | 424 | 607 | 626 | 699 183 | 275 | 0.868 | 0.262 | 0.555 | 1.99
KM9 | 422 | 609 | 627 | 669 187 | 247 | 0.910 | 0.280 | 0.573 | 2.12

It can be seen, from table 6.4, that unlike the Ty, there is no considerable
difference seen in the glass stability with partial incorporation of third alkali (K20) ion.
On the other hand, incorporation of MnO2 content enhanced the glass stability
drastically in both LN-Mn and LNK-Mn glass systems. It can be observed that glass
stability criterion has increased from 155 °C to 170 °C (refer table 6.4) in LN-Mn glass
system and increased from 170 °C to 187 °C in LNK-Mn glass system. This clearly
indicates that the glass stability is more affected by MnO> content in LNK-Mn glass
system compared to that of the LN-Mn glass system. Therefore, partial replacement of
third alkali (K2O) metal in the LN-Mn glass system can be utilized to tune the stability

and network rigidity of the studied glass systems.
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Further, the glass forming ability (GFA) factor is to be considered in the
production of large scale glasses. GFA is a measure of resistance possessed by a melt
against becoming crystalline in the process of cooling. Hurby’s parameter is determined
using the equation 2.5 and the values are summarized in table 6.4. Gradual increase in
the quantity Tx-Tg, seen from the table 6.4, implies that the nucleation process is
delayed, and decrease in the quantity Tm-Tx indicates that the growth process of
nucleated crystal is retarded. The Hr values were varied from 1.15 to 1.52 and 1.49 to
2.12 in LN-Mn and LNK-Mn glass systems respectively with partial incorporation and
increase in the MnO> content. Comparatively, glass forming ability of LNK-Mn glass
system affected more than that of the LN-Mn glass system by the addition of MnO;
content. This observation indicates the substantial improvement of thermal stability
against crystallization together with enhancement in GFA owing to the incorporation

of the third alkali (K20) metal and MnO in the present glass network.

Since thermal stability and glass forming ability play a crucial role in preparing
large scale glasses for practical applications and academic studies, the other thermal
parameters which are proposed for the oxide glass system (Lu et al. 2003, Nascimento
et al. 2005 and Saffarini et al. 2000) are also evaluated using the equations (2.6), (2.7),
(2.8) and (2.9). The estimated thermal stability and GFA values from the above
mentioned relations are tabulated in table 6.4. The evaluated values lie in the
recommended range and exhibit greater thermal stability. This knowledge of thermal
stability and GFA of the investigated glass system will be helpful in tuning and altering
the composition of the glasses for glass applications.

6.1.5 Optical studies

It is essential to study the optical absorption spectra to understand the electronic
band structure and optical transitions of glass samples. In this regard UV-visible spectra
of glass samples have been recorded in the range of 200 to 1100 nm. Figure 6.7 (a) &
(b) represents the absorption spectra of studied glass samples. It can be clearly seen,
from figure 6.7 (a) & (b), that there are no sharp absorption edges present in the studied
glass systems and is a typical characteristic of amorphous materials. The glass samples

