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Crystallization of Lithium Disilicate Glass Using Variable Frequency
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Morsi Mohamed Mahmoud
ABSTRACT

The lithium disilicate (LS,) glass system provides the basis for a large number of
useful glass-ceramic products. Microwave processing of materials such as glass-ceramics
offers unique benefits over conventional processing techniques. Variable frequency
microwave (VFM) processing is an advanced processing technique developed to
overcome the hot spot and the arcing problems in microwave processing. In general, two
main questions are addressed in this dissertation:

1- How does microwave energy couple with a ceramic material to create heat? and,
2- Is there a “microwave effect” and if so what are the possible explanations for the
existence of that effect?

The results of the present study show that VFM processing was successfully used
to crystallize LS, glass at a frequency other than 2.45 GHz and without the aid of other
forms of energy (hybrid heating). Crystallization of LS, glass using VFM heating
occurred in a significantly shorter time and at a lower temperature as compared to
conventional heating.

Furthermore, the crystallization mechanism of LS, glass in VFM heating was not
exactly the same as in conventional heating. Although LS, crystal phase (Orthorhombic
Ccc2) was developed in the VFM crystallized samples as well as in the conventionally

crystallized samples as x-ray diffraction (XRD) confirmed, the structural units of SiO4



tetrahedra (Q species) in the VFM crystallized samples were slightly different than the
ones in conventionally crystallized samples as the Raman spectroscopy revealed.

Moreover, the observed reduction in the crystallization time and apparent
temperature in addition to the different crystallization mechanism observed in the VFM
process both provided experimental evidence to support the presence of the microwave
effect in the LS, crystallization process.

Also, the molecular orbital model was successfully used to predict the microwave
absorption in LS, glass and glass-ceramic. This model was consistent with experiments
and indicated that microwave-material interactions were highly dependent on the
structure of the material.

Finally, a correlation between the Fourier transform infrared reflectance
spectroscopy (FTIRRS) peak intensities and the volume fraction of crystals in partially

crystallized LS, glass samples was established.
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1. Introduction

1.1 Lithium disilicate glass and glass-ceramics

Glass-ceramics are polycrystalline materials formed by the controlled nucleation
and crystallization of special formulated glasses[1]. The amorphous glass article is first
formed and then thermally converted via heat treatment to a crystalline material, called a
“glass-ceramic.” These glass-ceramic materials go back to their discovery by S.D.
Stookey in the 1950s [2].

Because lithium disilicate (LS;) glass-ceramic was the first material that
Stookey(1959) developed[3], extensive fundamental studies have documented LS,
glass[4-13]. The structure of LS, glass and its corresponding crystal are well known and
have been studied for a number of years[14-16]. LS, glass supplies a good glass forming
system and crystallizes via homogenous nucleation. LS, glass-ceramic contains two solid
phases with the same chemical composition: the amorphous phase and the crystalline
phase.

The lithium disilicate crystal phase (Li;Si,Os) melts congruently at 1033°C and
has a stoichiometric composition as shown in Figure 1.1. The structure of orthorhombic
LS, crystals (as shown in Figure 1.2) involves corrugated sheets of (Si,Os)™ on the (010)
plane that gives excellent mechanical properties for the glass-ceramic material[17]. The
LS, glass system provides the basis for a large number of glass-ceramic products, such as
cookware, radomes, ceramic composites, stovetops, and dental crowns.

The crystallization kinetics of LS, glass system have been studied by different
techniques such as the microscopic method, the differential thermal analysis (DTA)

method, and modeling for many years[10, 18-25]. The nucleation and crystal growth rate
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curves are separate on the temperature axis, so the growth component of crystallization is
easily distinguished from the nucleation stage. The glass formation and crystallization
behavior in binary lithium silicate glasses have been studied in detail with special
emphasis on the stoichiometric composition Li0,-2Si0,[10, 11, 16, 19, 26-29].

It has been shown that lithium disilicate glass could be crystallized into glass-
ceramic by using 2.45 GHz (the most common used fixed frequency) microwave
energy[30, 31]. Although it was possible to crystallize LS, glass at 2.45 GHz, a hybrid
heating process was required. To date, the use of frequencies other than 2.45 GHz has not
been explored. Four major reasons to study the crystallization of LS, glass by variable
frequency microwave (VFM) processing are as follows:

e First, LS, glass system has been extensively studied and well-documented with
respect to conventional heating, so the comparison with microwave heating is valid.
Furthermore, it provides the basis for a large number of successful glass-ceramics
products, such as the new generation of dental crowns.

e Second, the crystal phase of LS, is compositionally identical to the parent glass, so
microwave interaction due to compositional variations can be eliminated as a variable in
this study.

e Third, the dielectric loss values for LS, glassy phase are higher than the
corresponding crystal phase, which means that the LS, glass could be heated directly
(without the aid of other energy forms) in a microwave field. When it is crystallized, LS,
will have almost no absorption (self-terminating process). Thus, microwave absorption
can be varied over a wide range by changing the crystallization percentage.

e Finally, LS; is an ideal system to study microwave-material interactions because it



provides a wide range of atomic and microstructural features without compositional
changes. This will allow the development of a better fundamental understanding of how

microwave energy interacts with materials.
1.2 Conventional heating versus microwave heating

Microwave heating is fundamentally different from conventional heating.
Conventional ovens heat only the materials surface through radiation and convection. In
this process, heat is conducted from the hot surface to the cool interior until a uniform
temperature is reached throughout. Thus, it takes time for the interior of the material to
become hot. Heat is conducted to the interior from the surface through phonon
conductivity while at elevated temperatures (>600°C) at this temperature the materials
emit high frequency electromagnetic radiation (photon conductivity). This overall
thermal conductivity is a combination of phonons and photons. To conventionally heat
materials, especially poor thermal conductors (most ceramics and glasses), slow heating
is recommended to ensure that extreme thermal gradients will not introduce a lot of
thermal stress that could cause these brittle materials to crack.

However, the same materials (most ceramics and glasses) can be heated much
more rapidly in a microwave oven, since the microwave energy heats the material
volumetrically rather than from the surface to the interior[32]. Temperature gradients still
exist within a microwave-heated body, but they are typically “inverted” (surface cooler
than interior) as in Figure 1.3. These gradients originate from surface heat lost through
convection and radiation. Microwave fields penetrate a significant distance (from several
microns to meters) into materials and can therefore be absorbed throughout[33, 34]. For

example, at 2.45 GHz, brass and graphite have microwave penetration depths of 2.6 and
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38 um, respectively, while cured epoxy and alumina (Al,O3) have penetration depths of
0.73 and 187 m, respectively[35].

The development of microwave technology goes back to World War II, when it
was discovered that microwave energy could dry ceramic materials[36]. However,
serious efforts to process ceramics with microwave energy were not reported in the
literature until the late 1960s and early 1970s[37]. In recent years, many researchers have
studied high-temperature processing of ceramics such as drying, sintering, joining, and
melting[38-52]. The primary motivation for their efforts was the unique benefits that
microwave heating might provide over conventional heating. These anticipated benefits
include more precise and controlled volumetric heating, faster ramp-up to temperature,
lower energy consumption, and enhanced quality and properties of the processed
materials.

In many cases, microwave processing can be more efficient than conventional
thermal processing because the microwave energy can be directly coupled with the
material at the molecular level. This coupling or interaction results in the conversion of
electromagnetic energy into heat within the material due to intermolecular friction. The
absorption of microwave energy within the material depends on the incident microwave
frequency, the distribution of the electric field within the material, and the dielectric
properties of the material [53].

Variable frequency microwave (VFM) processing provides a new process that has
been developed to reduce hot spots and arcing problems in fixed frequency microwaves
(FFM). These problems arise from the uneven distribution of the electric field in FFM

processing. VFM dramatically reduces production time and cost while offering the



potential to significantly improve product quality.

Variable frequency microwave heating is achieved by a method similar to that
used with a fixed frequency microwave heating source. However, a VFM source will
sweep through a range of radiation frequencies over set period of time. Moreover, the
name VFM is derived from the variation of a source frequency over time. There are four
controllable parameters that characterize VFM processing: central frequency, bandwidth,
sweep-rate, and forward power. Central frequency can be adjusted to increase the
coupling efficiency with the material being processed. The combination of bandwidth and
sweep rate around the selected central frequency provides the necessary distribution of
microwave energy to carry out uniform heating. The microwave forward power
determines the heating ramp rate and can be varied depending on the desired heating-
profile[54].

Microwave processing makes it possible to achieve relatively uniform heating in
both small and large shapes. Moreover, the thermal stresses accompanying the
conventional thermal processing appear to be of a lesser magnitude when the materials
are processed with microwave energy[36]. As it turns out, researchers working with
different processes and materials have observed evidence for unpredicted enhanced
kinetic rates, different reaction pathways, and/or different reaction products in microwave
processes when compared with conventional processing at the “same temperature.” This
phenomenon is referred to as a “microwave effect” and has been reported by numerous
researchers [23, 25, 26, 30-43]. Janney et al[55] reported a reduction in the activation
energy in the sintering process of alumina by microwave energy at 28 GHz. This

reduction is suggested to be a possible explanation for the occurrence of the microwave
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effect (Figure 1.4a)[55]. Figure 1.4b shows kinetic data for LS, glass by conventional and
microwave heating at 583°C[30]. From this Figure, it is apparent that microwave heating
of LS, glass is characterized by a higher crystal growth rate as compared to conventional
heating.

Some controversy exists regarding the interpretation of the experimental results
(microwave effect) because of the difficulties associated with temperature
measurements[35, 56, 57]. Temperature measurement in a microwave environment is a
nontrivial task. In a microwave field, thermocouples must be dielectrically shielded,
thereby decreasing their thermal sensitivity. Inverted thermal gradients may exist in the
material being microwave heated, so a thermocouple contacting the surface may not
accurately measure bulk temperature. Because diffusion is usually thought of as a
thermally activated process, accurate diffusion characterization requires accurate
temperature measurement, as seen in Equation 1.1,

D=Do exp (-Q/ (kT)) (1.1)
where Q is the activation energy for diffusion, Do is the diffusion coefficient and kT is
the thermal energy. On the other hand, the diffusion process was shown to be greatly
affected under the influence of an applied electric field, as will be discussed later (Section
5.11) where, it is proposed to add another term in Equation 1.1 that represents the electric

field effect on the diffusion process (Equation 5.2.)
1.3 Statement of the work

In the following section a summary about the motivation, goals, experimental
work and the results of the present study will be given. Technological progress is difficult

to achieve without new processing techniques for materials, such as microwave



processing. VFM processing permits more uniform heating and precise control of
microwave energy over the fixed frequency microwave (FFM) technique.

Microwave processing of materials, such as glass-ceramics, has a significant
technological importance. Glass-ceramics have a better and unique combination of
properties over glasses and traditional ceramics[2]. Glass-ceramics have an extremely
favourable combination of mechanical, thermal, chemical, electrical, and physical
properties due to their uniform, fine-grain randomly oriented polycrystalline
microstructures. LS, glass was selected in the present study so that microwave-materials
interactions and the microwave effect could be further studied.

The goals of this study were as follows:

e To determine under what conditions, other than 2.45 GHz, VFM processing could
crystallize LS, glass.

e To provide clear experimental evidence of the non-thermal effects of microwave
processing (“microwave effect”’) on the crystallization process of LS, glass.

e To compare the crystallization mechanism and the microstructural features of the
VFM crystallized samples and the conventionally crystallized samples.

e To provide a better fundamental understanding of how microwave energy interacts
with materials (microwave-material interactions) in general and particularly with LS,
glass and glass-ceramic by using the molecular orbital model for microwave absorption
of materials.

e To establish a correlation between the volume fraction of crystals in LS, glass-
ceramic samples and their peak intensities obtained by Fourier transform infrared

reflectance spectroscopy (FTIRRS).
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Most ceramic materials have low dielectric loss and hence do not heat easily at
room temperature by FFM at 2.45 GHz. Hybrid heating was developed to process those
types of materials. In hybrid heating, the material is heated first by any form of energy
other than microwave, such as infrared radiation, until the material reaches its critical
temperature (T). The critical temperature is defined as the temperature at which the
material can be heated by microwave energy alone. In this study, the LS, glassy phase
had a much higher dielectric loss than the corresponding crystalline phase; thus, VFM
was used to crystallize LS, glass without the aid of any hybrid heating at a central
frequency of 6.425 GHz with a band width of 1.15 GHz and a sweep time of 0.1
second[58, 59]. This goal of crystallizing LS, glass by VFM was designed and achieved
based on the dielectric properties and the microwave cavity characterization (microwave
reflected power) of the LS, glass.

In the VFM crystallization process, a unique LS, casket was successfully
developed to overcome sample cracking due to the thermal shock of the LS, glass
samples. In this casket, LS, glass frit was used as an insulating refractory media around
the bulk LS, glass sample. The frit was also used to prevent contamination, to minimize
the number of variables (same chemical composition) and to simplify the process for
studying microwave-materials interactions.

LS, glass was fully crystallized by VFM processing in a significantly shorter time
and lower temperature (~600°C for 2 minutes) as compared to conventional heating
(595°C for 60 minutes). The reported reduction in time and temperature of the process in
this study was also reported by many workers for other materials[32, 59-68]. These

reductions are thought to be due, at least in part, to enhanced diffusion and kinetics in the
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presence of microwave energy (the so called “microwave effect”). However,
experimental evidence to date has not provided the clear data necessary to substantiate
this claim. Because temperature measurement in a microwave field is not an easy task,
some researchers argue that the observed differences are not due to the microwave effect
but rather are purely thermal and misreported[35]. In the present work, crystallization of
LS, glass was selected especially to study the legitimacy of the microwave effect.
Because the crystal growth rate of any glass crystallization process reaches a maximum at
T. (the maximum crystal growth temperature), the crystal growth rate is always lower
than the one at T, , regardless whether the given temperature is higher or lower than T..
Experimental evidence of the microwave effect on the crystallization process of LS, glass
was established by characterizing the VFM crystallized samples using x-ray diffraction
(XRD), optical microscopy, scanning electron microscopy (SEM), Fourier transform
infrared reflectance spectroscopy (FTIRRS) and Raman spectroscopy.

This study compared the crystallization mechanism and the microstructural
uniformity of LS, glass-ceramic samples crystallized by the VFM process and
conventional heating. The well known polymorphic crystallization of LS, glass (i.e. the
glassy phase and the crystalline phase have the same chemical composition) was
observed in samples crystallized either by conventional or VFM heating. Both samples
developed the same LS; crystalline phase (Orthorhombic Ccc2) as confirmed using XRD.
On the other hand, the structural environment around the SiO4 tetrahedra (Q species) of
the LS, crystalline phase developed in the VFM crystallized sample were slightly
different than the ones observed in the conventionally crystallized sample as the Raman

spectroscopy revealed. The amount of Q* species (degree of polymerization) in the VFM
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crystallized samples was slightly higher than those observed in the conventionally
crystallized sample. So the crystallization mechanism(s) in both samples crystallized
either by conventional or VFM heating was not exactly the same. This different
crystallization mechanism observed in the VFM crystallized samples is believed to be
due to the microwave effect.

Moreover, the aspect ratio of LS, crystals and the microstructural features in both
samples crystallized either by conventional or VFM heating were studied using optical
microscopy and SEM. The typical LS, ellipsoidal crystal shape was observed in both
samples with a maximum aspect ratio of 1.6. The microstructural uniformity in both
types of samples looked the same with a larger crystal size and population in the center of
the samples rather than the edges. It is believed that the nucleation procedure applied in
this study promotes more nuclei in the sample center than the edges.

Understanding microwave-material interactions is a very important goal in this
study especially the physical mechanism by which microwave energy heats materials has
not been well-established. It is believed that the interactions between microwaves and
materials are controlled by polarization mechanisms (electronic polarization, atomic
polarization, ionic polarization, interfacial polarization and finally dipole polarization and
rotation) and conduction mechanisms (electronic or ionic conduction as well as space
charge due to that conduction)[32, 69]. Dipole polarization and rotation is a very
important and effective mechanism in dielectric materials, as these dipoles are believed to
couple well with the microwave energy. However, most of the molecular vibrations and
rotation frequencies in the infrared range are orders of magnitude higher than the

microwave frequency, so how microwaves interact and heat materials is still a matter of
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investigation. A molecular orbital model for absorption of microwave energy by
materials developed by West and Clark[70, 71] has been used to predict the microwave
absorption of LS, glass and glass-ceramics. This model combines the quantum molecular
orbital theory with the theory of coupled oscillators to predict the microwave absorption
mechanism based on degenerate states in the infrared spectra of the material. MOPAC
(Molecular Orbital PACkage) that provides an interface to semi-empirical quantum
molecular orbital model (PM3) has been used to calculate the microwave absorption
spectra of LS, glass and glass-ceramics via CAChe Worksystem (Computer Aided
Chemistry) software. This goal of predicting the microwave absorption in LS, glass and
glass-ceramics will provide a fundamental understanding of how microwave energy
interacts with LS, glass, glass-ceramics, and materials (in general), so the microwave
processing technology can be better understood.

Finally, as a minor objective, a novel approach to estimate the volume fraction of
crystals in the partially crystallized LS, glass samples by FTIRRS has been established in
the present work. A correlation between the crystallization volume fraction of partially
crystallized LS, glass and the peak intensities of the FTIRRS of same materials has been
established. These samples were partially crystallized conventionally at two different
crystallization temperatures (583°C and 595°C) at different times. These two
temperatures were selected as they are just below the onset of the crystal growth process
(600°C) which is determined by the thermal analysis of LS, glass. This allowed for a
careful and slow monitoring of the crystallization process. The crystallization volume
fraction of the partially crystallized LS, glass was measured via stereology techniques

using the point count method.
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A summary of the experimental work is as follows:

Sixty rods of LS, glass samples were prepared from commercial glass frit to
ensure better batch homogeneity. The glass frit was obtained from Specialty Glass Inc.,
Florida. The frit was melted in a covered Pt crucible at 1400°C for 4 hours in an electric
furnace and then quenched at room temperature in a cylindrical graphite mold. The
quenched glass samples were annealed at 400°C for 24 hours and then furnace-cooled to
room temperature. Differential scanning calorimetry (DSC) measurements were then
performed on the glass samples to determine the maximum nucleation (T,) and
crystallization temperatures (T.). All the glass samples were nucleated homogenously in
air by conventional heating in an electric box furnace for 2 hours to ensure a sufficient
number of nucleation sites. Consequently, variable frequency microwave processing was
used in that study to crystallize the nucleated glass by microwave energy while an electric
furnace was used to crystallize the nucleated glass conventionally. Also, characterization
of the prepared glass-ceramic samples was conducted by using XRD, optical microscopy,
SEM, FTIRRS and Raman spectroscopy, and finally by density measurement.
Measurements of the complex dielectric constant of LS, glass, nucleated glass and glass-
ceramic samples between room temperature and 600°C at 2.46 GHz in air were
performed using the cavity perturbation technique. Finally, the molecular orbital model
for microwave absorption by materials was used to predict the microwave absorption of

LS, glass and glass-ceramic materials by using CAChe software.
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2. Glass-ceramics science

2.1 General

Glass-ceramics are an important class of materials that have been commercially
quite successful[72]and have an immense technological significance. This technological
significance can be summarized as follows[2]:

e A uniform chemical composition of glass-ceramics can easily be achieved since the
parent glass can be obtained in a homogeneous state. This process lends a very fine-grain
microstructure with almost no porosity, so most glass-ceramics have high mechanical
strength and good electrical insulation.

e A wide practical application of glass-ceramics can be obtained by the variation of the
chemical composition of the parent glass and the heat-treatment. Thus, the physical
properties of glass-ceramics can be varied.

e Easier, faster and wide techniques used for shaping glass parent such as pressing,
blowing or drawing techniques offers certain advantages over the techniques available for
shaping conventional ceramics.

e The control of the shape and dimensions of the glass-ceramics products can be
achieved without too much difficulty. While in conventional ceramic materials, a
relatively large shrinkage (by volume) occur during drying and firing processes and so
this change in dimensions may be accompanied by distortion.

e The glass-ceramics process has allowed new processes to be applied. The glass-
ceramic-to-metal seal process has many advantages over the process available for
conventional ceramics which will be very complicated. The parent glass can be easily

bonded to metals in its molten state (molten glass wet other materials).