without MnO. exhibits the cut off wavelength at 208 nm for A6 glass sample and 212
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nm for A5 glass sample. Partial incorporation of MnO; content resulting in drastic
redshift in the absorption edge of LN-Mn and LNK-Mn glass system from 208 to 258
nm and 212 to 275 nm respectively. It can be clearly seen, from the figure 6.7 (a) & (b),
that even though a small amount (0.1 mol %) of MnO- content brings considerable shift
in the absorption edge in LN-Mn and LNK-Mn glass systems respectively, further
increase in the MnO> content increases the redshift of absorption edge up to 303 nm in
the case of LN-Mn glass system and 312 nm in the case of LNK-Mn glass system. This
shift in absorption edge in both the glass systems can be ascribed to the transition of a
valence electron of an oxygen ion to vacant excited state (Chethana et al. 2012). It also
indicates the oxidizing and modifier role of MnO> content in the investigated glass
systems. It can also be noticed, from figure 6.7 (a) & (b), that there exists a broad band
around 475 nm in both the studied glass system with incorporation of MnO> content.
Further, there observed a prominent increase in intensity of the band with increase in
MnO; content. This may be attributed to the ®A14(S) — *T1q (G) transition, representing
their divalent (Mn?*) state in octahedral symmetry (Taha et al. 2018). The increase in
the intensity of the band with increase in MnOz content may be ascribed to the presence
of Mn?* ions in octahedral symmetry which results in relatively large average distance
between Mn?* ions. Intensity of the absorption band in LNK-Mn glass system is
relatively higher than that of LN-Mn glass system. This indicates the suitability of
prepared glass system in various technological applications like optical filters and
tunable solid state lasers (Taha et al. 2018). Systematic study of UV-visible spectra
provides the information about structure of electronic bands and optical transitions of
glass systems. In general, various types of transitions exist in absorption edge. In case
of glasses since it obeys dipole selection rule, possibility of transitions may be direct or
indirect. The absorption coefficient (o)) can be calculated using the equation (2.10). The
magnitude of absorption coefficient («) can be linked to the optical band gap energy Eg,
using equation (2.10) with the equation (2.11) known as Davis and Mott relation (Fu et
al. 2012).

136



Absorbance (Arb. Unit)

1 1
400 600 800
Wavelength (nm)

|
200
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Figure 6.7 (b): UV-visible absorption spectra for the MnO, doped LNK-Mn glass
system.
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Since indirect allowed transition takes place in glasses, considering the value of n as 2,

equation (2.11) can be simplified and written as equation (2.12). The optical band gap

energy (Eg), can be determined by plotting (ahv)l/z against photon energy which is
named as Tauc plot and is depicted in figure 6.8 (a) & (b) for the present glass system.
The determined values of Egare tabulated in table 6.5. In the present investigation, there
is a sudden decrease in Eqg from 5.40 + 0.1 eV to 3.67+0.1 eV upon the incorporation of
third alkali metal (K2O) to the A6 glass sample of LN-Mn glass system. This reduction
of Eq may be ascribed to the structural differences occurring due to the addition of
relatively lower field strength K20 (0.12 x 10%° m) to higher field strength Na,O (0.17
x 102 m). The average bond energy is another key factor which affects the Eq. The
replacement of relatively higher bond energy Na.O (8.4 KJ/mol) with relatively lower
bond energy K»0 (12.2 KJ/mol) may cause the reduction in the average bond energy of
the glass network, which lowers the energy of the conduction band edge and hence
results in reduction of Eg4. In addition to this, the addition of more MnO> content to the
glass samples further results in reduction of Eq from 3.58 + 0.1 eV to 3.51 £ 0.1 eV and
3.61+ 0.1 eV to 3.38+ 0.1 eV in LN-Mn and LNK-Mn zinc borate glass systems,
respectively. This can be attributed to the increasing concentration of non-bridging
oxygen (NBO), which are created during the structural rearrangement occurring in the
glass network upon addition of MnO content. The addition of MnO opens up the
tightly bound diborate units as a result of which the number of NBOs increases. NBOs
bind the excited electrons less tightly compared to bridging oxygens. The relatively
higher negative charge possessed by the NBOs supports the excitation of electrons to
the conduction band of respective cations, which leads to further decrease in Eg with

increase in MnO- content.

The band tails are characterized by Urbach energy, Eu (Narayanan et al. 2015)
which is given by the equation (2.13). Taking natural log on both sides of the equation
(2.13), it can be simplified and written as represented in equation (2.14). Figure 6.9 (a)
& (b) represents the reciprocal of the slope of the linear region. The determined values
of Urbach energy, Eu are summarized in table 6.5. It is noticed that the value of the Ey

is observed to increase with the increase in MnO» content.
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Table 6.5. Optical band gap energy (Eg) and Urbach energy (Ey) of LN-Mn and
LNK-Mn glass systems.

Glass E E. n a a®@ | af,

code (eV,iQO.l) (eV,£0.1) | (+0.001) R (/3::) (,;s) (/;3) A M
A6 | 540 0.14 1.537 | 8.448 | 3.353 | 1.490 | 2.311 | 0.549 | 0.688
M1 | 3.58 0.19 1.675 | 10.161 | 4.032 | 1.799 | 2.451 | 0.742 | 0.624
M3 | 353 0.21 1.681 | 10.232 | 4.061 | 1.811 | 2.463 | 0.748 | 0.622
M5 | 351 0.22 1.684 | 10.269 | 4.075 | 1.818 | 2.467 | 0.751 | 0.621
M7 | 3.47 0.22 1.685 | 10.287 | 4.082 | 1.821 | 2.476 | 0.753 | 0.620
M9 | 3.40 0.23 1.604 | 10.387 | 4.122 | 1.839 | 2.494 | 0.762 | 0.616
A5 | 367 0.16 1540 | 8.751 | 3.473 | 1.530 | 2.341 | 0.581 | 0.686
KML1| 361 0.20 1.670 | 10.433 | 4.140 | 1.833 | 2.358 | 0.759 | 0.626
KM3 | 352 0.21 1.680 | 10.556 | 4.1890 | 1.855 | 2.384 | 0.770 | 0.622
KM5 | 3.47 0.21 1.683 | 10.609 | 4.210 | 1.865 | 2.398 | 0.774 | 0.621
KM7 | 3.41 0.23 1.690 | 10.698 | 4.245 | 1.880 | 2.415 | 0.782 | 0.618
KM9 | 3.38 0.25 1.693 | 10.729 | 4.258 | 1.886 | 2.423 | 0.784 | 0.617

This increasing trend in Urbach energy can be attributed to the presence of defects
occurred due to the modifications of the structure. It is witnessed that the absorption
tail is broad owing to the indirect electronic transitions assisted by the presence of
phonons. Consequently, Urbach energy values endorse the presence of electronic
transitions assisted by the phonons in the current investigated glass samples. The
refractive index, n of all the prepared samples were measured using Abbe refractometer
and the measured values are represented in table 6.5. It can be noticed that the partial
incorporation of K>O by reducing NaO slightly increases the refractive index, n. This
increase may be due to the replacement of Na* (0.175 A®) ion having relatively lower
polarizability compared to that of the K* (0.821 A3) ion. Further, the increase in the
MnO: content enhances the refractive index of both LN-Mn and LNK-Mn glass
systems. This experimental observation can be ascribed to the partial substitution of
Mn?2*ion which has relatively higher polarizability (0.544 A3) than that of Zn?* (0.283
A3).
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It reveals that, in addition to density and compactness of the glass system, the
refractive index also is influenced by the cation polarizability. This once again confirms

the network modifier role of MnOx.
6.1.5.1 Electronic polarizability

Molar refraction (Rm) and the molar polarizability (am) are determined, using
the equation (2.15) and (2.16) respectively, for both the series of glass systems. The
determined values are summarized in table 6.5. The values of am found to be in the
range of 3.352 A3 to 4.122 A%and 3.473 A®to 4.258 A3 for MnO, doped LN-Mn and
LNK-Mn system respectively.