16



As early as the eighteenth century, the idea of fabricating polycrystalline materials
by first forming glass and then nucleating and crystallizing it to form a highly crystalline
material was proposed by Reaumur, a French chemist. He was unable to achieve control
of the crystallization process that is necessary for the production of true glass-ceramics.
However, a breakthrough was made in the 1950's by S.D. Stookey when the theory of
glass phase separation was advanced[2]. Since the introduction of pyroceram (Trade
name of glass-ceramics in U.S.A) in 1961 by the Corning Glass Works, the concept has
been extended to dozens of compositions and applications.

As the name implies, glass-ceramics combine the nature of crystalline traditional
ceramics with glass. The result is a product with especially attractive properties[73].
Glass-ceramics are prepared by crystallization of special glasses or melts of various
compositions throughout the bulk of the pre-shaped glass article. This is accomplished by
initially forming a glass then heat-treating it at a certain temperature to encourage the
nucleation of exceptionally small and numerous crystals. These crystals are then allowed
to grow at high temperature until as much as 90% of the article has crystallized[74]. In
many cases, special nucleating agents are introduced into the glass to enhance the
nucleation process.

Over the last few decades, glass-ceramics have gradually become established in a
wide variety of technical and domestic applications. The interest in these materials is
unusually great. This can be explained by the fact that glass-ceramics possess an
extremely favorable combination of mechanical, thermal, chemical, electrical, and
physical properties. The properties of these materials are superior to those of the majority

of conventional glass or traditional ceramics materials[1].
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The glass-ceramic manufacturing process has distinct advantages over other
methods of making ceramics. The first stage in the glass-ceramic process is to produce a
glass; subsequently, the glass is converted into a fine-grained ceramic by a controlled
crystallization heat treatment. Thus, in the first stage, the well-established glass
technology can be used to manufacture articles by a variety of forming techniques
including blowing, casting, pressing and rolling. This provides a low-cost, high volume,
rapid, and continuous manufacturing route to complex geometries that are often
expensive to achieve by conventional ceramic processes such as powder pressing and
sintering.

Glass-ceramics have many other advantages. Their uniform, fine-grain randomly
oriented polycrystalline microstructures allow high reproducibility of properties. Usually
the conversion of glass into a glass-ceramic involves only minor overall changes in
volume with low or zero porosity, which is important for high strength and good
electrical properties. The small dimensional changes during the manufacturing process
are also valuable for many applications. The constituents of most glass-ceramics are,
generally, inexpensive, being derived from relatively low-cost batch materials.
Processing temperatures (300-1000°C) are usually lower than those needed to process
engineering ceramics such as alumina or silicon carbide. Because a wide range of
formulations can be used, physical properties can often be tailored to suit particular
applications[75].

The properties of glass-ceramics mainly depend upon their bulk chemical
composition, phase assemblage, and microstructure. The bulk chemical composition

controls glass formation and workability as well as the tendency toward internal
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nucleation and crystallization in general. The phase assemblage, i.e., the type and
proportion of crystalline and residual amorphous phases, generally controls the physical
and mechanical properties like density and coefficient of thermal expansion, as well as
chemical durability[76]. The phase assemblage, of course, is controlled largely by the
bulk composition, but it is also a function of thermal history, i.e., the specific heat-
treatment to which the glass has been subjected during crystallization. The microstructure
of the resultant glass-ceramic is mainly regulated by the type and amount of the
nucleation catalyst (if used) and by the crystallization parameters. It mainly affects the
chemical, mechanical and thermal properties of the glass-ceramics. A typical temperature

versus time cycle for producing a glass-ceramic is shown in Figure 2.1.
2.2. Fundamentals of glass-ceramic materials

2.2.1 The nature of glass

Certain liquids have the ability to slowly adjust their structure upon cooling and to
continually stiffen to the solid state without crystallizing. These frozen liquids are called
“glasses”. Upon reheating, they slowly and continuously decrease in viscosity and revert
to their former mobile state without any defined melting point. Thus they can be shaped
in the plastic state by high-speed manufacturing techniques such as pressing, rolling,
centrifugal spinning, blowing and drawing, and can be reworked by traditional flame
sagging and fire-polishing techniques.

Inorganic glasses can be made from many compositions in the broad areas of
silicates, phosphates, aluminates, borates, halides and chalcogenides. Silicate glasses are
by far the most commercially important because they have excellent transparency and

good chemical durability, and they can be made from inexpensive natural ingredients.
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Figure 2.1: Typical thermal history for producing a glass-ceramic by controlled
nucleation and growth of crystalline grains.
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However, the disadvantage of glass as a versatile ceramic material is its brittleness, which
makes it susceptible to mechanical failure[77].

The properties of glass, including devitrification, are mainly dependent on its
structure. Thus, it is useful to consider briefly the glass structure. As in crystalline
silicate, the SiO, tetrahedron is the basic unit in silicate glasses. According to
Zachariasen[78], the SiO4 tetrahedra are irregularly linked together in a three dimensional
network. Figure 2.2a represents a random three-dimensional silica glass network, and
Figure 2.2b shows the same composition after crystallization to the quartz structure[79].
The large increase in the viscosity of glass forming melts on cooling can be attributed to
the formation of such irregular infinite three-dimensional network.

According to their role in the glass structure, cations can be classified into three
groups:

1- Network formers, such as Si, B, P, Ge, and As, having oxygen coordination
numbers of 3 or 4 and tend to produce the basic cross-linked polymeric glass structure.

2- Network modifiers, such as Na, K, Ca, and Ba, having coordination number of
6 or more and generally tend to reduce the degree of polymerization and viscosity.

3- Intermediate oxides with cations, such as Al, Zn, Mg, Pb, and Be having
intermediate coordination of 4 to 6 and act either as network formers or modifiers,
depending upon the glass composition.

2.2.2 Crystallization of glass

Crystallization is the process by which the well ordered or regular periodic

crystalline structure is generated from the poorly ordered or random liquid structure of

glass. It is generally considered as consisting of two independent processes[80]. These
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Figure 2.2: Schematic representation of

a. The irregular network structure of SiO; glass before being crystallized.

b. The regular periodic crystalline structure of quartz[17]. Reprinted with the
permission of The American Ceramic Society, www.ceramics.org, [copyright 2002].
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are the nucleation, formation of crystallization centers, and the growth of crystals on
these formed centers.
a. Nucleation

For crystallization to begin, crystal nuclei must be present. Nucleation involves
the initiation of regions of longer-range atomic order, known as embryos. They are
normally present in molten materials or in the super-cooled liquid[2]. When these
embryos attain a critical minimum size capable of developing spontaneously into gross
particles of the stable phase, they are known as nuclei. On heating a glass article, the
main bulk of the material would crystallize internally and uniformly upon these tiny
nuclei instead of crystallization from the surface of the article (Figure 2.3). Starting from
these nuclei, the main crystalline phase would grow until it impinges on neighboring
silicate crystals, creating a crystalline material with small amounts of residual glass.

Without the internal nucleation process, as a precursor to crystallization,
devitrification is initiated at lower energy surface sites. The result is a popsicle-like
structure (Figure 2.3a), where the surface oriented crystals meet in a plane of weakness.
Flow of the un-crystallized core glass in response to change in bulk density during
crystallization commonly forces the original shape to undergo certain distortions. On the
other hand, because of efficient internal nucleation and growth in a viscous glassy
medium, an exceptionally uniform and fine-grained microstructure that simply can not be
found in conventional ceramics or natural rocks can be produced. Very fine, randomly
oriented crystals characterize the microstructures of these super-reliable glass-ceramics
(Figure 2.3b) with some residual glass matrix (up to 5%). Nucleation may take place

either homogeneously, i.e., freely in the volume of the original glass phase, or

23



Figure 2.3: Schematic representation showing:
a. Crystallization of glass, without internal nucleation, from the surface.

b. Internal crystallization of glass showing a glass-ceramic microstructure[81].
Reprinted with permission of John Wiley & Sons, Inc. [copyright 1976]
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heterogeneously on surfaces of the container, foreign particles or on the structural
imperfection[82]. In homogeneous nucleation, the composition of the primary nuclei does
not differ from that of the main crystalline phase, whereas, in heterogeneous nucleation
the crystallization of the glass is induced by introducing foreign nuclei. The nucleating
agent, which is generally a metal, oxide or fluoride, is incorporated in the batch and
becomes an integral part of the glass during melting.

A generalized mechanism by which nucleating agents induce crystallization can
not be developed, since the role of the nucleating agents in catalyzing the formation of
nuclei and the major crystalline phases undoubtedly differs from one nucleating agent to
another. However, it is safe to say that the nucleating agent introduces sites of lower
thermodynamic stability in the glass[83].

Figure 2.4 illustrates some of the paths traversed on going from the homogeneous
glass, through heat-treatment, to crystallization of the major phase(s)[84]. The direct
transformation of homogeneous glass into the major crystalline phases (path 1) with the
appearance of intermediate metastable phase was reported in LS, glass[85]. Other
researchers reported the absence of this metastable phase[15, 16, 19, 27, 28, 86]. The
polymorphic crystallization of LS, glass (the glassy and the crystalline phases have the
same chemical composition) was well known for a number of years.

Path 6-5 (Figure 2.4) probably represents the best-understood sequence for the
case in which the colloidal metallic crystals are added[3]. Small amounts of metals such
as Ag, Au, Pt or Cu, are at first incorporated in the glass. By exposure to certain radiation
followed by heat-treatment, colloidal particles of the metal form by a diffusion controlled

mechanism, and act as nuclei for the epitaxial growths of the major phase.
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Figure 2.4: Reaction paths between the initial glass and the final glass-ceramics.
Path 1 is the accepted one for LS; glass transformation into LS, glass-ceramics.
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Fluorides may belong to this path[87]. Fluoride ions can be accommodated in the glass
thus producing fine crystalline precipitates that can serve as nuclei.

It was shown by many authors[88-95] that for TiO,, nucleated systems glass-in-
glass phase separation (path 2-3) is at least a common event in the nucleation sequence
and that one of the important functions of nucleating agents is to promote such glass-in-
glass phase separation.

Structurally, glass-in-glass phase separation can take place when incompatible
tetrahedral of triangular groups are introduced in the tetrahedral silicate network[96-98].
For example, a network-forming ion which forms tetrahedral or triangular groups,
different in size from the silicate tetrahedra, can cause considerable distortion of the =Si-
O-Si= bonds and ultimately leads to phase separation. Distortion may also occur through
the effect of ions with different charges in the silicate network or from ions which change
their coordination number with temperature.

Oxides commonly used to promote phase separation in glass systems are those of
metals, with a strong metal oxygen bond such a TiO,, ZrO;, V,0s, Cr,03, P,Os[2, 99].
Because of their oxygen coordination requirements, each of these oxides will compete
with silica for oxygen coordination in the glass melt. Octahedral coordination of oxygen
around these metal cations will be incompatible with the tetrahedra coordination
requirements of silica. Consequently, there is repulsion between the two oxide groups in
the glass and liquid-liquid immiscibility results.

Several explanations were given for the mechanism of nucleation through glass-
in-glass separation. It has been suggested that the interfacial energy between two glassy

phases is less than that between a glass and a crystalline phase, thereby reducing the
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barrier to nucleation[3, 100]. It has been also pointed out that the composition of one of
the amorphous phases may be more closely similar to that of the crystalline phase than
the original monolithic homogeneous glass. This could lead to easier nucleation by
reducing the activation energy[88, 89].

Path 2-4-5, (Fig.2.4) is also a very common nucleation sequence observed by
many workers[101-108]. In this case, the amorphous phase separation is followed by the
precipitation of small particles of a metastable crystalline phase which, in turn, is
followed by crystallization of the major phase(s).

a.l. The nucleation rate

Nucleation happens because the atoms are constantly vibrating and moving
around as a result of the thermal energy. If every atomic vibration allowed the atom to
join to a nucleus, the nucleation rate (I) per unit volume per second would simply be
represented by Equation 2.1[2]

I=nv 2.1
where n is the number of atoms (per unit volume) and v is the atomic vibration frequency
(per second).There are two barriers for nucleation process to occur: a kinetic barrier and a
thermodynamic barrier. The kinetic barrier, AE” is the activation energy required for an
atom to cross the liquid-nucleus interface. This involves the breaking of bonds with its
nearest neighbors and perhaps some reorientation into the more ordered structure within
the surface of the nucleus (barrier to diffusive motion over small distances including
reorientation). The thermodynamic barrier” W', is the net free energy change of the
system after a nucleus has formed. The nucleation rate could be expressed by [2]

I=nvexp (-NW*/RT).exp (-AE/RT) 2.2)
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where N is Avogadro’s number, R is the gas constant and T is the absolute temperature.
The net change in energy, W, is given by Equation 2.3[2]

W' =161 6’ /3(AG)* (2.3)
where o is the surface energy of the nucleus interface (per unit area) and AG is the
change in the free energy in transforming a unit volume of a liquid to a unit volume of a
crystal. From thermodynamics, AG can be expressed as in Equation 2.4 as follows[2]:

AG = AT AH;/Ty, 2.4
Where AHyis the heat of fusion, Ty, is the melting temperature and AT= (T - Ty). As a
result, the nucleation rate could be expressed by Equation 2.5 and with the curve shown
in Figure 2.5[2].

I=nv exp [(-N/RT) (16 I 6°/3 AH{) (Tw/ AT)?] exp (-AE/RT) (2.5)
When AT = zero, (i.e. T = Ty), the first term will be equal zero (thermodynamically
controlled). As T decreases, the term exp (-AE/RT) will approach zero (kinetically
controlled). In Figure 2.5, the nucleation rate reaches maximum somewhere below Ty,
while it will reach zero at both the high and the low temperature ends. Below Ty, the
metastable zone of undercooling, there are too few nuclei that can not be detected by any
measuring device[ 109].

b. Crystal growth

After nucleation, the nucleated glasses must be heated to higher temperatures for
crystal growth to proceed, in a reasonable time. This step also represents a complex
process for a number of reasons. First, a number of phases may crystallize
simultaneously. Commonly, the composition of the crystals differs from the composition

of the original glass. This means that the crystal-glass interface is continuously changing
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Figure 2.5: Variation of the nucleation rate, I, and the crystal growth rate, U, with
temperature, T.
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in composition. In addition, portions of the primary crystal phase may start
transformation by solid state reaction into a new structural type[84]. Some additives can
markedly promote crystallization rates in glass, while others may inhibit crystal growth.
This effect may be specific to particular crystal surfaces. For example, low concentrations
of various transition metal ions such as iron, zinc and vanadium in alkaline earth
aluminosilicate glasses, were found to increase the rate of crystal growth[110].
Chromium ions, on the other hand, were found to decrease the rate of crystal
growth[111].

From a practical standpoint, it is important that the rate of crystal growth be "just
right"[84]. If it is very slow, there is the danger of deformation of the sample under its
own weight before sufficient crystals form to retard flow. Conversely, if it is too fast, the
heat evolved during crystallization may not be dissipated to the surroundings fast enough
to avoid detrimental thermal gradients that may result in stresses sufficient to break the
sample.

b.1. The crystal growth rate

In general, the rate of advance of a solid-liquid interface (crystal growth) can be
described as a function of temperature by[112, 113]

U= (f D/a,) [1-exp (-AG/RT)] (2.6)
where U is the growth rate, f is a site factor (fraction of sites at the interface where atoms
can be preferentially added or removed), D is the diffusion coefficient for molecular
transport across a solid liquid interface, ao is a jump distance, and AG is the difference in
Gibbs free energy between the solid and liquid phase. The diffusion coefficient in

Equation 2.6 can be expressed as a function of viscosity, 1, using the Stokes-Einstein
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relation in Equation 2.7[112]:
D=KT/ (3a, ® n) 2.7
Where 7 is the viscosity and K is Boltzman constant.
Then Equation 2.6 can be expressed as
U= (f KT/ (3(a,) 27 1)) [1-exp (-AG/RT)] (2.8)

From Equation 2.8, it can be seen that the crystal growth rate (U) in any glass
system is controlled primarily by two factors. The first one is the thermodynamic factor
or barrier and is represented as [1- exp (-AG/RT)], and the second one is purely kinetic,
i.e., related to the motion or mobility of the ions or group of ions present in this glass, and
is represented as (f KT/ (3(a,)’m 1)). At temperatures higher than the melting point (T >
Twm), the change in the free energy (AG) is positive, hence the term [1- exp (-AG/RT)] will
be a negative number leading to a negative value of U. This is in agreement with the fact
that the crystals start to dissolve at temperatures higher than the melting point. While at
T=Tm, AG= 0, which will yield U= 0. This is essentially in agreement with the definition
of the melting point. As the temperature T is lowered below T, the thermodynamic
factor [1-exp (-AG/RT)] has a significant influence on crystal growth rate. At that region,
because the viscosity is low, the thermodynamic factor will mainly control the crystal
growth rate because of the higher driving force of AG is negative. When the system is at
a temperature far from equilibrium (T < Ty,), the term [1-exp (-AG/RT)] approaches unity
and the crystal growth rate is mostly governed by kinetic factors (viscosity and
diffusivity). The conflicting changes in the crystal growth rate are due to changes in the
thermodynamic and kinetic factors, resulting in a maximum in the temperature

dependence of the crystal growth rate. As a result, the crystal growth rate curve is a
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skewed bell-shaped, reaching a maximum at T, (somewhere below T,,) and reaching zero
at both the high and low temperature ends. In Figure 2.5, both I and U are plotted
together against temperature.