The oxide ion polarizability based on refractive index and optical band gap
energy of both the series of glass systems has been determined using the equations
(2.17) & (2.18) and presented in table 6.5. It is noticed that the oxide ion polarizability
is increasing monotonically as MnO> content increases. This can be attributed to the
partial replacement of Na>O with K>O, and similarly the partial replacement of ZnO
with MnO; as the polarizability of K* (0.821 A®) ion and Mn?* (0.544 A3) ion are
relatively much higher than that of the Na* (0.175 A%) and zn?* (0.283 A*®) ions. In
addition, the increase in the number of NBOs with an increase in MnO2 content may
also contribute to the increase in overall polarizability of the investigated glass system.
It is noticed that the ionic radius (ri) reduces with increasing MnO. content. As a
consequence, the oxide ion polarizability will be altered owing to the diminishing
number of overlying orbitals (Dimitrov et al. 1996), which is consistent with Fazan’s

rule (Dimitrov and Komatsu, 2010).
6.1.5.2 Optical basicity

The optical basicity of the both the series of glass systems is calculated using
the equation (2.19) and the values are tabulated in table 6.5. It is seen that the optical
basicity increases from 0.549 to 0.581 with the partial incorporation of K>O content to
the glass matrix. This may be ascribed to the partial replacement of relatively lower

optical basicity Na.O (1.10) with higher optical basicity K,O (1.31). It is also observed
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that the increase in MnO> content monotonically increases the optical basicity of both
LN-Mn and LNK-Mn glass samples. This increase may be ascribed to the partial
replacement of ZnO having lower optical basicity of 0.9 compared to that of MnO-
having relatively higher optical basicity of 0.96. This increase indicates that the glass
systems are becoming chemically more basic with the increasing MnO; content
(Dimitrov and Komatsu, 2010).

6.1.5.3 Metallization criterion

The metallization criterion, (M) for the current glass systems were calculated
and summarized in table 6.5. It is observed to decrease with increasing MnO> content
in both LN-Mn and LNK-Mn glass system. Consequently, gap between the valence
band and conduction band is reduced. It is consistent with the Eg values for both the

glass systems.
6.1.6 Mechanical properties

Mechanical strength of glass material play crucial role in choosing glass
samples for practical applications. The mechanical strength and fracture toughness of
the prepared glass samples were determined using Vickers micro-indentation
technique. To rule out any kind of experimental errors, each sample was indented ten
times and standard deviation was calculated. The measured values of Vickers micro-
hardness were presented in table 6.6. The measured Vickers micro-hardness values
were found to decrease from 4.92 to 4.760 GPa for A6 and A5 samples, respectively.
This may be ascribed to the partial replacement of relatively lower radius and higher
field strength Na,O with higher radius and lower field strength K>O. Partial substitution
of potassium ions having higher radius increases the distance between modifier cations
and anions in the glass network. This leads to the weakening of glass structure and
decreases the Vickers micro-hardness. Further it can be noticed that, Vickers micro-
hardness with the partial incorporation of MnO> content is slightly decreasing from
4.992 to 4.792 GPa and 4.760 to 4.589 GPa for LN-Mn and LNK-Mn glass systems
respectively. This can be ascribed to the breaking down of tightly bound diborate units

and increase in NBOs in the glass network with increase in MnOz content. Mechanical
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strength of the prepared glass samples can be evaluated by studying the crack initiation
and propagation patterns, which are the two major factors in determining the strength

of the glasses.

Table 6.6. Vickers hardness (Hy), half crack length (C), fracture toughness (Kic) and
Brittleness (B) of MnO2 doped LN-Mn and LNK-Mn glass system. .

Measured Fracture _
_ Measured Half Brittleness
Glass | Glass Vickers toughness
crack length (um™?) +
systems | code hardness (MPa (m)Y2
(um) £ 1 0.02
(GPa) £ 0.004 +0.003
A6 4.992 57.18 0.730 6.84
M1 4.963 57.60 0.724 6.92
M3 4921 57.48 0.724 6.93
LN-Mn
M5 4.873 57.70 0.721 6.94
M7 4.839 58.03 0.717 6.95
M9 4.792 58.33 0.713 6.96
A5 4.760 59.05 0.705 6.75
KM1 4.682 60.30 0.695 6.75
KM3 4.654 60.31 0.688 6.84
LNK-Mn
KM5 4.632 61.01 0.680 6.87
KM7 4.617 61.51 0.674 6.89
KM9 4.589 62.22 0.666 6.90

The fracture toughness, (Kic) which is the measure of how easily a crack can be
able to propagate through the material with the applied load is determined using the
equation (2.22) suggested by Anstis (1981). E is the Young’s modulus (GPa) which is
calculated using equation (2.23), H is the experimentally determined Vickers hardness
(GPa), P is the load applied (4.9 N) and C is the measured half crack length (um).
Young’s modulus of the poly component system is obtained by the theoretical model
suggested by Makishima and Mackenzie (1973) using the equation (2.23). The atomic

packing fraction, V; is calculated using the equation (2.24). The determined fracture
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toughness (Kic) values are represented in table 6.6. It is evident that Kic is decreasing
gradually. This can be attributed to the slight reduction of Vickers hardness and
enhancement in half crack length. In the present investigation crack length is found to
be increasing gradually with the increase in modifier content. This may be ascribed to
the fact that the bonds between modifier cation and NBO are considerably weaker
compared to the strength of bonds between boron and bridging oxygen (BO) or boron
and NBO atom. In the present investigation, incorporation of MnO2 content lead to
breaking of the tightly bound diborate units and resulting in the formation of mixed

bonding. This facilitates the easy propagation of cracks through the weaker bonds.

Another influencing factor of crack initiation and propagation is the index of
brittleness, which is called as Brittleness (B). The brittleness of the prepared glasses
was estimated by the equation (2.26) involving the measured Vickers hardness Hy and
determined fracture toughness Kic as proposed by Lawn and Marshall (1979). The
evaluated brittleness values are presented in table 6.6. In general, the plastic flow by
means of deformation and densification before the crack origination determine the
brittleness of glass systems. Brittleness is found to be increase with the increasing
MnO: content. This enhancement in the brittleness is further confirmed by SEM
micrographs represented in figure 6.10. SEM micrographs revealed the pattern of
cracking and chipping associated with the surface of examined glass samples upon
indentation with particular load. It can be seen, from figure 6.10 that the studied glass
samples show crack propagation patterns which originate from the four corners
(identified as median-radial cracks) of the Vickers indentation. These cracks are often
initiated from the flaws and extend if the stress applied crosses the specific individual
threshold. In the present investigation, these cracks were generated and propagated by
applying load equal to 4.9 N. This load was maintained constant for all the studied glass
samples. With increase in the MnO: content, chipping and shear cracks start emerging
which is evident from sample KF5 represented in figure 6.10. Hence there must be an

increase in elastic properties of the LKNBZ glass system with an increase in MnO..

In order to choose the glasses for industrial and technological application

detailed examination of mechanical as well as elastic properties is required. In this
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regard along with Young’s modulus (E), the Poisson's ratio (¢) of the prepared glass

system was evaluated by means of the equations (2.23) & (2.27), respectively.

Figure 6.10: Representative SEM micrograph of Vickers indentation of A6 & M9
samples of LN-Mn and A5 & KM9 samples of LNK-Mn glass systems.

The shear modulus (S) and bulk modulus (K) were evaluated by the equations
(2.28) & (2.29). The values of the elastic moduli's obtained are tabulated in table 6.7. It
is seen from table 6.7 that the values of Young’s modulus, shear modulus and bulk
modulus are increasing with the increase in modifier content. The partial substitution
of K20 by Na2O and partial replacement of ZnO by MnO: in the investigated glass
samples result in an increase of over all elastic moduli. This may be ascribed to greater
dissociation energy and packing factor of incorporated modifiers. Poisson’s ratio of the
studied samples is least affected due to the trivial variation of packing. The estimated
Poisson ratio in the present investigation for all the samples by means of equation (2.27)
is 0.27. The obtained Poisson ratio value is in good agreement with earlier
investigations and lies in the reported range for borate glasses (Rouxel 2007).
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Table 6.7. Young’s modulus (E), bulk modulus (K), shear modulus (S), and atomic
packing density (Vt) of MnO2 doped LN-Mn and LNK-Mn glass system.