This Figure and the earlier discussions about nucleation and crystal growth
represent the kinetic theory of glass formation. The kinetic theory of glass formation
addresses the question: How fast must the material be cooled to avoid detectable
crystallization? This fundamental concept and especially the one related to the crystal
growth rate will be used in the present study to establish the existence of the microwave
effect in the crystallization process of LS, glass by VFM processing.

2.2.3 Crystallization parameters
a. Base glass composition

Numerous researchers showed that there are many thousands of chemical and
mineral compositions that could be formed into glasses and subsequently crystallized. In
spite of this proliferation of compositions, relatively few have appeared in marketable
products. However, the majority of glass-ceramics are alkali and/or alkaline earth
aluminosilicates[1, 2]. Lithium aluminosilicates [B-spodumene solid solution (LiO-
Al,03-(Si103)4.10] have low expansion coefficients and good chemical durability. Sodium
aluminosilicates or barium sodium aluminosilicates have high expansion and can be
strengthened by surface compression techniques such as the application of a low
expansion glass. Moreover, magnesium aluminosilicates (e.g. cordierite 2MgQO. 2Al,0s.
5Si0, and Mg stuffed B-quartz [MgO. Al,Os. (Si0,),.5] have low expansion and can have
very high strengths. Glass-ceramics based on the CaO-MgO-Al,03-Si0, system utilizing

natural rocks have also received much attention. The outstanding strength, excellent
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abrasion, and chemical resistance are the most valuable features of such pyroxenic (Ca,
Na) (Mg, Fe*" Fe’*, Al) (Si, Al),0¢ glass-ceramics[1, 114-120].
b. Nucleating agents

Nucleating agents (i.e. heterogeneous nucleation) are widely used in most of
glass-ceramic production processes. Their effect is so extensive that it could be safely
said that a large number of glass-ceramic products is produced with nucleating agents.
Changing the nucleating agents, its concentration and/or mixing it with another agent
greatly change the appearance, crystalline phases and crystal size in the resultant glass-
ceramics[2, 73, 107]. LS, glass was selected especially in the present study because it is
characterized by its homogenous nucleation and does not require any nucleating agents.
The homogenously nucleated LS, glass by conventional heating was proposed to be
crystallized by VFM processing in this study in order to minimize the number of factors
and to simplify the case when the effect of VFM on the crystallization process was
investigated. That will also help to understand and to study the microwave effect on LS,
glass as well as the microwave material interaction.
c. Heat-treatment

The nucleation and crystallization processes, which are necessary for the
transformation of glass into glass-ceramic, are brought about by heat-treatment. The rates
of nucleation and crystal growth can then be controlled during the heat treatment process.
The rate of maximum nucleation is often important in the heat treatment process[80].

The nucleation and growth rate curves are not always completely separated, and
the amount of overlap will depend upon the particular system concerned. If the curves are

significantly overlapped, e.g. Fig. 2.6a, only partial control is possible. In this case, as
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soon as nuclei form between T, and T3 comparatively few crystals can grow with a wide
range of crystal size. On the other hand, when the overlap of the two curves is minimum,
e.g. Fig. 2.6b, complete control is possible. Therefore, by holding the glass at a
temperature between T, and Ty, it is possible to control the number of nuclei. After the
required numbers of nuclei are formed, the glass is heated in the range T3 to T4 where
crystal growth takes place.

In well controlled (good) glass-ceramic systems, there is generally considerable
separation between the two curves, and it is obvious that the exact temperatures chosen
for preparation will depend upon these requirements. For example, if a large crystal size
is required, a moderate rate of nucleation combined with a high crystallization rate is
necessary, while for small crystal sizes the maximum nucleation rate combined with a
moderate crystal growth rate should be chosen. If the shortest possible heat-treatment
time is desired and no other conditions required, then maximum rates in both steps are
suitable. Generally, a lower temperature holding stage is necessary in the heat-treatment
cycle to serve to "nucleate" the glass after which crystals can grow during a subsequent
higher temperature stage on the formed nuclei.

Lithium disilicate glass is considered a good glass-ceramic system. The difference
between the maximum nucleation temperature and the maximum crystallization
temperature in LS; is around 200°C based on the thermal analysis done in this study. That

difference will allow us to control the heart treatment process as in Fig. 2.6b.

36



3. Microwave Processing of Materials

3.1 History of microwave processing

During World War II, microwaves were first used in radar applications. In 1946,
an engineer named Dr. Percy LeBaron Spencer discovered the potential of using
microwaves for heating with the use of a vacuum tube known as the magnetron.
Raytheon introduced the first microwave oven to the marketplace in 1952[35].
Nowadays, the home model microwave oven (2.45 GHz) has become a very common
household appliance. Meanwhile, there are many applications for microwave energy to
be discovered in other areas. Although microwave processing has been established in a
considerable number of applications, it has not yet been established in most materials
manufacturing processes as a serious alternative to conventional processing. In many
cases, microwave material-processing technology has numerous advantages as compared
to traditional materials processing techniques[121-124]. While microwave processing of
materials is a relatively new technology, it provides a powerful and significantly different
tool to process materials. Microwave processing can also improve the performance of
existing materials and is an attractive alternative to conventional heating methods. It
provides benefits that are not easily obtainable by other available techniques.
Furthermore, microwave processing can lead to improved quality and product properties,
reduced processing time, energy consumption and labor savings. It offers a number of
advantages such as rapid heating, selective heating, and self-limiting reactions.

Microwaves are defined as electromagnetic waves in the frequency band from
300 MHz to 300 GHz[125]. It has been used in the processing of rubber, polymers,

ceramics, composites, minerals, soils, wastes, chemicals, and powders[35]. Nowadays,
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the use of microwave processing is quite extended in some industrial and medical sectors.
Industrial microwave processing is usually accomplished at the frequencies set aside for
industrial use—915 MHz, 2.45 GHz, 5.8 GHz and 24.124 GHz[125]. However, placing a
sample in a microwave oven and expecting it to heat efficiently will seldom lead to a
significant success. This is due to the complexity of microwave interactions with
materials.

In microwave processing, energy is supplied by the electromagnetic field to the
sample bulk. Therefore, the electric field generated within the volume of the material
might induce ionic motion or molecular dipoles. The resistance of these induced motions
causes losses which will cause attenuation in the electric field and volumetric heating of

the material[36].
3.2 Variable frequency microwave processing

Although direct heating by microwaves can offer advantages over conventional
heating, the mechanism of energy transfer in microwave heating has also resulted in
several processing challenges. Fixed frequency microwave (FFM) processing was the
first type of microwave processing used by researchers after Dr. LeBaron’s
discovery[35]. FFM allows for quicker heating than that offered by conventional
processing due to its penetrating radiation into the sample. However, it has many
limitations due to its static heating properties. FFM heating often results in localized
heating because of the local spatial fluctuations in the electromagnetic field. This causes
non-uniform power distribution within microwave cavities that will lead to uneven
heating and potentially poor product quality[126]. FFM processing technology suffers

from hot spots problems that could yield variable product quality. A major problem with
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FFM is arcing, which occurs when a metallic material is placed inside one of these
systems. It has been found that bulk materials with metallic properties cannot be
adequately penetrated at normal microwave processing condition (reflectors). It has been
noted that insulators with low dielectric loss factors are difficult to heat due to minimal
absorption. In addition, there is a power threshold where benefits of FFM heating no
longer exist. With these limitations, researchers have searched for another alternative that
utilized the microwave processing capabilities[127-129].

Reduction in the effects of hot spots and improvement in the field uniformity in
microwave cavities were developed by several techniques. Some techniques depend on
the modification of the electric field in the cavity. Most domestic microwave ovens are
equipped with turntables that rotate during operation. The purpose of this turntable is to
reduce the effect of multiple hot spots. This is accomplished by exposing the material
through areas of high and low power. Thus, uniformity of heating can be achieved.
Another technique used was mode stirrers. These are fans that rotate within the cavity to
distribute continuously the electromagnetic field.

Recently, a new process called the variable frequency microwave (VFM)
technique for material processing has been developed to eliminate the inherent problem
in FFM processing, namely arcing and hot spots. Variable frequency microwave (VFM)
technique is an emerging technology that overcomes the inherent difficulties of hot spots
and arcing experienced in fixed frequency microwave (FFM) technique. VFM was
developed for the purpose of processing many of today's advanced materials including
polymers, composites and fiber-reinforced materials. It is a rapid and controlled approach

to more uniform heating[130]. By sweeping through a bandwidth of frequencies, the
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VFM method creates multiple hot spots within the processing cavity that lead to time-
averaged uniform heating[131]. The technique works by sweeping through a bandwidth
of frequencies that are cycled through consecutively and then are launched into a cavity,
resulting in different standing waves with many resonant modes. Figure 3.1 gives the
electric field distribution in FFM and VFM as well as the advantages of VFM over FFM.
By sweeping through thousands of frequencies, thousands of possible cavity modes are
excited. This will lead to different distributions of hotspots within the cavity. In
succession, the heating patterns associated with the different resonance modes begin to
overlap resulting in a time-averaged uniformity[127, 131-140].

The name VFM is derived from the variation of the source frequency over
time[130]. There are four controllable parameters that characterize VFM processing:
central frequency, bandwidth, sweep-rate and forward power[132]. The central frequency
can be adjusted to increase the coupling efficiency with the material being processed. The
combination of bandwidth and sweep rate around the selected central frequency provides
the necessary distribution of microwave energy to carry out uniform heating. Finally, the
microwave forward power determines the heating ramp rate and can be varied depending
on the heating profile[54]. The absorption of the microwave energy within the material
depends on the incident microwave frequency, the dielectric constant of the material,
dielectric loss of the material and the distribution of the electric field within the
material[53, 57, 70, 125].

Variable frequency microwave processing provides a new process that can
significantly reduce production time and cost while offering the potential to improve

product quality as well. Variable frequency microwave heating is achieved by a method
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similar to that used with a fixed frequency microwave heating source. However, a VFM

source will sweep through a range of radiation frequencies over a set period of time[130].
3.3 Basics of microwave processing science

A basic understanding of microwaves and their interaction with materials is
required to gain the advantages and to know the limitations of microwave processing.
Although there is a wide range of materials that can be processed using microwaves,
there are fundamental characteristics and properties that make some materials particularly
conducive to microwave processing and others not. The fundamental understanding of
microwave processing is very important in order to develop a given process into
production. Also, the fundamental approach is required for the development of process
cycles, equipment, and controls. For example, repeatability of a measurement is
challenging in microwave processing since the results can be affected by many factors,
such as moisture content, changes in dielectric properties during processing,
electromagnetic interference with temperature measurements devices, sample size and
geometry, and finally the position of the sample in the cavity.

Microwave energy is located between radio wave frequencies (RF) and infrared
(IR) frequencies in the electromagnetic (EM) spectrum (Figure 3.2). Microwave energy
can be reflected, transmitted and/or absorbed, depending on the type of the material.
When microwave energy is absorbed by materials (absorber), it is converted into heat
within the material with an increase in the material temperature. Many types of materials,
such as gases, liquids, and solids, can interact with microwaves and heated. Gases can be
excited by microwaves to form plasmas, under certain conditions, that can be used in

material processing[142]. Most liquids can heat easily by microwaves, hence microwaves

42



2 ° ~=———— Microwave ————=|
3 3
- e s
[ hel -
E g o o o F
] 2 g §-§ 0.915 [2.45] 28 53 60 84 100 - GHz 25
& : e Sep| tz1o7s7suas 3.0 - mm & o
= & 3yIE: 2
< ®» =SF=% s
| 11 lllll#l \ | PN | T
1 10 1oo 100 o 1010 10"
(f) = MHz MHz MHz GHZ GHz GHz
MF HF I VHF UHF SHF EHF
\) =
1000 m 100 m 10m 1m 10 em tcm 1 mm Tum

The Electromagnetic Spectrum

( Radio ) [Mi-cmmve] ( Infrared ) [ Visible ] (Ultraviolet | [ X-ray | (Gamma Ray)
P =107 0710 sxtoTaxie” 3w0li0? 1010’2 101

About the size ni' Wavelength in melers

Lii% & % & @ o

Buildings Graing of Sugar Piolaoans Bacteria Aloms Atomic Muclei

Figure 3.2: The electromagnetic (EM) spectrum and the microwave range[32].
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have been used extensively in chemical synthesis[143].

Because water is a good absorber at 2.45 GHz, microwave ovens were designed
primarily to process foods at this frequency. On the other hand, most of ceramics
materials do not absorb 2.45 GHz microwave energy at room temperature[32]. As a
result, a hybrid heating method was developed to overcome that problem in ceramics. In
the hybrid heating process, another material, which is a good microwave absorber, is
introduced into the system to first heat and couple with the microwave energy. The
ceramic material is heated to its critical temperature (T.i) by the conventional heating
resulting from that other material. After that, the microwave absorption becomes
sufficient to cause self-heating. In general, microwave absorption in ceramics may be
increased by several techniques. The addition of another absorbing material (silicon
carbide (SiC), carbon(C), or organic binders), altering the ceramics microstructures and
defect structures, changing their form (bulk vs. powder), or changing the frequency of the
incident radiation are useful techniques that successfully increase microwave absorption.
VEM processing has a unique advantage over FFM by which ceramics can be heated by
microwave at room temperature by using the suitable frequency range in which that
material will absorb microwave without the aid of any sort of hybrid heating.

While microwave processing of ceramic materials was first recognized in the
1950s, it had been investigated by few researchers on a limited basis by the 1960s[46,
144]. In 1975, Sutton observed that microwaves can heat high alumina materials and not
only removing water[145]. In this process, a temperature around 1400°C was achieved.
At 2.45GHz, the high alumina ceramic material was a good microwave absorber.

Meanwhile, many ceramic materials are transparent to microwave energy at this
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frequency. Unfortunately, the low cost of fossil fuels limited the implementation of
microwave energy for industrial applications at that time[32]. Nowadays, microwave
energy has been used for processing full-scale ceramic products. Microwave processing
is faster and more cost effective. It is also capable of producing products with equal or
better performance when compared with products resulting from conventional heating.

Microwave energy can be absorbed in ceramics either by polarization or
conduction losses. Polarization involves short-range displacement of charge. The
formation and the rotation of the electric dipoles (or magnetic dipoles, if present) with the
alternating electric field causes ceramics to heat. On the other hand, conduction requires
long-range (compared to rotation) transport of charge. Both types of losses give rise to
absorption at certain frequency ranges, as shown in Figure 3.3. In this Figure, the
absorption losses (also referred to as dielectric losses), €”, are due to both the ionic
conduction, dominant at low frequencies, and rotation of permanent dipoles at higher
frequencies.

The ionic conduction losses are due to the ohmic losses that occur when ions
move through the lattice and collide with each other. Ionic conduction decreases with
increasing frequency because the time allowed for transport in the direction of the field
decreases with increasing frequency. On the other hand, increasing the temperature will
increase the kinetic energy of the dipoles, making it easier for them to couple to the
alternating field. As a result, a shift in the absorption curves to higher frequencies will
take place.

Ionic conduction losses are important in materials such as silicate glasses[69]. At

low frequencies, ions move by jumping between vacant sites or interstitial positions in
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Figure 3.3: The absorption mechanisms that can contribute to &".[32].

Note that a material may be poorly absorbing microwave energy at room
temperature and 2.45GHz but highly absorbing at high temperature.

Terms: x = distance; A = amplitude of the electric field; " = effective dielectric loss; f = frequency;

RT = room temperature; HT = high temperature. Reprinted with the permission of The American
Ceramic Society, www.ceramics.org, [copyright 2005]. All rights reserved.
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the network, giving rise to space charge effects. At higher frequencies, vibration losses,
such as those from vibration of alkali ions in a silicate lattice (Li" ion in LS, glass),
become important. Because ionic mobility is an activated process, the conductivity
increases rapidly with temperature.

In addition to dipole rotation, other widely recognized polarization processes
include interfacial, atomic or ionic and electronic polarization[146]. Because several
processes can contribute to the losses, and it is not easy to differentiate experimentally
between the losses mechanisms, losses typically are reported as effective losses, €. T
characterize the response of ceramics to the electromagnetic spectrum, measurements
should be made over a broad range of frequencies. The frequency dependence of the
polarization mechanisms in materials will vary considerably over the EM spectrum,
(Figure 3.4). Because of the frequency dependence of polarization, most of the ceramics
cannot heat easily at room temperature. If a material does not heat efficiently in a certain
frequency range due to the absence of an absorption mechanism in that range (for
example 2.45 GHz), a change either in the frequency of the radiation (VFM) or the
composition of the material, or the use of hybrid heating can cause it to heat. On the other
hand, ceramics can be designed to be microwave safe, such as with microwave cookware.
These materials have very small or negligible absorption to heat at 2.45 GHz. Since the
frequency dependence of polarization is of interest, it is important to classify the different
types of polarization as shown in Figure 3.4. The polarization process can involve rapidly
forming diploes and in some cases involve slowly forming dipoles.

Electronic polarization is a result of the displacement of the electrons in the atoms

relative to the positively charged nuclei. This process requires 10" seconds and
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Figure 3.4: Frequency dependence of the polarization mechanisms in dielectrics: (a)
contribution to the charging constant (representative values of £°); (b) contribution
to the loss angle (representative of £”)[32]. Reprinted with the permission of The American

Ceramic Society, www.ceramics.org, [copyright 2005]. All rights reserved.
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corresponds approximately to the frequency of the ultraviolet light. This process gives
rise to a resonance peak in the optical range. The refractive index of a given material is
strangely dependent on that polarization[33, 146].

A relatively small atomic polarization arises from the displacement of atoms
relative to one another within the molecule, a process requiring about 1072 to 107
seconds and corresponding to the frequency of the infrared light. In ionic crystals, a
similar but usually larger polarization arises from the displacement of oppositely charged
ions, a process requiring about 10™'? seconds, and corresponding to the frequency of the
far infrared region. A resonance absorption occurs at a frequency characteristic of the
bond strength between the ions[33, 146].

Orientation polarization, also referred to as dipolar polarization, involves the
perturbation of the thermal motion of ionic or molecular diploes, producing a net dipolar
orientation under the effect of an applied field. This type is the most important
polarization mechanism in the microwave frequency range. The time required for the
dipole polarization depends upon the frictional resistance of the medium relative to the
change of molecular orientation. This type of polarization results in relaxation type
absorption. For gases, the time required for that process is in the range of 102 seconds,
corresponding to the far infrared region. In liquids with small molecules and low
viscosity, the time required is about 10" seconds while the in liquids with larger
molecules it is about 10, corresponding to the radio frequency range. In very viscous
liquids, glasses and solids with high internal friction resistance, the time required for that
polarization can extend to seconds, minutes, or longer[33, 146].

The dipolar polarization mechanism can be categorized into two types. First,
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molecules with permanent dipole may be rotated against an elastic restoring force about
its equilibrium position. The time required for the oscillation of these permanent dipoles
is about 107'%-10™"* at room temperature. This is sometimes referred as “deformation
polarization”.

The second mechanism of dipolar polarization involves the rotation of diploes
between their equilibrium positions. This mechanism is of special interest in glass and
ceramics materials. The interstitial cations give rise to losses that depend on the bond
strength of those cations. The required time in this type depends on the structure of the
inorganic glass and the binding energy of the alkali ions (such as: Li" ion in LS, glass) in
that glass. Because this mechanism involves the same mobile cations that contribute to
the dc conductivity, it is also referred to as “migration loss” [33, 146].

The last type of polarization is the interfacial polarization that arises from the
accumulation of charge at the interfaces between phases. It arises only when two phases
with different dielectric constant and conductivity. Impurities or second phases usually
make a physical barrier to conduction and lead to charge that will build up at the interface
of heterogeneous materials. The charge pile up at the different barriers leads to localized
polarization of the material[33, 146]. At room temperature, that polarization is expected
to have a minimum effect on LS, glass because (like any glass) it does not have grain
boundaries and does have a homogenous single glassy phase. At higher temperature, i.e.
during the crystallization process, when LS, crystal phase starts to appear and grow
within the glassy phase (partially crystallized sample case) that mechanism will become
more important because there is large difference in the dielectric properties between those

two phases as discussed later in the results section.
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While many researchers have reported the “microwave effect”, which are
enhanced rates, different reaction pathways and different reaction products, they have
been unable to provide a clear scientific explanation for this behavior[32].

In a given ceramic material, the absorption of microwave energy depends on the rate
of microwave energy absorption as expressed in terms of power per unit volume as[32]:
Pa=® €0 € et Exrms + © o Wesr Hrms (watts/m’)  (3.1)
where, in general this Equation refers to electric and magnetic losses, respectively. The
magnetic losses are usually negligible and only the electric losses contribute to the
absorbed power.

o = angular frequency = 2xnf (f = operating frequency in hertz);

€, = permittivity of free space = 8.85 x 10™'? farads/m;

Eimms = root mean square of the internal electric field (volts/m), and;

e’ = effective relative dielectric loss (dissipation) factor (unitless).

The effective dielectric loss can be expressed as[32]:

=€ ctesteqgteite 3.2)
where, ¢"; is the loss due to dc conductivity (negligible at microwave frequencies for
most ceramics), as shown in Figure 3.3. The rest represent dielectric losses due to
polarization mechanisms, where &”y = space charge or interfacial; €’y = dipolar; &"; =
1onic, and £". = electronic. In ionic ceramic materials, £”s and £”4 are the most essential.

Because these polarization losses are a function of frequency and temperature, it
is measured in order to predict if the ceramic material will heat or not, at a specified
frequency. Sometimes, €"cs 1s replaced by tande’, where 0 is the loss angle, tand is the

dissipation factor and ¢” is the dielectric constant. Ceramics that have loss factors

51



between the limits 107 < €’esr <5 would heat using microwave heating. Others with €”c¢
< 10 would be difficult to heat. On the other hand, those with €".> 5 would be heated

mostly on surface and not the bulk[32].

The rate of temperature rise (AT/At) in ceramic materials by microwave energy is

given by[147]:
AT P
— =2 °C/sec 3.3
WAy o

where, p = density of the ceramic (kg/m’),

C, = specific heat (kJ/kg-°C).

As can be seen from Equations 3.1 and 3.3, the dielectric properties and the
internal electric field are important factors to determine the power absorbed and heating
possibility of the ceramic material. On the other hand, it is not trivial to determine the
internal electric field. It changes from point to point within the material. The internal field
is less than the external field. It is controlled by the dielectric constant, £’, as shown

by[39],

| NE-1)
Eint - |:1 1+ N (8' _ 1)}Eext (V/Il’l) (3°4)

where N is a depolarization factor that depends on shape or geometry. Thus, high values
of ¢” reduce the internal field and the rate of microwave heating. The internal electric

field for a given point within the material can be calculated by measuring AT/At, C, and

€ err by [125]

1
oC AT 2
E. (rms) = ;T/At (V/m) (3.5)
eff
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So, the Eex (rms) can be calculated using Equation 3.4. The external electric field is not
uniform in most multimode microwave cavities. So, the internal electric field will not be
uniform as well. As a result, home microwave ovens require turntables or mode stirrers.
Their main function is to improve the electric field uniformity. In addition, the electric
field uniformity can be improved by increasing the size of the oven cavity. The cavity
should be much larger than the wavelength of the microwaves.

The dielectric properties control the quantitative relationships of absorbed power
per unit volume (P,) and depth of penetration (D,). D, is defined as the distance from the
surface into the material at which P, drops to ¢! (~37%) of the surface value, Equation

3.6[125]

e

. [1+(5é%j ]2 1 (cm) (3.6)

226’

where, A, = free space wavelength of the microwave radiation.

The depth of penetration is very important to determine if the ceramic material
will heat effectively or not by microwaves. In some materials, the magnetic dipoles may
be able to couple with the magnetic component of the electromagnetic field and provide
an additional heating mechanism as shown later. Similar to the dielectric properties, the
magnetic permeability, u’, and loss, 1", must be considered. Relatively few studies[63,
148] on microwave processing of magnetic materials were reported and this area appears
sufficiently promising for further investigation.

The dielectric properties of most materials as a function of temperature are very
important in microwave processing. These properties depend on temperature and
frequency. Many ceramics exhibit an increase in € With increasing temperature. Since
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P, is directly proportional to €., there is a corresponding increase in the power absorbed
and the heating rate of the ceramic as the temperature is increased. The reason for this
abrupt change in €” is due to easier dipole rotation that allows the peak shown in Figure
3.4 to move closer to the microwave frequency being used. The temperature where the
abrupt change in &".¢ occurs is referred to as the critical temperature (T;). Below Ty, an
external energy source is required to heat the ceramic if FFM is being used whereas in
VFM this external source can be avoided. Above T, the sample becomes self-heating in
the microwave field. There is no Equation relating T to fundamental material values,
thus the critical temperature values must be measured. For all calculations and
measurements, it is important to identify specifically the material characteristics (i.e.,
composition, phase, form) and assumed or measured process parameters (i.e.,
temperature, pressure, and atmosphere). For example, 99% alumina differs from 96%
alumina and a-SiC differs from B-SiC.

A potential consequence of the rapid increase in €” with temperature (de”/dT) in
FFM will develop localized hot spots. The development of hot spots usually is referred to
as “thermal runaway” (unstable accelerated heating). VFM has been developed mainly to

minimize and decrease this phenomenon in microwave processing of materials.
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4. Materials and Experimental Procedure

This chapter describes the procedure and experimental arrangements for the
crystallization of lithium disilicate (LS;) glass into a glass-ceramic material by
conventional heating and by microwave energy as well. Melting of the glass batches,
conversion of glass into glass-ceramics by both techniques, full characterization of the
materials, and measurements for some properties of the obtained glass-ceramics materials

will be described.
4.1. Glass preparation

LS, glass frit was the main starting material used for producing glass and glass-
ceramic materials in this study. Since uniform mixing of the batch materials is very
important to facilitate the melting process and to ensure more homogeneity in any glass
preparation process, LS, glass frit (325 mesh-SP1714 Glass Powder-Lot # 06179112-
P.O. #N18261) from Specialty Glass, Inc., Florida was used to prepare LS, glass
samples.

LS, glass frit was melted in a covered platinum crucible to minimize the
contamination or the reaction between the frit and the crucible body. Each batch was
melted at 1400°C in an electric furnace (DELTECH, Inc.), and the melt was held at the
maximum temperature for 4 hours with occasional stirring to ensure complete
homogenization. Figure 4.1 illustrates the melting scheme used to prepare LS, glass. The
temperature was raised slowly and gradually to 200°C and held there for 30 minutes to
remove any moisture in the frit. Because LS, crystalline phase was found to melt
congruently at 1033°C as shown before in Figure 1.1[17], the temperature was raised

again slowly and gradually to 1100°C and held there for 1 hour. This melting regime was
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Figure 4.1: Melting regime for LS, glass frit.
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successful in preventing spattering or splashing of the batch during melting. The
temperature was raised again up to 1400°C where the viscosity of the melt was low
enough so that the melt could be easily poured into a mold. This regime of melting was
found sufficient to yield bubble-free fluid homogeneous melts.

After completion of the melting process, the melts were cast at room temperature
into a hot graphite mold (400°C) to make rods (~60 mm long and ~15 mm diameter), and
the samples were rapidly transferred to a box furnace (Thermolyne-Model 1400) adjusted
to 400°C for annealing for 10 hours, to give strain-free glass samples. After that the
furnace was shut down and allowed to slowly cool to room temperature with the samples
inside it before opening.

Glass specimens were cut into ~ 1 cm thick disks using a low-speed (100 rpm)
diamond saw (Buehler ISOMET™ 1000 Precision Saw). Those glass disks were cleaned
by ultrasonic waves for about 2 minutes to remove all the cutting oil traces and then
washed with acetone before being dried at 150°C at conventional hot air drier. The dried
samples were stored in a desiccator with calcium oxide to keep them in a dry

environment.
4.2. Thermal analysis

Differential scanning calorimetry analysis (DSC) was helpful in determining the
range as well as the temperature of glass crystallization and consequently the proper heat-
treatment schedule to be applied to the studied glasses. An endothermic reaction was an
indication of the nucleation process in the glass and/or the melting of the glass.
Thermodynamically, these two processes needed external energy to accomplish the

nucleation or the melting processes. On the other hand, in most of the cases, an
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exothermic reaction indicated the crystallization process. The peak height of the
exotherm was proportional to the heat evolved during crystallization[18]. A more
accurate assessment of this was given, however, by the peak area. The major features
found in a typical DSC trace for a glass that readily crystallized during heating were the
glass transition temperature (Ty), the nucleation temperature (T,), and the crystallization
temperature (T,).

The NETZSCH model STA 449 C Jupiter® simultaneous thermal analyzer was
used to identify the nucleation and crystal growth temperature for the glass. The
temperature range was from room temperature to 1100°C in air with a heating rate of 10

degree C/min in Pt/Rh crucibles.
4.3. Heat treatment

The glass samples should be subjected to a controlled heat treatment schedule in
order to promote the process of crystallization and the conversion of the glass into a
glass-ceramic. For this purpose, a two stage heat-treatment regime (Figure 4.2) was
generally implemented in the present study. This regime first included the nucleation
step, which was done for all the glass samples by conventional heating in an electric
furnace, followed by the crystallization step by the two different techniques: conventional
heating and microwave energy. In such a two-stage heat-treatment, the low-and-high
temperatures are designated as the nucleation and the crystallization treatments
respectively. The choice of these heat-treatment temperatures was guided by the results

of the DSC traces.
a. Nucleation stage

To ensure adequate homogenous nucleation, the glass specimens were heated
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Figure 4.2: Typical two stage heat treatment for producing a glass-ceramic by controlled
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conventionally to the nucleation temperature (480°C, 2 hours ramp) in an electric furnace
(CM furnace-Model 1700) and held for a certain period of time (2 hours) followed by
furnace cooling to room temperature. After such nucleation, the nucleated glass disks

were crystallized by either conventional or microwave heating.
b. Crystallization stage

The nucleated glass samples were heated to the crystallization temperature in
order to grow those formed nuclei to crystals and hence to convert the glass into a glass
ceramic material.

The conventional crystallization was done in an electric furnace (CM furnace-
Model 1700) with a 10 minute ramp to reach the desired crystallization temperature.
Based on calculations, it is believed that this 10 minutes ramp time is sufficient to make
the heat-treated bulk glass sample in equilibrium with the furnace temperature.
Microwave crystallization of the nucleated disks was performed using a Microcure-
Model 2100 (Lambda Technologies) with a frequency sweep range of 2-8 GHz,
operating at a nominal power of 250W. A central frequency of 6.425 GHz with a band
width of 1.15 GHz and a sweep time of 0.1 second were used to crystallize the glass
samples. A 10 minute ramp to the desired temperature was used in the microwave
crystallization process to simulate the conditions used for conventional crystallization.
The temperature was monitored in the Microcure system by an infrared (IR) sensor and
also by a regular type K thermocouple that was connected to a RayTeck T30 temperature
controller (monitoring system for closed loop feedback). A schematic of the conventional
crystallization and the VFM crystallization setups is shown in Figure 4.3.

In order to study the early stages of crystallization of LS, glass that was
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Figure 4.3: Schematic diagram of the conventional crystallization setup and for the
variable frequency microwave (VFM) crystallization setup heating processes.

Table 4.1: Crystallization temperatures and time used to in that study.

Temperatures Time (minutes)
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crystallized by both conventional heat treatment and also by microwave energy, three
crystallization temperatures (567°C, 583°C, and 595°C) were chosen according to the

thermal analysis data (DSC) with different soaking times as shown in Table 4.1.
4.4. Surface preparation

The glass, nucleated glass, and glass-ceramics samples were ground and polished
so that the samples surface could be analyzed by optical microscopy, Raman
spectroscopy, and FTIRRS techniques. The samples were first ground with 180 grit SiC
paper to remove surface crystallization and to ensure complete flatness of the surface,
then polished gradually starting from 400 to 600 grit SiC paper and finally ending with
0.25pu diamond compound on Nylon cloth. An automated Buehler machine (ECOMET®
6 Grinder/Polisher) was used to grind and polish all the samples. A fine polished surface
was obtained after that procedure which is essential in studying the samples by FTIRRS,

Raman spectroscopy, and optical microscopy.

4.5. Characterization techniques

4.5.1. X-ray diffraction (XRD)

Due to the very fine-grained microstructures of the obtained glass-ceramic
samples, identification of the crystalline phases developed by crystallizing the glass was
mainly conducted by x-ray diffraction analysis of the powdered crystalline samples. A
mortar and pestle were used to grind the glass and glass-ceramic samples into a fine
powder that were tested by XRD. The x-ray patterns were obtained using a Scintag x-ray
diffraction spectrometer (XDS 2000). A Cu tube voltage of 45 kv and currents of 40 mA
were applied. A scanning speed of 2 degrees (0)/min was used for the analyses. The

reference data for the interpretation of x-ray diffraction patterns were obtained from the
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ASTM x-ray diffraction file index and from several other publications[18, 149-158].

4.5.2. Microscopy

a. Optical microscope

Probably the most nearly indispensable tool in crystallization research is the
optical microscope. For this, the polished surface samples (glass or glass-ceramic
samples) were etched with 2% HF (Hydrofluoric) acid for 2 minutes, washed with
distilled water and then acetone before being dried. The microstructure of these samples

was examined optically using a polarizing research microscope with Nomarski optics.

b. Scanning electron microscope (SEM)

Several selected heat-treated glass samples with their corresponding as-cast
glasses were examined on fresh fractured surfaces and also on the polished surfaces. A
scanning electron microscope (Model LEO 1550 Gemini Field Emission) with EDX
(Energy Dispersive X-ray analysis) unit attached was used with accelerating voltage up to
30 K.V. and magnification from 20 x up to 900,000 x. The freshly polished surfaces were
first etched for 2 minutes in 2% HF. Then, thoroughly rinsed with distilled water, dried,
and coated with a thin film of evaporated gold or carbon. The coating helped to reduce

the effect of sample charging in the electron beam.
4.5.3. Stereology

Stereology 1s the methodology to obtain quantitative estimates of geometric
properties of features in three-dimensional structures from measurements that are made
on two-dimensional images[159]. Since the features in the 2D image arise from the
intersection of the plane with the 3D structure, it is logical to expect that measurements of

the feature traces that are seen there (lower in dimension) can be utilized to obtain
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information about the features that are present in 3D. In the most common type of
imaging used in microscopy, the image represents a section plane through the structure.
For an opaque specimen such as most materials (metals, ceramics, polymers, and
composites) viewed in the light microscope, this is a cut and polished surface that is
essentially planar, perhaps with minor (and ignored) relief produced by polishing and
etching that reveals the structure.

The classical rules of stereology are a set of relationships that connect the various
measures obtained with the different probes with the structural parameters. The most
fundamental (and the oldest) rule is that the volume fraction of a phase within the
structure is measured by the area fraction on the image, or Vy = A[159]. Of course, this
does not imply that every image has exactly the same area fraction as the volume fraction
of the entire sample. A statistical representation of the data is required to represent any
type of measurement.

The connection between expected values of counts for a given probe/event
combination and a geometric property of the three-dimensional structure is obtained by
applying the appropriate fundamental relationship of stereology. These Equations have
the status of expected value theorems. The simplest of these relations is shown in
Equation 4.1[159],

<Pp>=Vy 4.1)
where Vy is the volume fraction occupied by the phase being counted (volume per unit
volume, a dimensionless ratio). It is the general stereological term used for any
identifiable region or class of objects, including voids. The brackets around <Pp> signify

the expected value for this normalized count, in this case, the point fraction. This
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Equation may be read: “The expected value of the fraction of the population of points
that exist in the volume of the structure under study that lie in the phase of interest is

equal to the fraction of the volume of the structure occupied by that phase”[159].
a. Volume fraction from the point count

Point probes sense the volume of three-dimensional features. The most commonly
measured property of three-dimensional feature sets is their volume, usually reported as
the volume fraction, Vv, of the phase. This property may be estimated using either: plane,
line, or point probes; the simplest and most commonly used measurement relies on point
probes[159]. The population of points to be sampled by these probes is the set of points
contained within the volume of the specimen in three dimensions. Point probes are
normally generated by first sectioning the sample with a plane and generating a grid of
points on the plane section. For example, as in the two dimensional structure described in
the Figure 4.4, the event of interest is “point hits the B phase” where “B phase” is taken to
mean the set of features at the focus of the analysis. These points are simply counted. The
stereological relation that connects this point count with the volume of the structure is
shown in Equation 4.1[159].

Visualize a specimen composed of two phases a and B. This structure is revealed
by sectioning it with planes and examining fields on these sections, as shown in Figure
4.4. The population of points in the three-dimensional specimen is probed by the (20 *
20) grid of points superimposed on this structure (400 points count). For the field shown
in Figure 4.4, this estimate is (80/400)*100= 20 %.

It is important to consider the precision of the measurement using the point count

technique for a given sample. Precision can be increased in two ways:
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Figure 4.4: Measurement of the volume fraction Vy of a phase in three dimensions.
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1. Increasing the number of randomly selected fields measured in a given sample.
2. Decreasing the standard deviation of a given sample by increasing the number of
points within the grid and to cover the sample field by the suitable grid area as well. So
the area of the grid, the number of points within that grid, and the number of
representative fields in a given sample determine the precision of the measurement.

In order to obtain an estimate of the volume fraction of B phase in the three-
dimensional structure represented by the plane section in Figure 4.4, it is necessary to
repeat this measurement on a number of fields that are chosen to represent the population
of points in three dimensions and statistically represent the result for a given sample.
Also, increasing the number of points in the grid being used and to cover most of the
sample area by the grid will increase the accuracy of the measurement.