Glass Young’s Bulk Shear Atomic
modulus, E modulus, | Modulus, packing
code (GPa) K (GPa) S (GPa) density, Vi
A6 80.95 59.14 31.82 0.609
M1 80.96 59.14 31.83 0.609
M3 81.10 59.30 31.88 0.609
M5 81.21 59.42 31.92 0.610
M7 81.33 59.55 31.96 0.610
M9 81.44 59.67 32.00 0.611
A5 79.33 57.35 31.25 0.602
KM1 79.51 57.58 31.30 0.604
KM3 79.56 57.62 31.33 0.604
KM5 79.63 57.68 31.35 0.605
KM7 79.71 57.75 31.38 0.605
KM9 79.80 57.84 31.42 0.605

6.2 SUMMARY

In the present chapter, the results of comparative studies carried out on the effect
of MnO> addition on the properties of LN-Mn glass system with that of the LNK-Mn
glass system are discussed in detail. XRD results, for both the series, confirmed the
amorphous nature of the glass systems. Fourier Transform Infrared (FTIR) and Raman
spectroscopy techniques were used in order to explore the structural rearrangement
occurred due to the partial substitution of modifier cations. It is noticed that the prepared
glass samples exhibit good thermal stability with the incorporation of MnO: content.
Incorporation of MnO> content drastically enhanced the glass stability in both LN-Mn
and LNK-Mn glass systems. These glass systems therefore are good host materials for
optical fiber fabrication which yields a crystal-free fiber. It is clearly seen that the glass

stability is more affected by MnO> content in LNK-Mn glass system compared to that
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of the LN-Mn glass system. UV-visible spectroscopy is performed for all the samples
in order to understand the electronic band structure and optical transitions in them. A
broad band is observed at about 475 nm in both the studied glass system with
incorporation of MnO; content owing to the 8A:4(S) — *T14 (G) transition representing
the divalent state of Mn in octahedral symmetry. It is observed that the partial
incorporation of MnO2 content exhibit drastic redshift in the absorption edge of
LN-Mn and LNK-Mn glass system from 208 to 258 nm and 212 to 275 nm respectively.
Mechanical strength and fracture toughness of the prepared glass samples were
determined using Vickers micro-indentation technique. It was noticed that the prepared
glass samples exhibit superior mechanical properties with the incorporation of MnO-
content. SEM micrographs revealed the pattern of cracking and chipping associated
with the surface of examined glass samples upon indentation with particular load.
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Chapter 7

SUMMARY AND CONCLUSIONS

This chapter summarizes the important findings of the present research work
along with conclusions. In addition to that the scope for the future work is also included
in the present chapter.

7.1 SUMMARY AND CONCLUSIONS

From result and discussions of chapters 3, 4, 5 and 6, it can be summarized that:

Chapter 3: Peak positions of different vibration modes in FTIR of glass samples vary
non linearly, which explains the role of modifier alkali elements and the existence of
strong mixed alkali effect (MAE). Infrared spectra show clear modifications in the
structure which confirm the presence and conversions of [BOz] and [BO4] unit. Thermal
parameters like glass transition, crystallization, melting temperature, fragility and glass
stability exhibit non linear variation which validates the presence of MAE in the studied
glass system. The non-linear variation of the properties viz., hardness, crack length,
fracture toughness and brittleness is also a consequence of mixed alkali effect in the
glass samples. From the observed non linearity in the mechanical, thermal and
structural properties, it can be inferred that the MAE is strong in three-alkali ion added

glass systems.