In this study, for a given sample, five (5) randomly selected fields were used to
calculate the volume fraction. In each field, measurements were done by the 400 grid
(20*20) for each field. The final crystallization volume fraction for the given sample is

reported with its standard deviation.
4.5.4. Infrared and Raman spectroscopy

The vibrational frequencies of a molecule can be determined by two fundamental
different spectroscopic techniques:
a- Infrared spectroscopy, first systematically used by W.Coblentz in 1905[160].
b- Raman spectroscopy, which was theoretically predicated in 1923 by A.Smekal
and experimentally observed in 1928 by C.V.Raman and K.S.Krishana[160].
Both techniques depend on the interaction of electromagnetic radiation with matter, but

the physical causes are fundamentally different. In many molecules, it is possible to
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observe vibrations of different symmetry by different spectroscopic techniques. The
complete picture is often only obtained by combining the two techniques. The main
differences between the Infrared and Raman are summarized in Table 4.2 and Figure
4.5[161].

a. Fourier transform infrared reflectance spectroscopy (FTIRRS)

Spectroscopic methods occupy a special place in the group of methods which
enables the researchers in the examination of a glass structure. Fourier transform infrared
spectroscopy (FTIR) has been widely applied to the interpretation of the structural
modifications occurring in glasses when subjected to a thermal treatment. It has been
shown that the silicate glass structure varies with the heat treatment temperature and
several properties are affected by this variation. The position and the shifting of the peaks
in the FTIR spectra were used to evaluate the changes in glass properties and structure.
The frequency of the IR-absorption peaks is sensitive to the nature and the type of the
bonds.

The IR spectra of the polished samples surfaces were obtained by FTIRRS
technique using FTIR Nicolet Avatar 330 instrument with a smart stage (SpeculATR) in
specular reflectance mode with 45° angle of incidence beam and 7 mm sample mask in

the range of 4000400 cm™ with an average of 32 scans.
a.1 Background

High information content, mature technology and wide applicability have made
vibrational spectroscopy one of the most important methods for structure determination.
The vibrational spectrum of a molecule is considered to be a unique physical property

and is characteristic of the molecule. Vibrational spectroscopy has been employed over
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Table 4.2: Comparison between Infrared and Raman spectroscopy.

glass structure

modes of (-Si-O-Si-) bond

Parameter IR Spectroscopy Raman Spectroscopy
Interaction Absorption, Reflection or Scattering
Transmission
Excitation of vibrations by Polychromatic infrared Monochromatic radiation
radiation usually in the visible
range(laser)
Frequency Measurement Absolute Relative to the excitation
Requirement for the Change of the dipole Change of the polarizability
activity of a vibration moment
Representation of the Absorption logarithmic Intensity Linear (Upwards)
spectrum
(Downwards)
Preferred technique for Routine analysis, gas Investigation of aqueous
analysis solutions, and single crystal
Unique Information in Stretching and bending Structural environment

around Si0; tetrahedra
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Figure 4.5: Mechanisms of Infrared absorption and Raman scattering.
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the last several decades to investigate the structure of glass. Infrared spectroscopy, in
particular has proven useful because it provides a means to determine local structure
which constitutes of the glass network, some of the properties of the sites hosting the
modifying cations and the interactions between charge carriers and network
segments[162].

Absorption of light in the ultraviolet and visible regions of the spectrum is due
mainly to electronic transitions. While there are some lower energy electronic transitions
in the infrared region of the spectrum, most absorption in the infrared region in glasses
are due to vibrational transitions[163].

The infrared spectra region can be subdivided to three regions:
1- Near infrared region (12500-4000 cm™).
2- Medium infrared region (4000-650 cm™).

3- Far infrared region (650- about 100 cm™).
a.2 The Origins of the infrared spectrum

In the most basic terms, the infrared spectrum is formed as a consequence of the
absorption of electromagnetic radiation at frequencies that correlate to the vibration of
specific sets of chemical bonds from within a molecule. First, it is important to reflect on
the distribution of energy possessed by a molecule at any given moment, defined as the
sum of the contributing energy terms (Equation 4.2)[161]:

E totat = E etectronict E vibrationart E rotational TE transiational 4.2)
The translational energy relates to the displacement of molecules in space as a function of
the normal thermal motions of matter (not quantized). Rotational energy, which gives rise

to its own form of spectroscopy, is observed as the tumbling motion of a molecule, which
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is the result of the absorption of energy within the microwave region. The vibrational
energy component is a higher energy term and corresponds to the absorption of energy by
a molecule as the component atoms vibrate about the mean center of their chemical
bonds. The electronic component is linked to the energy transitions of electrons as they
are distributed throughout the molecule, either localized within specific bonds, or
delocalized over structures, such as an aromatic ring[164].

When a molecule absorbs radiation, its energy increases in proportion to the
energy of the photon as expressed by Equation 4.3[161].

AE=hv=h (C/}) 4.3)
where h is Planck’s constant, v = frequency of the radiation and C is the speed of light.
This increase in energy could be in the electronic, vibrational, or rotational energy of the
molecule as discussed earlier. Changes in the electronic energy involve relatively large
quanta while changes in the vibrational energy involve smaller quanta. The changes in
the rotational energy involve quanta even smaller than those in vibrational energy. If the
molecule absorbs radiation in the microwave or far infrared region, a major change in the
rotational energy will happen relative to the vibrational and electronic energies of the
molecule. If the radiation is in the medium infrared region, both the vibrational and
rotational energies of the molecule will change. If the energy of the radiation is much
greater, as in the case of ultraviolet light, there will be a change in the electronic,
vibrational and rotational energies of the molecule. Thus, the infrared absorption spectra
of molecules results from transitions between the vibrational and rotational energy
levels[165].

The fundamental requirement for infrared activity, leading to absorption of

71



infrared radiation, is that there must be a net change in dipole moment during the
vibration for the molecule or the functional group under study. However, in the case of
Raman spectroscopy, which is complementary to infrared spectroscopy, the selection
rules are different from those for infrared spectroscopy, and in this case a net change in
bond polarizability must be observed for a transition to be Raman active[166].

For the most part, the basic model of the simple harmonic oscillator and its
modification to account for anharmonicity suffice to explain the origin of many of the
characteristic frequencies that can be assigned to particular combinations of atoms within
a molecule. From a statement of Hooke’s law, the fundamental vibrational frequency of a
molecular ensemble can be expressed according to Equation 4.4[166]:

v=(1/2m) (k/w)'"? (4.4)
where v = fundamental vibration frequency, k = force constant, and m = reduced mass as
in Equation 4.5[166]

m= (m1lm2)/ (m1+m?2) 4.5)
where m1 and m2 are the masses of the 2 atoms forming the molecule. This Equation 4.4
provides a link between the strength (or springiness) of the covalent bond (k) between
two atoms (or molecular fragments), the mass of the interacting atoms (molecular
fragments), and the frequency of vibration. Although simple in concept, there is a
reasonably good fit between the bond stretching vibrations predicted and the values
observed[167].

This simple model does not account for repulsion and attraction of the electron
cloud at the extremes of the vibration, and does not accommodate the concept of bond

dissociation at high levels of absorbed energy. A model incorporating anharmonicity
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terms is commonly used to interpret the deviations from ideality and the overall energy—
spatial relationship during the vibration of a bond between two atomic centers. The
energy transition between the ground state and the first vibrational quantum level is
essentially unaffected by the anharmonicity terms. However, transitions that extend
beyond the first quantum level (to the second, third, fourth, etc.), which give rise to
weaker absorptions, known as overtones, are influenced by anharmonicity, which must be
taken into account when assessing the frequency of these higher frequency vibrations.

It is necessary also to look at the molecule as a whole. It is very easy to imagine
that there are an infinite number of vibrations, which in reality would lead to a totally
disorganized model for interpretation. Instead, the model is described in terms of a
minimum set of fundamental vibrations, based on a threefold set of coordinate axes,
which are known as the normal modes of vibration. All the possible variants of the
vibrational motions of the molecule can be reduced to this minimum set by projection
onto the three fold axes. It can be shown that the number of normal modes of vibration
for a given molecule can be determined from Equations 4.6 and 4.7:

Number of normal modes = 3N - 6 (nonlinear) (4.6)

= 3N - 5 (linear) 4.7)
where N is the number of component atoms in the molecule. In practice, apart from the
simplest of compounds, most molecules have nonlinear structures, except where a
specific functional group or groups generate a predominant linear arrangement to the

component atoms.
b. Raman spectroscopy

Raman spectroscopy has become an important analytical and research tool in
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materials science. It can be used for applications as wide ranging as pharmaceuticals,
glass and ceramics, thin films, semiconductors, and even for the analysis of carbon nano-
materials[168-170].

The Raman scattering technique is a vibrational molecular spectroscopy which
derives from a light scattering process. With Raman spectroscopy, a laser photon is
scattered by a sample molecule and loses (or gains) energy during the process. The
amount of energy lost is seen as a change in energy (wavelength) of the irradiating
photon. This energy loss is characteristic for a particular bond in the molecule. Raman
can best be thought of as producing a precise spectral fingerprint, unique to a molecule or
indeed and individual molecular structure. Raman spectroscopy can yield extremely rich
information such as chemical identification, characterization of molecular structures,
effects of bonding, and finally environment and stress on a sample[171]. Raman
measurements were recorded with a Raman spectrometer model LabRAM-HR 800
(JOBIN YVON HORIBA) using a 514 nm green Argon laser set for 50 mW output
combined with an Olympus BX 41 microscope. A 40X microscope objective was used to
obtain the Raman spectra of the LS, glass, partially crystallized LS, glass and the LS,
glass-ceramics crystallized by microwave heating or by conventional heating.

Raman spectra are used to study the structural change and the neighboring
environment around Si0Oy tetrahedra (referred to as Q) in the LS, glass as well as LS,
glass-ceramic samples that has been crystallized by conventional and by VFM heat
treatment. In Q °, the superscript (a) in Q denotes the type of central Q species. That
unique information from Raman and FTIR spectra are necessary to understand the

crystallization mechanism of lithium disilicate in the VFM process. Raman spectra will
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provide a full picture about the structure of LS, glass and glass-ceramics in conjunction
with the information from the FTIRRS spectra.
4.5.5. Dielectric constant measurement

The cavity perturbation technique was used to measure the complex dielectric
constant of LS, glass, nucleated glass and glass-ceramic between room temperature and
600°C at 2.46 GHz in air. This measurement technique is based on knowing the
difference in the cavity response between an empty sample holder and a sample holder
with sample at each temperature. Samples were prepared by diamond core-drilling then
cut by diamond saw. Handling and inserting the samples into the sample holder was
always done with tweezers, so as not to contaminate the samples with finger oil. The
initial dimensions and the initial mass of each sample were determined immediately
before each run. Each run consisted of increasing the sample temperature up in steps of
~50°C, and holding after each step for ~ 6 minutes to allow the temperature in the sample
to stabilize and become uniform. After reaching 600°C, the sample temperature was
reduced in 100°C steps to 100°C. The measurements were performed at Chalk River
Nuclear Labs of Atomic Energy of Canada Limited (AECL labs) by Dr. Ron Hutcheon.
4.5.6 Density measurement

The true density of the glass and glass-ceramic samples was measured by means
of a pycnometer (Micromeritics -AccuPye TM 1330 model) using helium gas that
produced the structural (true) density using Equation 4.8. The apparent density, p,, (i.e.
includes closed pores) of the same samples was measured by the Archimedes

method[172], using water as a fluid from the Equation 4.9.
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Wt. of the powder
pr= 4.8)

Volume of the powder

pa =% Pe 4.9)
a->b

Where,

pa: The apparent density of the sample (g/cm’).

a: The weight of sample in air(g).

b: The weight of sample suspended in distilled water(g).

pe: The density of distilled water at the test temperature (g/cm’).

The density values quoted in this dissertation are the average of three measurements.

4.5.7. Molecular orbital model for microwave material interaction

a. The coupled oscillator theory

Under the influence of microwave energy, dipole polarization and rotation is
effective especially in dielectric materials, as these dipoles are believed to couple well
with the microwave frequency range. Most of the molecular vibrations and rotation
frequencies in the infrared range are orders of magnitude higher than the microwave
frequency[173], so how microwave energy interact with and heat materials is still a
matter for investigation. A molecular orbital theory developed by West and Clark[70, 71]
assumes that if there are two nearby connected oscillators with a known degenerate
primary vibration frequency ((w;) in the infrared range), the interaction between those
oscillators could result in a coupled oscillator state between them. The coupled oscillator
state could generate another secondary (or beat) frequency ((wz) in the microwave range)
that has a frequency much lower than the primary oscillators[70, 71]. Coupled oscillators
can be formed between two adjacent molecules, between two nearby defect structures on

the surface of a material, or at the grain boundaries and interfaces of materials. Figure 4.6
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shows a schematic of a coupled oscillator whereas w; represents the primary frequency of
the mass and w, represent the coupled frequency (coupled frequency for energy transfer
between the two masses). The solution of the two simultaneous second order Equations
will yield two modes (w") and (w") as follows:

W 2= (wi)? + (w2/2) (4.10)

(W) = (W1)* - (W2/2)’ (@.11)
By approximating using the binomial theorem and assuming w;>>w, then:

W'=Ww; + W, 4.12)

W=Wi-W; 4.13)
So the beat (secondary) frequency that may allow direct microwave absorption w, can be
expressed as:

W= (W -w) /2 4.14)
b. The microwave operator

The formal expression of the microwave operator, @y , is based on the classical
coupled oscillator[174], and can be derived from Schrodinger's Equation,

Hyib ¥ = Evip ¥ 4.15)
where H,j, is the vibrational Hamiltonian, y is the wavefunction and E,j, is the
vibrational eigenvalue matrix. The Schrodinger Equation plays the role of Newton's laws
and conservation of energy in classical mechanics, i.e. it predicts the future behavior of a
dynamic system. It is a wave Equation in terms of the wavefunction which predicts
analytically and precisely the probability of events or outcome. The Schrodinger
Equation will predict the distribution of results. Each particle is represented by a

wavefunction y (position and time). The kinetic and potential energies are transformed
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Figure 4.6: Schematic diagram of a classical coupled oscillator. Adapted from[70].
Reprinted with permission of John Wiley & Sons, Inc [copyright 2000]
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into the Hamiltonian which acts upon the wavefunction to generate the evolution of the
wavefunction in time and space. The Schrodinger Equation gives the quantized energies
of the system and gives the form of the wavefunction so that other properties may be
calculated. It is proposed by the model that

®yvw Hyip W = @mw Evip @ 4.16)
then =Emw vy 4.17)
where Eyw is the eigenvalue matrix for microwave absorption by a material. Eyw has
the form:

Egmw = X [E+yvib - Egyviv | (4.18)
and the oscillator strengths, X;), are estimated using:

Ximw = Xjyvib 4.19)
for identical oscillators of equal masses being weakly coupled through the bulk of a
material or via hydrogen bonding like interactions.

Based on the above model, the theoretical IR spectra of the LS, glass and the LS,
glass-ceramic crystals (orthorhombic Ccc2) were calculated using computer-aided
chemistry (CAChe) software. Those theoretical IR spectra have been compared with the
actual measured experimental IR patterns. As explained in detail later, the theoretical IR
patterns (calculated by CAChe) have been used to predict the microwave absorption

spectra of the LS, glass and the glass-ceramic material by the proposed model.
c. Introduction to computer-aided chemistry (CAChe).

CAChe for Windows is a computer-aided molecular design (CAMD) modeling
tool for the Microsoft® Windows® operating systems. CAChe has the capability to draw

and model molecules and perform calculations on a molecule to discover molecular
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properties and energy values. CAChe for Windows uses computational chemistry as an
essential part of computer-aided chemistry. By applying computational molecular models
derived from mathematical Equations to a chemical sample, calculation of molecular
properties could be done. The computational chemistry tools that CAChe uses are derived
from classical mechanics and quantum mechanics, and are applied to the chemical

compound by a number of computational applications
Classical mechanics and CAChe.

Using Equations from classical Newtonian physics, classical mechanics models a
molecule as if its atoms and bonds are interacting balls and springs. Empirically derived
force fields describe bond stretching, bond angle bending, and non-bonded interactions
such as van der Waals and hydrogen bond interactions. The sum of all these interactions
is the amount of strain in the molecule—the potential energy of the molecule. CAChe
applies classical molecular mechanics to a chemical sample by using the computational
application mechanics. Mechanics optimizes the molecule by applying classical
mechanical theories and systematically moving all the atoms in the molecule, until the net

force acting on each atom is minimized.
Quantum mechanics and CAChe.

CAChe quantum mechanical methods can also optimize molecular geometries,
and in addition can determine electronic properties of molecules. Semiempirical quantum
mechanical methods use experimental data to simplify Schrodinger’s Equation so it can
be solved more quickly. Many methods for this simplification have been developed, such
as PM3. CAChe for Windows applies PM3 and other methods (AM1 and PM5) are part

of MOPAC (Molecular Orbital PACkage). Each semiempirical method can use one or
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more parameter sets based on experimental measurements for numerous compounds. The
desired type of molecule and the type of data determines which method and parameter
sets to use. Comparing CAChe for Windows results with experimental laboratory data is

a good way to determine which settings give the best data.
IR spectra

CAChe calculates the vibrational spectra of a given molecule by exposing the
molecule to electromagnetic radiation in the infrared (IR) region (i.e. heat the molecule at
different temperatures) and then measures the motions of the atoms in that molecule in
the three (3) directions (X, Y and Z) around its equilibrium positions in order to predict
the IR spectra. Absorption bands observed in the infrared are associated with the bending
and stretching of particular types of bonds, so viewing these infrared transitions aids the
analysis of molecular structure. CAChe uses quantum mechanics to compute the force
necessary to distort the molecule from its equilibrium geometry and predict the frequency
of vibrational transitions.

Computational applications

CAChe for Windows uses a number of computational applications which use
classical and quantum mechanical methods to perform experiments on the chemical
sample. This section gives an overview of each computational application.

Mechanics optimizes molecular geometry using classical molecular mechanics.
Mechanics finds an optimum geometry by systematically moving all atoms in a chemical
sample until the net force acting on each atom approaches zero. Mechanics generates a
log data file and an output file containing experimental details, and alters the structure of

the molecule in the chemical sample file to correspond to the calculated optimum
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geometry.

MOPAC is a semiempirical quantum mechanical computational tool that
provides optimization and wavefunction (electron distribution) data to search for
optimized geometry, transition state geometry and molecular properties. MOPAC
includes two sets of parameters: PM3 and AM1. MOPAC generates a log data file and an
output file containing experimental details, and alters the structure of the molecule in the

chemical sample file to correspond to the calculated optimum geometry.
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5. Results and Discussions
5.1. Thermal analysis

The crystallization of glass is controlled by two factors: the nucleation rate (i.e.
the number of nuclei formed per unit volume per unit time), and the rate of crystal
growth, (i.e. the shift rate of the crystalline phase boundary in the liquid). The higher the
cooling rate of the molten glass across the temperatures ranges of maximum nucleation
and crystal growth rates, the greater the possibility of glass formation. Nucleation and
crystallization can take place in a controlled manner throughout the bulk of the sample
with a particular microstructure by holding the temperature of glass sample in the
maximum nucleation and crystallization temperature ranges for sufficient time[175].

Thermal analysis is a powerful tool used in detecting and analyzing the thermal
effects produced during the crystallization of glass. Figure 5.1 shows the differential
scanning calorimetry (DSC) of the annealed bulk LS, glass. The data showed a glass
transition temperature (Ty) detected at 475°C with a delta C, value (heat capacity at
constant pressure) of 0.48 J/g. T, can be defined as an approximate temperature where the
super-cooled liquid coverts to a solid on cooling or, where the solid begins to behave as
viscoelastic solid on heating[155]. Since the glass transition temperature is a function of
both the heating rate and the experimental method used for that measurement (thermal
analysis or thermal expansion measurement)[155], it can not be considered as a true
defined property of the glass. An endothermic peak that is characteristic of the nucleation
process (heat absorbed in the nucleation reaction) in the LS, glass was detected at 488°C
with an enthalpy of (+15.4) J/g. Also, the crystallization exothermic temperature was

detected at 683°C with an enthalpy of (-379) J/g that represents the heat released due to
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Figure 5.1: DSC curve for annealed bulk LS, glass.
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Figure 5.2: Enlarged DSC curve for annealed bulk LS; glass.
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the crystallization reaction. The same value of crystallization temperature has also been
reported by Soares, et al[16] for the bulk stoichiometric composition of LS, bulk glass
samples. Two endothermic DSC peaks were detected at 956°C and 1033°C. These two
endothermic peaks are characteristics for the polymorphous transformation (i.e. different
crystal structure with the same chemical composition) of the stoichiometric LS, crystal
phase at 956°C and for the congruent melting at 1033°C of the same crystalline
phase[17]. The polymorphous transformation of LS, crystal phase occurs from the low
temperature orthorhombic phase to the high temperature orthorhombic phase[152]. Both
phases have different unit cell parameters. Figure 5.2 shows an enlarged area of the
nucleation and crystallization temperature regions of the same bulk annealed glass
sample.

Figures 5.3 and 5.4 show the DSC data for the same stoichiometric LS, glass
sample but in the powder form as a frit (325 mesh). It is obvious that the crystallization
peak was shifted to a lower temperature (614°C) while the nucleation temperature, glass
transition temperature, polymorphous transformation temperature and the congruent
melting temperature were almost the same as the bulk sample. Because the LS, glass frit
has a much higher surface area than the bulk, the surface crystallization for the powder is
higher and dominates in the frit more so than in the bulk sample. It was reported that the
crystallization temperature peak of LS, glass is also a function of the particle size of the
analyzed powder[18, 176].

Table 5.1 summarizes the following temperatures: glass transition, nucleation,
crystallization, polymorphous transformation and melting of LS, bulk glass and the glass

frit. Figure 5.3 also shows the thermogravimetric analysis (TGA) data for the frit sample.
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Figure 5.3: DSC curve for annealed powder LS; glass frit.
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Figure 5.4: Enlarged DSC curve for annealed powder LS, glass frit.
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Table 5.1: Nucleation and crystallization temperatures of the investigated bulk and
powder LS; glass as deduced from the DSC curves.

Temperature (C o) Bulk glass Powder glass frit

Glass transition 475 478
temperature (T,)

Nucleation temperature 488 491
(Tn)
Crystallization 683 614

temperature (T,)

Polymorphous 956 953
transformation
temperature
Congruent melting 1033 1032
temperature
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Two small mass loss steps with 0.14 and 0.07 wt% were observed—yprobably due to the
loss of water and carbonate, which is an indication of the thermal stability of LS, glass
composition. In the present study, the DSC data was used to design the nucleation
process as well as the crystallization process of LS, glass. Bulk LS, glass was nucleated
at the maximum nucleation temperature (T,= 485°C, 2 hours) to ensure a sufficient
number of nucleation sites. The nucleated samples were then crystallized either by
conventional heating at different temperatures (567°C, 583°C, 595°C and 680°C) or by

VFM heating using the thermal analysis information of LS, glass.
5.2. FTIRRS data

Infrared spectroscopy, in general, is a very useful characterization technique that
has been used successfully and routinely to study the structure of glass[162, 177-184]. In
Fourier transform infrared reflection spectroscopy (FTIRRS), also known as specular
reflectance, light is reflected from a smooth, mirror-like sample to record its spectrum. It
is a non-destructive, non-contact technique.

Infrared reflection spectra, in particular, may look different from the transmission
spectra in many ways. The variation in the sample thickness is not a factor as in
transmittance or absorbance technique. In addition, bands may be shifted to higher
wavenumbers, and the spectra may follow the dispersion in the refractive index.
Furthermore, infrared reflection spectroscopy offers ease of sample preparation[166].

Because penetration depth (D,) of the infrared radiation depends on the angle of
incidence, the penetration depths at 45° (the angle of incidence and reflection of FTIR
beam) have been calculated in this study for LS, glass and glass-ceramic samples. The

actual infrared penetration depth of LS, glass was calculated as 0.53um - 5.3pum in the
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range from 4000 cm™'- 400cm™ wavenumbers (corresponding to wavelengths of. 2.5um -
25um), using the total internal reflection Equation 5.1[185]. The penetration depth for the
LS, glass-ceramic was calculated as 0.56 pm — 5.6 pm in the same range using the same

Equation.
a D = A4 (Sin®0 — (n21)?) ™" (5.1)

j= 2

where A; is the wavelength of the infrared radiation over the refractive index of the
sample (Mn smple), N21 1s the ratio between the refractive index of the sample and the
crystal used in the equipment (n gample/N crystal), and O is the angle of incidence. Zinc
selenium (ZnSe) crystal with a refractive index of 2.4 was used in this calculation. The
refractive index of LS, glass and glass-ceramic were 1.5197 and 1.5410 respectively at
1550 nm(6452 cm™)[186].

In the present study, all the IR spectra of LS, glass and glass-ceramics samples
are displayed in the range from 1400 cm™-400 cm™ wavenumbers due to the special
interest in the vibration modes in this range. At 1400 cm™ wavenumber, the penetration
depths of LS, glass and glass-ceramics samples were calculated as 1.7 um and 1.8 um
respectively using the total internal reflection Equation 5.1.

The FTIRRS spectra of the annealed LS, glass and the nucleated glass samples
(T,= 485°C, 2 hours) are shown in Figure 5.5. The assignment of the IR bands is given in
Table 5.2. As can be seen from both Figures that the IR spectra and the peak intensity (%
Reflectance) of both samples are almost identical which means that the change in the
structure of the LS, glass after nucleation can not be detected by the FTIRRS technique.

The strong band at 1085 cm™ in the spectra of silicates glass is known to be

caused by the highest frequency component of the asymmetric stretching mode of the
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Figure 5.5: Infrared reflection spectra of LS, annealed glass and LS, nucleated glass
at 485°C for 2hours.

Table 5.2: FTIRRS peak assignment of LS, glass and nucleated glass.

Peak Number | Peak Position (cm™) Peak assignment[183]
1 1085 (S1-O-Si) asymmetric stretching
2 930 (S1-O") NB stretching
3 764 (Si-O-Si1) symmetric stretching
4 490 (O-Si-O) Bending mode
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Si-O-Si[184, 187, 188]. The band at 930 cm™ is known to be caused by the non-bridging
oxygen stretching mode of the Si-O29, 189]. The band at 764 cm™ is due to the
symmetric stretching of Si-O-Si bond, while the band at 490 cm™ can be assigned to the
bending vibration of the O-Si-O bond[183].

Figure 5.6 shows the IR spectra of glass-ceramics crystallized conventionally at
680°C for 100 hours (control crystal) and by VFM processing at ~ 600°C for 2 minutes.
Both samples have almost identical spectra (the same peaks positions and intensities); the
spectra has been identified as lithium disilicate crystal phase (Orthorhombic Ccc2) when
compared to the literature[161]. The assignment of the IR bands is given in Table 5.3.
Based on Figure 5.6, it is concluded that in significantly shorter time and lower
temperature, the VFM crystallized sample has been fully crystallized and has developed
the same crystal phase as the LS, control crystal sample. That significant reduction in
time and temperature in the VFM crystallized sample is believed to be related to the non-
thermal effects of microwave energy (microwave effect). In the VFM process, this fast
crystallization behavior of LS, glass was repeatable. Around 20 samples were crystallized
similarly by VFM processing. These VFM crystallized samples were characterized and
used in the present study to support the concept of a microwave effect.

In order to provide an experimental evidence for the microwave effect in LS,
glass, two (2) nucleated LS, glass samples (485°C, 2 hours) were heat-treated
conventionally at the maximum crystallization temperature (680°C) for 2 minutes and 6
minutes, respectively. The spectra for these samples are provided in Figures 5.7 as
compared to the control crystal sample. These samples are pictured in Figure 5.8 and

compared to both the VFM crystallized sample and the control crystal sample. It is
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Figure 5.6: IR spectra of LS, glass-ceramics crystallized by VFM (~ 600°C-2min.)
and conventionally (680°C-100 h). The base glass spectrum is shown for

comparison.

Table 5.3: IR bands for LS, glass-ceramics.

IR bands (cm™)

Assignment of the IR bands

1237 (Si1-O-Si1) asymmetric stretching
1120 (Si1-O-Si1) asymmetric stretching
1041 (Si-O-Si) asymmetric stretching
961 (Si-O-Si) asymmetric stretching
786 (S1-O-Si1) sym. stretching
764 (S1-O-Si) sym. stretching
640 (S1-O-Si) sym. stretching
588 (S1-O-Si) sym. stretching
548 (O-Si-0O) Bending mode
490 (O-Si-0O) Bending mode
453 (O-Si-0O) Bending mode
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Figure 5.7: IR spectra of two LS, glass heat-treated conventionally at 680°C for 2
min. and 6 min. respectively. The base control crystal spectrum (680°C-100 hours) is

shown for comparison.
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Figure 5.8: LS; glass-ceramic sample heat-treated:

a).Conventionally at 680°C- for 2 minutes and 6 minutes respectively.
b.) Conventionally at 680°C-for 100 Hours (control crystal).

¢.) VFM heating (~600°C-2 minutes).
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apparent from the FTIR spectra and the pictures as well that neither of the conventionally
crystallized samples (680°C, 2 and 6 minutes) were crystallized completely. That
experimental observation implies that the crystallization kinetics in LS, glass under the
influence of the VFM field is different and faster than the one experienced in
conventional heat treatment. This observation is believed to be a result of the microwave
effect. Because kinetics are controlled by thermally activated processes, one can argue
that the microwave effect claim is not true because the temperature in the VFM process
was perhaps higher than the one applied in the conventional process or was inaccurately
measured.

Although temperature measurement in the VFM process was not an easy task as
discussed earlier and is a well known problem in the microwave processing community
[32, 35], the microwave effect in the crystallization process of LS, glass using VFM
processing does appear to exist regardless of the temperature issue. As discussed earlier,
the kinetic theory of glass formation with a special emphasis on the crystal growth rate
curve (Figure 2.5), the crystal growth rate is controlled by Equation 2.8 as follows:

U= (fkT/ (3(a,)* ® 1)) [1-exp (-AG/RT)] (2.8)

Based on the previous discussion, the crystal growth rate curve is a skewed bell-
shape, reaching a maximum at the maximum crystallization temperature (T.) and
reaching zero at both the high and low temperature ends. The maximum crystallization
temperature (T.) in LS, bulk glass was observed at 680°C, so at any point higher or lower
than this value, the crystal growth rate should decrease, as shown in Figure 2.5. So, if the
temperature in the VFM process was much higher than it was in the conventional heating

process (T.) (as the higher temperature argument claims), the crystallization rate in the
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VFM process should be lower than what was observed, and an FTIRRS spectrum with
less crystallization characteristics should be observed. On the other hand, if the
temperature in the VFM process was lower than the one experienced in the conventional
heating process (T.), the crystal growth rate in the VFM should also be lower than the
one in T, and the FTIR spectra and the pictures should detect that as well. Thus, the high
and the low temperature assumptions could not be the reason for the observed full
crystallization of LS, glass and the observed reduction in the crystallization time (~2
minutes), using VFM processing. Finally if the temperature in the VFM process was near
or at T., both samples (the VFM crystallized and the conventional treated samples at
680°C for 2 minutes or even 6 minutes) should look the same and should have the same
FTIR spectra, which is not the case. So the crystallization of LS, glass using VFM
processing in less time can not be explained by the well known kinetic theory and the
crystal growth rate curve. It is believed that the kinetics in the VFM process is much
faster and different than that observed in the conventional heating. This difference
strongly supports the presence of the microwave effect in the VFM process.

As shown in Figure 5.8, the middle of the conventionally crystallized sample at
680°C for 6 minutes scatters the light more than the sample edges. The optical
micrographs have confirmed this observation as will be shown later in the stereology
measurement and optical microscopy data section in Figures 5.65, 5.66 and 5.67. These
optical micrographs show more crystal population and larger crystals in the middle as
compared to the edges of the sample. This phenomenon has also been observed in other
conventionally treated samples at 567°C, 583°C, and 595°C as well as in other VFM heat-

treated samples. It is believed that the nucleation regime applied in the present study
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allows the center of LS, glass samples to experience more localized heat than the sample
edges, thus resulting in more nucleation sites. The nucleation regime consisted of two
hours to reach the desired nucleation temperature of 485°C which was maintained for an
additional two hours then followed by a five to six hour cooling time in the furnace. As a
result, heat was lost more quickly from the sample surface than from the sample center in
the cooling step. Eventually, the nucleation sites in the sample center would be more than
those in the sample edges. Because the nuclei size could not be detected by the optical
microscopy, the nucleated samples appeared homogenous and uniformly transparent. In
the crystallization stage, when nuclei grow into detectable crystals, the crystals start to

scatter the light and become measurable by the optical microscopy.
5.3. Raman data

The Raman spectra of the crystallized LS, glass and glass-ceramic samples by
both VFM heating (~600°C, 2 minutes) and conventional heating (680°C-100 hours) are
shown in Figures 5.9, 5.10, and 5.11 respectively. Raman spectra indicate that the VFM
crystallized sample and the control crystal sample, which crystallized conventionally,
developed the same lithium disilicate crystal phase (Orthorhombic Ccc2)[190]. However,
there was a slight difference in the structural units of the SiO,4 tetrahedra (Q species)
between the VFM crystallized sample and the control crystal sample. The lithium
disilicate crystalline phase consists of these SiOj4 tetrahedral structural units. An
illustration of the Q species structure is shown in Figure 5.12. Tables 5.4 and 5.5 show
the assignment of the Raman peaks of LS, glass and glass-ceramic samples respectively.
According to the Raman data, the VFM crystallized sample was fully crystallized as was

the control crystal. Thus, the observed reduction in the crystallization time and
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Figure 5.11: Raman spectra of LS; glass-ceramics crystallized conventionally
(680°C-100 hours)

Table 5.4: Assignment of LS, glass Raman peaks

Assignment of Raman Bands Raman Band (cm™)
Q! 461
Si-O-Si bending 583
Motion of Si in Td 788
Si-O stretching in Q° 950
Si-O stretching in Q° 1084

Table 5.5: Assignment of LS, glass—ceramics Raman peaks

Assignment of the Raman Bands Q ** Raman Band (cm-1)
Q' 515 shoulder
Si-O-Si bending 550
Q- 934
Q° 1035
Q° 1107
Bands are assigned to Si-O stretching vibrations in SiOy tetrahedra. In Q ** the superscript
(a) in Q denotes the type of central Q species
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temperature in the VFM crystallized sample, in addition to the observed difference in the
Q species of LS, crystalline phase in the same sample, indicates the existence of the
microwave effect in the VFM process.

The Raman patterns for both glass-ceramic samples were almost identical except
the unique new peak at 1060 cm™ that was observed in the VFM crystallized sample.
That unique peak in the VFM crystallized LS, sample was not observed in the
conventional crystallized control crystal sample and is believed to be due to the Q*
species. A similar Q* peak, located at 1059 cm™, was reported in the sodium disilicate
glass system[161, 164, 166, 168, 171, 191, 192]. The Raman spectra of LS, glass and
glass-ceramics show that the Q® units are the major structural units (as detected at 1084
cm™ and 1107 cm™ respectively). It was reported in the literature that the high content of
Q’ units in LS, glass and glass-ceramic is due to the uniform distribution of the Li" ion as
well as the non-bridging oxygen (NBO)[164, 166, 171, 190].

Furthermore, Q° and Q" units were reported in the literature for LS, glass and
glass-ceramics[162, 165] and also were observed in the studied LS, glass and glass-
ceramics as shown in the spectra. The Q” species were observed at 950 cm™ and at 934
cm for LS, glass and glass-ceramics samples respectively, while the Q* species were
observed at 461 cm™ and 515 cm™ for LS, glass and glass- ceramics respectively. The
partial decomposition of Q units into Q* and Q? units is believed to occur in LS, glass

and glass-ceramics as shown in the following reaction below[171]:

2Q3 > Q4 + QZ
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Because the peak at 1060 cm™ was not observed in the conventionally processed
LS, glass-ceramics, it is believed that the microwave energy increased the rate of the Q’
decomposition reaction and consequently the amount of Q* units was increased in the
VFM crystallized sample as compared to the conventionally crystallized sample. It is
believed that the crystallization mechanism in the VFM process is different than the one
observed in the conventional heating process. In conclusion, the enhanced kinetics
observed in the VFM crystallized sample, in addition to the observed difference in the
crystallization mechanism between the VFM crystallized sample and the conventionally
crystallized sample, is believed to be due to the presence of the microwave effect of the

microwave energy in the VFM process.
5.4. Density measurements

The true density values of LS, glass frit, bulk glass and glass-ceramic samples are
shown in Table 5.6. It was observed that the densities of the glass-ceramics were higher
than the corresponding glass. This increase may be attributed to the fact that, in most
cases, the crystals’ densities (due to higher atomic-structural compaction) are higher than
those of the glass with the same composition[193]. The true density of the glass-ceramic
sample crystallized by VFM (~ 600°C, 2 minutes) was almost similar to the
corresponding conventionally crystallized glass-ceramic sample (680°C, 120 minutes). In
addition, the true density of the VFM crystallized sample was very close to the theoretical
density of lithium disilicate crystals. Meanwhile, the true density of the LS, control
crystal sample (conventionally crystallized at 680°C for 100 hours) was similar to the
VEM crystallized sample and close to the theoretical true density value of LS, crystal as

well. This implies that in a significantly shorter time and lower temperature, VFM
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Table 5.6: Structural (true) density measurements of LS, glass frit, bulk glass and
glass-ceramic samples measured by Helium Pycnometry.