Chapter 4: The results of comparative studies carried out on the effect of TM ions
addition on the properties of LN-TM glass system with that of the LNK-TM glass
system are discussed in detail. The inclusion of TMO ions has proved to be of great
importance in tailoring the properties of the glass systems to make them promising
candidates for technological applications. The Mn and Fe transition metal ions are
chosen for detailed investigation on the effect of their addition on various properties in
LN and LNK glass systems. Mn and Fe have been chosen based on the superior
properties exhibited by the Mn and Fe transition metal ions doped LN-TM and
LN-TMO glass systems over other ions studied under the present investigation.
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Chapter 5: It is observed that the prepared samples exhibit good thermal stability,
which gets enhanced as Fe>Os content increases. The glass forming ability has been
enhanced with the partial incorporation of third alkali ion and Fe** ion in the LNK-Fe
system. Addition of Fe2O3 to B2Oz glass opens up the diborate glass network and
decreases the energy of Eg4 resulting in the shift of absorption edge towards the higher
wavelength region. The band observed, in both the series, around 450 nm in UV
absorption spectra is due to the d-d transition of ®A14(S) — *T24(G) which indicates the
presence of an iron ion in trivalent state (Fe**) with distorted octahedral symmetry. The
inclusion of Fe;O3 has proved to be of great importance in tailoring the properties of

the glass systems to make them promising candidates for technological applications.

Chapter 6: It is noticed that the prepared glass samples exhibit good thermal stability
with the incorporation of MnO> content. Incorporation of MnO, content drastically
enhanced the glass stability in both LN-Mn and LNK-Mn glass systems. These glass
systems therefore are good host materials for optical fiber fabrication which yield a
crystal defect free fiber. It is observed that the partial incorporation of MnO> content
exhibits drastic redshift in the absorption edge of LN-Mn and LNK-Mn glass system
from 208 to 258 nm and 212 to 275 nm respectively. It was noticed that the prepared
glass samples exhibited superior mechanical strength with the incorporation of MnO-

content.
The following conclusions were drawn from the present work.

e The addition of third type alkali ion to the two alkali glass system has
considerably enhanced the MAE. The same is evidently observed in the
mechanical, thermal and structural properties studied for the system of glasses.

e The addition of 1 mol% of transition metal oxides to both LN and LNK glass
systems have considerable effect on the shift in absorption edge making them
suitable candidates for optical filters.

e Addition of Fe2O3 and MnO> is observed to decrease the optical band gap
energy of the synthesized glass systems making them more semiconducting.

e Addition of Fe.O3 and MnO- increases both thermal stability and mechanical

properties of the synthesized glass systems.
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7.2 SCOPE FOR FUTURE WORK

Designing glasses with unique functional properties is a topic of active research
in view of providing solution to long standing problems in modern glass science and
technology. Applications like photonics switching and information processing depend
critically on the development of improved glass materials. This can be achieved by
preparing glass materials with various dopants available such as rare earth ions,
transition metal ions, chalcogenides, halides etc., as glasses possess inimitable
capability to contain various dopants. Glasses are the best hosts for embedding active
elements for the development of special properties like colour, high nonlinear
susceptibility, emission of fluorescent light, etc. It is known that the chemical
composition of glassy materials controls most of the properties of them. Doping of
alkali ions into borate glass introduces interesting structural variations by creating BO3
and BOg structural units and forming Non Bridging Oxygens (NBOs). These structural
variations, pertaining to the mixed alkali effect (MAE), greatly controls the physical
parameters of borate glasses. MAE enables the researchers to produce glasses according
to industrial needs. In the present work, relatively less quantity of transition metal (less
than 1mol%) ions are added which can considerably modify the optical properties of
glasses with improved thermal and mechanical properties. These kind of glasses can be
used as optical filters and in electro optical devices etc.

In view of this, a detailed investigation of various TMO added borate glass
systems can be explored to study the structural, optical, thermal and mechanical
properties. This will be beneficial for the synthesis of new materials with better
properties for many technological applications. Further, investigations can be
performed on the properties of the combination of various transition metal oxide
nanoparticles and rare earth ions embedded glass matrix for laser and optical filter

applications.
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