Material Average true density Standard deviation
(g/em’)
Glass frit (Powder) 2.3401 0.0004
Bulk glass 2.3481 0.0001
Glass-ceramic 2.4281 0.0005
(Conventional heating)
680°C-2 hr
Glass-ceramic 2.4370 0.0017
(Conventional heating)
680°C-100 hr
Glass-ceramic 2.4383 0.0010
(VFM heating)
~600°C-2 min.
Theoretical density of 2.439
L1,S1,05 crystals[149]

Table 5.7: Apparent density measurements of LS, glass and glass-ceramic samples
measured by Archimedes

Material Density (g/cm’) Standard deviation
Glass 2.35 0.005
Glass-ceramic 2.41 0.00
(conventional heating at
680°C, 2 hr)
Glass-ceramic 2.42 0.00
(conventional heating at
680°C, 100 hr)
Glass-ceramic 2.42 0.00
(VFM heating at ~600 °C,
2 min.)
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processing fully crystallized LS, glass, resulting in a dense microstructure as compared to
a glass-ceramic produced using conventional heating. In conclusion, the true density
measurements imply and further support the microwave effect in the crystallization
process of LS, glass by VFM processing.

Table 5.7 shows the apparent density values for LS, glass and glass-ceramic
samples crystallized by conventional and VFM heating. The apparent density of the
conventionally and the VFM treated glass-ceramic samples are lower than the true
density values of these samples. This indicates that there are still some voids (closed
pores) in the microstructure. Optical microscopy and SEM have shown that some voids
exist in both samples. The difference in density between the LS, glassy phase and its
crystalline phase is believed to be the main reason for these voids as well as for the
observed microcracks in LS, glass-ceramics samples, as will be shown later in the SEM
micrographs (Figures 5.19 and 5.22). Furthermore, the thermal expansion coefficient of
LS, glass and glass-ceramic samples was measured by dilatometry (Figure 5.23) and
indicated that the thermal expansion coefficient of LS, glass was higher than the
corresponding glass-ceramic sample. This could also contribute to the observed
microcracks. Thus, similar apparent densities were observed for both types of processing

but in a much shorter time and lower temperature for the microwave-processed sample.
5.5. Complex dielectric measurements

Using the cavity perturbation technique, the real part of the dielectric constant (g")
and the imaginary or absorptive part of the dielectric constant (¢'") were measured for LS,

glass and glass-ceramics samples. The dielectric measurements performed on these

samples were carried out from room temperature to 600°C at 2.46 GHz. The dielectric
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constant (¢) measurement at different temperatures of LS, glass and glass-ceramics
samples at 2.46 GHz is shown in Figure 5.13. As can be seen from this Figure, ¢
increases with rising temperature in both LS, glass and LS, glass-ceramic. LS, glass has
higher ¢ than its corresponding glass-ceramic within the measured temperature range. In
the LS, glass sample, € increases first as the temperature rises then it starts to decrease
when the crystallization of LS, glass into glass-ceramic takes place. It is obvious that LS,
glassy phase has a larger € than the LS, crystalline phase. Figure 5.14 shows &' of LS,
glass and its corresponding glass-ceramic in the 2.46 GHz range at different
temperatures. It is obvious that the €'" of LS, glass increases with rising temperature. At
room temperature, the dielectric loss factor (¢') for the LS, glass (0.149) is
approximately eight times higher than that of the corresponding glass-ceramic material
(0.019). Thus the microwave power absorption, P,, at room temperature in the glassy
phase is higher than that in the crystalline phase based on Equation 3.1:
Pa= 0 € & et E’rms (3.1)

This trend in the dielectric measurement data (¢ and €'") of LS, glass and glass-ceramics
at 2.46 GHz corresponds with the current observations in the VFM crystallization
experiments at 6.425 GHz. In the VFM process, the power absorbed by the sample,
resulting in a rise of the temperature, was higher than the power absorbed by the same
sample after it was crystallized, as deduced from Figure 5.15. The existence of LS, glassy
phase at the beginning of the crystallization experiment followed by the formation of LS,
crystalline phase is responsible for that variation in the absorbed power observation.
After crystallization, the sample temperature did not rise even when higher forward

power was applied (Figure 5.15). The considerable change in the dielectric properties of
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Figure 5.13: Dielectric constant (¢§) measurement of LS, glass and glass-ceramic at
2.46 GHz at different temperatures.
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Figure 5.14: Dielectric loss measurements of LS, glass and glass-ceramic at 2.46
GHz at different temperatures.
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Figure 5.15: Heating rate and forward power during VFM crystallization of the
glass at 6.425 GHz.
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Figure 5.16: Dielectric loss (tan ) measurement of LS, glass and glass-ceramic at
2.46 GHz at different temperatures.

106

Forward Power (Watt)



LS, glass after crystallization can be used as a signal or a sensor for the completion of the
microwave crystallization process if the VFM technology is used in the crystallization
process of LS, glass. The change in the dielectric properties can be attributed to the
change from the amorphous (open) structure of the glassy phase (higher dielectric loss),
which is heated more easily by microwave energy, to the well ordered (compact)
structure of the corresponding glass-ceramic phase (low dielectric loss) that is harder to
heat with microwave energy under normal conditions[31, 68].

The ¢ and ¢""data were used to calculate the loss tangent, tan d (¢''/€), of LS, glass
and glass-ceramic samples as a function of temperatures at 2.46 GHz, as shown in Figure
5.16. As illustrated in the Figure, the loss tangent of LS, glass increases with rising
temperature. At 2.46 GHz, the critical temperature of LS, glass (T.;), the temperature at
which the material will self heat by microwave energy, was predicted as 480°C, as shown
in Figure 5.17. This implies that LS, glass has limited microwave absorption at room
temperature at 2.46 GHz and can only be crystallized by hybrid heating at this frequency.
This trend in the dielectric properties at 2.46 GHz was in good agreement with what was
observed in the present study, experimentally (VFM cavity characterization and the 2.45
GHz heating rate experiment), theoretically (molecular orbital model calculation) and in
the literature as well[30, 31].

The microwave penetration depths (D) of LS, glass and glass-ceramic samples as
a function of temperature at 2.46 GHz are shown in Figure 5.18. Tables 5.8 and 5.9 show
the microwave depth of penetration calculations of LS, glass-ceramic and glass
respectively at 2.46 GHz at different temperatures (room temperature to 600°C) utilizing

Equation 3.6:
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Figure 5.17: Critical temperature (T..i) determination of LS, glass at 2.46 GHz.
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Figure 5.18: Penetration depth (Dp) calculation for LS, glass and glass-ceramic
samples at 2.46 GHz as a function of temperature.
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Table 5.8: Depth of penetration (D,) calculation of LS, glass-ceramic at 2.46 GHz.

Temperature Speed of Light
(°C) g e’ tan 0 Dyp(Cm) Ao =C/f C(cm/s)
21.98 4.961 0.01946 | 0.003923 223.015 12.23633 29979000000
52.57 5.01 0.01784 | 0.003561 244.4647 12.23633
101.6 5.082 0.02044 | 0.004022 214.8962 12.23633
150.1 5.16 0.02288 | 0.004434 193.4467 12.23633
198.8 5.234 | 0.02574 | 0.004918 173.1813 12.23633
247.8 5.314 | 0.02906 | 0.005469 154.5639 12.23633
297.7 5.403 0.03973 | 0.007353 113.997 12.23633
346.2 5.496 0.04969 | 0.009041 91.92851 12.23633
396.5 5.596 | 0.06445 | 0.011517 | 71.51787 12.23633
444.8 5.719 | 0.09053 0.01583 51.47218 12.23633
494.5 5.857 0.1246 0.021274 37.84736 12.23633
543.2 6.019 0.1741 0.028925 27.45998 12.23633

592 6.183 0.2439 0.039447 19.86844 12.23633
4943 5.906 0.1242 0.021029 | 38.12769 12.23633
394.8 5.684 0.0665 0.0117 69.85608 12.23633
297.7 5.488 0.04111 | 0.007491 111.0335 12.23633
198.2 5.294 0.02724 | 0.005145 164.5802 12.23633
99.45 1.238 0.02053 | 0.016583 105.6034 12.23633

Table 5.9: Depth of penetration (D,) calculation for LS, glass at 2.46 GHz.

Temperature Speed of Light
‘0. g g’ tan & D,(Cm) ho =c/f C(cm/s)
23.83 7.406 | 0.1487 | 0.020078 | 35.6610545 12.236327 | 29979000000
53.05 7.571 | 0.1794 | 0.023696 | 29.8865699 12.236327
100.5 7.86 | 0.2398 | 0.030509 | 22.7826386 12.236327
148.8 8.197 | 0.3416 | 0.041674 | 16.3341011 12.236327
198.5 8.597 | 0.5153 0.05994 11.0917357 12.236327
248.4 9.093 | 0.8186 | 0.090025 | 7.18475409 12.236327
298.1 9.707 | 1.328 0.136808 4.5818921 12.236327
346.1 10.49 | 2.259 | 0.215348 | 2.80955655 12.236327
395.6 11.44 | 3.858 0.337238 | 1.73168295 12.236327

444 12.99 | 7.174 | 0.552271 1.01313331 12.236327
493.3 16.22 | 18.26 1.125771 | 0.48102997 12.236327
543.2 16.52 | 39.61 2.3977 0.26816355 12.236327

591 14.65 | 68.79 | 4.695563 | 0.18463598 12.236327
493.7 1572 | 16.83 1.070611 | 0.50959657 12.236327
396.3 11.37 | 3.946 | 0.347054 | 1.68918104 12.236327
297.8 9.583 1.32 0.137744 | 4.58026894 12.236327
200.3 8.534 | 0.5222 | 0.061191 10.9052053 12.236327
100.8 7.71 | 0.2339 | 0.030337 | 23.1333392 12.236327
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As shown in Figure 5.18, the penetration depth in LS, glass and glass-ceramic
samples decreases (increase in the microwave absorption) with increasing temperature at
2.46 GHz. From tables 5.8 and 5.9, the penetration depths of LS, glass and glass-ceramic
samples at 2.46 GHz are 35.7cm and 223cm, respectively at room temperature. This
implies that the microwave absorption of LS, glass at this frequency, at room
temperature, will be very small, and as a result it will be difficult to heat LS, glass by
itself without the aid of hybrid heating. Because the D, value of LS, glass-ceramics is
large, very small microwave absorption is expected. Hence, it will be very difficult to
heat by microwave energy at this frequency at room temperature, as confirmed by our
experiments. In the VFM crystallization process, LS, glass was crystallized successfully
by stand alone heating without the aid of hybrid heating. At 6.425 GHz central frequency
in the VFM process, it is expected that the penetration depth in LS, glass will decrease
and approach the sample dimensions so that LS, glass will self heat and crystallize by
VFM processing (based on equation 3.6). The depth of penetration at 2.46 GHz in LS,
glass at 493°C was calculated as 0.5 cm (within the sample dimension) which indicates
that the microwave absorption increases in that temperature range. This is in agreement
with the calculated critical temperature (480°C) of LS, glass at this frequency.
Meanwhile, the penetration depth of the LS, glass-ceramic sample at 592°C was
calculated as 19.9 cm at 2.46 GHz, which indicates that the microwave absorption in the
glass-ceramic sample will be very small at this frequency, even at higher temperatures.

These observations correspond with what has been observed experimentally in the VFM

110



process, as shown in Figure 5.15.
5.6. Scanning electron microscopy (SEM)

Figures 5.19 and 5.20 show the typical ellipsoidal LS, crystal shape of the
apparent agglomerate of small needle like crystallites (spheralite) in partially crystallized
LS, glass samples by conventional heating at two different temperatures. These samples
were polished then etched by 2% HF acid for 2 minutes. Figure 20 shows a perpendicular
view of an ellipsoidal LS, crystal that has been cut from the middle. Figure 5.21 shows
the typical ellipsoidal shape of the LS, crystals in partially crystallized LS, samples by
VFM heating. Both samples crystallized either by conventional or VFM heating
developed the typical characteristic ellipsoidal shape of LS, crystals with a maximum
crystal aspect ratio of 1.6, as shown in Figures 5.19 and 5.21[5,10,12]. These Figures
show microcracks developed inside these crystals in both types of samples. When these
crystals grow as a function of temperature or time, the microcracks increase and travel
into the glassy phase (Figures 5.21 and 5.22). As discussed earlier, because of the
difference between the true density of LS, crystal phase and its corresponding glassy
phase, in addition to the difference between the thermal expansion coefficients of both
phases, these cracks might be expected. Figure 5.23 shows the thermal expansion
coefficient measurements of LS, glass and glass-ceramic samples. The coefficient of
thermal expansion of LS, glass and glass-ceramic samples were calculated as 3.40%10”
and 1.23*10” in./in./°C respectively, in the range from 40°C-450°C. The thermal
expansion curve shows a glass transition temperature (T,) at 430°C and a softening
temperature (Tq: The temperature at which the glass will deform under the influence of it

own weight) at 470°C. As indicated earlier, the T, value obtained from the DSC data was
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Figure 5.19: LS; crystal of conventionally crystallized sample (567°C, 90 minutés)
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Figure 5.20: LS; crystal of conventionally crystallized sample (583°C, 30 minutes)

112



. 10um WD= 11mm EHT= 500kV Signal A=SE2
VFM 583 50 min |—| Mag= 133 KX Fhoto Mo, = 1578 Date :29 Mar 2007

. 10um WD= 11mm EHT=500kV SignalA=SE2
VFM 583 50 min |—| Mag= 158 KX Fhoto Mo = 1991 Date :29 Mar 2007

Figure 5.21: LS, crystals of VFM crystallized sample (583°C, 50 minutes)
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Figure 5.22: Partially crystallized LS, glass by VFM heating (583°C, 50 minutes)
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Figure 5.23: Thermal expansion coefficient curves of LS; glass and glass-ceramics
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475°C, which is different from the one obtained from the thermal analysis data (430°C).
This difference is believed to happen because the T, value is a function of the heating rate
and the method used for measurements as well. A heating rate of 20°C/min was used in
the thermal expansion coefficient measurements while 10°C/min was used in the DSC
measurements.

SEM micrographs of a polished etched surface (2%HF, 2 minutes) of a glass-
ceramic sample fully crystallized by VFM (~600°C, 2min) are shown in Figure 5.24.
Figure 5.25 shows SEM micrographs of the LS, control crystal’s polished etched surface
(conventionally crystallized at 680°C, 100 hours). Both glass-ceramic samples exhibit the
tightly interlocking crystal form that is characteristic of the corrugated sheets or layers of
LS, glass-ceramics. As a result of this microstructure, good isotropic mechanical
properties are achieved[17, 194]. Thus, the higher the degree of interlocking between
crystals (high crystalline content), the higher the mechanical strength and toughness of
the LS, glass-ceramic[17]. As a result, a new generation of dental crowns containing
mainly LS, crystalline phase is now available in the market.

Both, the fully crystallized VFM sample and the control crystal sample developed
the same characteristic microstructural features as confirmed by SEM. Furthermore, the
partially crystallized samples, by either VFM or conventional heating, developed the
same characteristic microstructural features. Finally, the SEM micrographs of the
crystallized VFM sample, fully crystallized in a significantly short crystallization time
and lower temperature, provide further evidence to support the existence of a microwave

effect in the crystallization process of LS, glass by VFM processing.
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Figure 5.24: SEM micrographs of fully crystallized LS; by VFM heating (~600 °C
for 2 minutes)
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Figure 5.25: SEM micrographs of fully crystallized LS; by conventional heating (680
°C for 100 hours)
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5.7. X-ray diffraction (XRD)

Figures 5.26 and 5.27 show the x-ray patterns of annealed LS, glass and VFM
crystallized glass-ceramic samples, respectively. Figure 5.26 indicates that the prepared
glass was quenched successfully and an amorphous structure was achieved with the
characteristic short range order pattern. Figure 5.27 shows that the VFM heat-treated
sample (~600°C, 2 minutes) was successfully crystallized into LS, glass-ceramic with its
characteristic XRD peaks. The crystal phase in this glass-ceramic sample was identified
as orthorhombic (Ccc2) lithium disilicate crystal phase, whose features include
corrugated sheets of (Si,Os)” on the (010) plane[17]. Crystal phase identification and the
crystallographic planes corresponding to the 20 values for all the peaks was performed
using the ASTM x-ray diffraction file index and from several other publications[18, 149-
157].

The XRD pattern of the LS, glass-ceramic sample that has been crystallized
conventionally at the maximum crystallization temperature 680°C for 100 hours (control
crystal sample) is shown in Figure 5.28. The control LS, crystal sample and the VFM
crystallized sample developed the same lithium disilicate (Orthorhombic Ccc2) crystal
structure but with the latter occurring in a significantly shorter time and temperature.
Thus, the XRD patterns provide further evidence to support the microwave effect claim
in the crystallization process of LS, glass by VFM heating.

As explained earlier, in the VFM process, a special casket containing LS, glass
frit was developed to prevent cracking in the bulk LS, glass sample, contamination and to
reduce the number of external factors in the VFM process so that microwave-material

interaction can be studied. The glass frit used in the VFM heating setup was examined
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Figure 5.26: X-ray pattern of quenched and annealed LS, glass.
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Figure 5.28: X-ray patterns of LS, glass-ceramic crystallized by conventional heating at 680°C for 100 hours (control
crystal).
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with XRD (Figure 5.29a). Another LS, glass frit sample heat-treated conventionally at
680°C for 30 minutes was examined with XRD, as shown in Figure 5.29b. These Figures
show that the LS, glass frit used in the VFM setup is still relatively amorphous (slightly
crystalline) as compared with the glass frit that was heat-treated conventionally. This
comparison implies that the bulk LS, glass sample in the VFM setup was crystallized
mainly by the microwave field. So the full crystallization observed in this sample results
mainly from the interaction between the microwave energy and the bulk glass sample in
the VFM process rather than from the conventional radiant heating that could result from
the heated frit. Thus, the glass frit in the VFM setup was not acting as a "heating
element" (conventional radiant heating) to the bulk glass sample. This fact not only
provides evidence that the full crystallization of the bulk LS, glass observed in the VFM
process is mainly due to microwave heating; it also provides a strong basis for the
existence of the microwave effect in the VFM process. Furthermore, a unique casket
containing LS, glass frit was successfully developed in the VFM crystallization process.
In order to investigate and to establish the microwave effect phenomena, three (3)
experiments were performed to provide the basic fundamental knowledge necessary to
establish the microwave effect in the VFM crystallization process. In the first experiment,
three (3) nucleated LS, glass samples were heat-treated conventionally at 600°C, 680°C
and 730°C for 25 minutes, respectively. The effect of the temperature on the major XRD
peak intensity (20=24) of the LS, crystalline phase is shown in Figure 5.30. The selection
of these temperature values is based upon the crystal growth peak obtained from the DSC
measurement. As indicated before, the maximum crystal growth temperature is located at

680°C. As expected from the DSC data, the heat-treated sample at 680°C had the
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highest major XRD peak intensity. The sample at 730°C had a slightly higher XRD peak
intensity than the sample at 600°C. This observation is in agreement with the kinetic
theory (Equation 2.8), where the crystal growth rate is at its maximum value at the
maximum crystal growth temperature (680°C). This experiment is in agreement with the
well-known fact: at any temperature higher or lower than the maximum crystal growth
temperature, the crystal growth rate should decrease and be lower than the rate at the
maximum crystal growth temperature.

In the second experiment, three (3) LS, glass samples were heat-treated
conventionally at 600°C, 680°C and 730°C for 7 minutes respectively (Figure 5.31). The
heat-treated sample at 680°C had a higher volume fraction of crystals (scattering light,
white color) than the other two samples. On the other hand, the heat-treated sample at
730°C scatters the light in the middle of the sample more than the one heat-treated at
600°C. Again, this observation is in good agreement with the DSC data of the bulk LS,
glass and the kinetic theory of glass formation. The results of this experiment clearly
imply that the crystal growth rate is only maximized at the maximum crystal growth
temperature (680°C). This fact is very important in order to provide the scientific
background necessary for the discourse about the reality of the microwave effect in the
crystallization process of LS, glass by VFM.

Finally, Figure 5.32 shows conventionally heat-treated samples at 680°C for 2, 3,
4, and 5 minutes, respectively, as the third experiment. As shown in the picture, none of
these samples was fully crystallized as compared to the VFM heat-treated sample
(Figure5.8). Furthermore, the VFM crystallized sample at 2 minutes is very different

from the one conventionally treated at the same time and temperature. This difference in
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Figure 5.31: LS; glass samples heat-treated conventionally at 600°C, 680°C, and
730°C for 7 minutes respectively.

Figure 5.32: LS; glass samples heat-treated conventionally at 680°C for 2, 3, 4, and 5
minutes, respectively.
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the crystallization behavior of LS, glass under the influence of the VFM heating is an
indication of different and enhanced kinetics in the VFM process compared to the
conventional process.

In conclusion, the observed full crystallization of the VFM heat-treated sample, as
confirmed by XRD, in a significantly short time and temperature can not be explained by
the well known kinetic theory of glass formation, the DSC data of the bulk glass and
finally by the results of the later three experiments. This unusual crystallization behavior

is considered to be due to the microwave effect.
5.8. Molecular orbital theory for microwave absorption calculation

CAChe Worksystem (Computer Aided Chemistry) software was used to build the
unit cell of LS, crystal (Orthorhombic crystal system with space group: Ccc2,
a=p=y=90°C, a=5.807, b=14.582, ¢=4.773 according to the x-ray diffraction data) and
also to build a short range order glassy network of LS, glass. Table 5.10 shows the
positional parameters of the 36 atoms in the LS, crystal unit cell. Figure 5.33 shows the
unit cell and the short range order of LS, glass-ceramic and glass respectively. MOPAC
(Molecular Orbital PACkage) was used to calculate the IR spectra for both the LS, glassy
network and the LS, crystal unit cell. The calculated IR data was used according to the
molecular orbital theory to calculate the microwave absorption for the LS, glass and
crystal unit cell.

The experimentally measured IR spectra of LS, glass is shown in Figure 5.34 in
transmittance mode after it was converted from the reflectance mode by the available IR
software (OMINC 7). Figure 5.35 shows the calculated IR spectra of LS, glass in

transmittance mode obtained using MOPAC, which is provided by the CAChe software.
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Figure 5.33: (A).Lithium disilicate crystal unit cell. (B) Short range order of lithium
disilicate glass
(Green: Silicon atom, Red: Oxygen atom and Blue: Lithium atom)
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Table 5.10: Positional parameters of the 36 atoms of the LS, crystal unit cell.

Atom X Y Z
Sil 0.1552 0.14836 0.1352
01 0.3295 0.0718 0.0491
02 0.0932 0.1377 0.4785
03 0.25 0.25 0.0781
Lil 0.346 0.0584 0.625
Sil 0.8448 0.85164 0.1352
01 0.6705 0.9282 0.0491
02 0.9068 0.8623 0.4785
03 0.75 0.75 0.0781
Lil 0.654 0.9416 0.625
Sil 0.1552 0.85164 0.6352
01 0.3295 0.9282 0.5491
02 0.0932 0.8623 0.9785
03 0.25 0.75 0.5781
Lil 0.346 0.9416 0.125
Sil 0.8448 0.14836 0.6352
01 0.6705 0.0718 0.5491
02 0.9068 0.1377 0.9785
03 0.75 0.25 0.5781
Lil 0.654 0.0584 0.125
Sil 0.6552 0.64836 0.1352
01 0.8295 0.5718 0.0491
02 0.5932 0.6377 0.4785
Lil 0.846 0.5584 0.625
Sil 0.3448 0.35164 0.1352
01 0.1705 0.4282 0.0491
02 0.4068 0.3623 0.4785
Lil 0.154 0.4416 0.625
Sil 0.6552 0.35164 0.6352
01 0.8295 0.4282 0.5491
02 0.5932 0.3623 0.9785
Lil 0.846 0.4416 0.125
Sil 0.3448 0.64836 0.6352
01 0.1705 0.5718 0.5491
02 0.4068 0.6377 0.9785
Lil 0.154 0.5584 0.125
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Figure 5.34: IR experimentally measured spectra of LS, polished glass sample.
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Figure 5.35: IR Calculated (Cache program) pattern of LS, glass.
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Figures 5.36 and 5.37 show both the experimentally measured (related to control crystal
sample) and the calculated IR spectra of the 36 atoms unit cell of LS, glass-ceramic,
respectively. It is understandable that the calculated and the experimentally measured IR
spectra of both LS, glass and glass-ceramic are not exactly identical. The difference
observed in these spectra is believed to result from the fact that this calculation is actually
an approximation of the real case and is limited because of the small number of atoms
(36) used to obtain the calculated spectra. On the other hand, this calculation still gives
useful information about the real case.

The calculated IR spectra data for both LS, glass and glass-ceramic samples was
manipulated, as explained in Appendix 1, to calculate the microwave absorption curves
based on the hypothesis of the molecular orbital theory for microwave absorption in
materials. Figure 5.38 shows the calculated microwave absorption calculation for LS,
glass. Based on this calculation, the absence of strong oscillators at 2.45 GHz is obvious.
On the other hand, the existence of strong oscillators capable of absorbing microwave
energy at 7 GHz and 18 GHz is noticeable. Other strong oscillators exist at higher
frequency ranges such as 33 GHz and 59 GHz. Figure 5.39 shows the molecular orbital
theory calculation for the 36 atoms unit cell of LS, glass-ceramic. The absence of strong
oscillators capable of absorbing microwave energy below 20 GHz is obvious.

The molecular orbital model of microwave absorption calculations of LS, glass
and glass-ceramics are in good agreement with the following:

. The dielectric properties measurement performed in the present study for LS,
glass and glass-ceramics at 2.46 GHz.

J What was reported in the literature[30, 31] about the possibility of crystallizing
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Figure 5.38: Molecular orbital theory calculation for LS, glass.
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Figure 5.39: Molecular orbital theory calculation for LS, glass-ceramics
Note the absence of oscillators capable of absorbing microwave energy below 20 GHz.
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LS, glass using hybrid heating at 2.45 GHz.

J The heating rate measurements for LS, glass and glass-ceramics at 2.45 GHz, 7
GHz and 18 GHz as shown in Figures 5.40 and 5.41.

o The reflected power measurement of LS, glass in the VFM cavity (cavity
characterization) as shown in Figure 5.42

J The crystallization experiments of LS, glass in the VFM process at 6.425 GHz
with 1 GHz band width (Figure 5.15)

As discussed earlier, using the dielectric measurement data at 2.46 GHz at room
temperature, the D, calculated values of LS, glass and glass-ceramic samples are much
larger than the LS, samples’ dimensions. As a result, the microwave absorption of the
LS, glass sample under this condition will be very small; hence, LS, glass can only be
crystallized by hybrid heating as demonstrated by other workers[30, 31].

The reflected microwave power in the cavity characterization experiment (Figure
5.42) of LS, glass in the VFM cavity was large (low microwave absorption) at 2.45 GHz
(high intensity reflected power region) and started to decrease at 6 GHz (low intensity
reflected power region). This is in agreement with the VFM crystallization experiment
setup used to crystallize LS, glass.

The heating rate of LS, glass samples at 2.45 GHz (absence of strong oscillators)
was slower than the heating rate of these samples at 7 GHz and 18 GHz, respectively, as
shown in Figures 5.40 and 5.41. However, the heating rate of LS, glass at 18 GHz was
faster than the one at 7GHz. The heating rate of LS, glass-ceramics samples was much
slower than the heating rate of LS, glass samples over the tested frequencies. These

heating rate observations were in agreement with the molecular orbital model calculations.
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Finally, the heating rate in the VFM crystallization experiments (6.425 GHz, 1
GHz band width) of LS, glass, as shown in Figure 5.15, was in good agreement with the
molecular orbital model. The treated LS, glass sample continued to absorb microwave
energy (strong oscillators exist at this condition) until it crystallized and transformed into
glass-ceramic (absence of strong oscillators at this condition). Consequently, there was a
sudden drop in the heating rate and the microwave absorption even with full forwarded

microwave power (The maximum power of the VFM instrument used- 250W).
5.9. FTIRRS of partially conventionally crystallized LS, glass.

As mentioned before, the nucleated LS, glass was heated at three different
temperatures (567°C, 583°C and 595°C) at different times. These temperatures were
selected based on the DSC data of the annealed LS, bulk glass sample, as shown in
Figure 5.1. These temperatures are just slightly below the onset of the crystal growth
peak region (~600°C) of the bulk glass. At these temperatures, the crystal growth rate is
very slow compared to the crystal growth peak region. These temperatures’ selection
allows more control over the crystal growth rate and the ability to freeze and follow the
crystallization advancement in LS, glass. The crystallization behavior of the LS, glass
samples heat-treated conventionally at these selected temperatures will be presented and

studied by the FTIRRS spectra in the following section.
a. FTIRRS of conventionally heat-treated LS, glass at 567°C.

Figure 5.43 shows the FTIR spectra of LS, glass heat-treated conventionally at
567°C for different times (15, 20, 30, 40, 50, 60, and 70 minutes) in comparison with the
annealed and nucleated LS, glass. As can be seen from this Figure, the FTIR spectra of

the heat-treated samples ranging from 15 to 60 minutes appear to have the same spectrum
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as the annealed glass with a slight difference in the peak intensities located at 490 cm™
and 760 cm™'. The optical microscopy patterns for these glass samples are not the same,
and they have different crystal sizes, as shown in the optical micrographs later (Section
5.10). It is concluded that the structural change that occurred in these heat-treated
samples (small crystals size, ~100 um) was detected by the FTIR peak intensity. The
heat-treated sample at 567°C for 70 minutes starts to have a slightly different FTIR
pattern than the other treated samples and the annealed glass. The size and the numbers of
the growing crystals in the 70 minute heat-treated sample start to affect the FTIR pattern.
The IR band that was contributing to (Si-O") NB stretching at 930 cm™ in the annealed
glass sample was shifted to a higher wavelength (957 cm™) in the 70 minute heat-treated
sample. In addition, the band at 1085 cm™ (Si-O-Si asymmetric stretching) split into 2
bands (1055 cm™ and 1111 cm™) in the same sample. Moreover, the intensity of the two
bands at 764 cm™ (Si-O-Si stretching) and at 490 cm™ (O-Si-O Bending mode) increased
by a significant amount. The evolution of a small band at 635 cm™ was first seen at 70
minutes.

Figure 5.44 shows the FTIR spectra of conventionally heat-treated LS, glass at
567°C for 70, 80, 90 and 100 minutes. As shown from the FTIR patterns, the
crystallization of the LS, glass at 567°C increases with increasing the heat treatment time
from 70 minutes to 100 minutes. The assignment of the IR bands can be found in Table
5.11. In the 100-minute sample, the bands had not only increased in intensity and become
more defined, but also a small shift in the 1055 cm™ (as in 70 minutes sample) to a lower
frequency (1041 cm™) was observed. A new weak band (589 cm™) corresponding to Si-

O-Si symmetric stretching was observed in the sample that was treated for 100 minutes.
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Figure 5.43: IR spectra of LS, glass heat-treated conventionally at 567°C at 15, 20,
30, 40, 50, 60 and 70 minutes. The base glass and the nucleated glass spectra are
shown for comparison.
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Figure 5.44: IR spectra of LS; glass heat-treated conventionally at 567°C at 70, 80,
90 and 100 minutes.
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Figure 5.45: IR spectra of LS, glass heat-treated conventionally at 567°C at 110, 120,
130 and 140 minutes.
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Figure 5.46: IR spectra of LS; glass heat-treated conventionally at 583°C at 15, 20
and 30 minutes.
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Figure 5.45 shows the FTIR spectra of conventionally crystallized LS, glass
samples at 567°C for 110, 120, 130 and 140 minutes. The evolution of the two new bands
at 1234 cm™ and at 587 cm™ that contribute to the Si-O" and Si-O-Si asymmetric
stretching and to Si-O-Si symmetric stretching, respectively, was the main difference
from the last set of samples. The intensities of the remaining bands continued to increase
as the crystallization time increased, as seen before.

It is concluded that the peak positions and intensities of the FTIR spectra of LS,
glass-ceramic samples are a function of the crystal size, volume fraction of crystals, heat
treatment time and finally heat treatment temperature. This relation will be used for the
correlation found in the present study between the peak intensities and the volume

fraction of crystals of LS, glass-ceramics, as shown later in the stereology section.
b. FTIRRS of conventionally heat-treated LS, glass at 583°C.

Figure 5.46 shows the FTIR spectra of conventionally heat-treated samples at
583°C for 15, 20 and 30 minutes, respectively. The FTIR patterns of the heat-treated
samples at 15 and 20 minutes look similar to the annealed LS, glass pattern. A slight
difference in the peak intensities of these FTIR patterns was observed especially at 490
cm” and 760 cm™ peak regions. Figure 5.47 shows the FTIR spectra of conventionally
heat-treated samples for 35 and 40 minutes, respectively. The FTIR spectra of these two
samples indicated that a major structural change occurred compared to the previously
heat-treated samples for 15 to 30 minutes. As shown in Figure 5.63b, the picture of the 35
minute treated sample starts to scatter light more than the 30 minute treated sample,
which still looks transparent. So this major structural change that occurred in this sample

was detected by the FTIR spectra and observed visually as well. As shown in Figure 5.47,
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Figure 5.47: IR spectra of LS, glass heat-treated conventionally at 583°C at 30 and
40 minutes.
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Figure 5.48: IR spectra of LS; glass heat-treated conventionally at 583°C at 40, 60
and 70 minutes.
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the peak intensities of the FTIR spectra are a function of heat treatment time. Figure 5.48
shows the FTIR spectra of conventionally heat-treated samples for 40, 60 and 70 minutes
respectively. The FTIR peak intensities increased as the heat treatment time increased.

In conclusion, the FTIR is very sensitive to the structural change that occurred in
the crystallization process of LS, glass. As concluded before with the 567°C treated
samples and confirmed at the 583°C treated samples, the FTIR peak intensities and
positions are a function of the heat treatment time, heat treatment temperature, crystal
size and volume fraction of crystals. Figures 5.49 and 5.50 show the effect of the heat
treatment time on the FTIR peak intensity, measured at 490cm™” and 760cm™
respectively, of LS, glass samples heat treated at 583°C. Both peak regions show the

same trend as the heat treatment time increased.
c. FTIRRS of conventionally heat-treated LS, glass at 595°C.

Figures 5.51 shows the FTIR spectra of LS, glass samples heat-treated
conventionally at 595°C for 10, 15, 20, and 30 minutes as compared with the base glass
spectrum. Figure 5.52 shows the FTIR spectra of LS, conventionally heat-treated samples
for 30, 35, and 40 minutes, while Figure 5.53 shows the FTIR spectra of the LS, heat-
treated samples for 40 and 60 minutes. As shown in Figure 5.51, the FTIR pattern of the
30 minute heat-treated sample is totally different from the other heat-treated samples at
10,15, and 20 minutes. This structural change observed by the FTIR spectra matches the
picture of the same samples in Figure 5.63c. This 30-minute heat-treated sample starts to
scatter the light more than the other heat-treated samples at 10, 15, and 20 minutes. This
observation corresponds with the one found in the 583°C heat-treated sample, but at 35

minutes. This noticeable difference in the structure of the heat-treated LS, samples is
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Figure 5.49: Peak intensity measurement of LS, glass heat-treated conventionally at
583°C at different times (490 cm™ peak region).
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Figure 5.50: Peak intensity measurement of LS, glass heat-treated conventionally at
583°C at different times (760 cm™ peak region)
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Figure 5.51: IR spectra of LS, glass heat-treated conventionally at 595°C at 10, 15,
20 and 30 minutes. The base glass spectrum is shown for comparison.
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Figure 5.52: IR spectra of LS, glass heat-treated conventionally at 595°C at 30, 35
and 40 minutes.
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Figure 5.53: IR spectra of LS; glass heat-treated conventionally at 595°C at 40 and
60 minutes.
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Figure 5.54: Peak intensity measurement of LS, glass samples heat-treated
conventionally at 595°C at different times (490 cm™ peak region)
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observed when the volume fraction of crystals is around 49%-47%, as in Table 512
(583°C, 35 min) and 5.13 (595°C, 30 min) respectively. Thus, the first noticeable change
in the sample color from transparent to white is an indication that the sample has
approximately more than or equal to 50% volume fraction of crystals at a given
temperature. On the other hand, this change in color does not mean that the sample has
been fully crystallized. Therefore, the correlation between the FTIR peak intensity and
the volume fraction of crystals of the LS, glass-ceramic samples is believed to be very
important. This correlation could be vital in the quality-control process of a given glass-
ceramic product. It is well known, the volume fraction of crystals of a given glass-
ceramic product affects the properties and the performance of this product. Furthermore,
the FTIR measurement is a non-destructive, easy to use, fast and well-established
technique that can be easily performed by regular operators.

Figures 5.54 and 5.55 show the effect of the heat treatment time on the FTIR peak
intensities, measured at 490 cm™ and 760 cm™ peak regions respectively, of LS, glass-
ceramic samples heat-treated at 595°C. It is apparent that the peak intensity increases as
the heat treatment time increases.

Figures 5.56 and 5.57 show a comparison of peak intensity measurement of LS,
glass samples heat-treated conventionally at 583°C and 595°C, measured at 760 cm™ and
at 490 cm™ peak regions respectively. As shown from these Figures, a similar trend in
both peak regions was observed in both temperatures. Moreover, the FTIR peak intensity
is a function of heat treatment temperature and time. Below and at 20 minutes heat
treatment time, the heat-treated samples at 583°C and 595°C had a very small peak

intensity difference, as shown in Table 5.11 and 5.12 respectively. This difference starts
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Figure 5.55: Peak intensity measurement of LS, glass samples heat-treated
conventionally at 595°C at different times (760 em™ peak region)
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Figure 5.56: Comparison of peak intensity measurement of LS, glass samples heat-
treated conventionally at 583°C and 595°C (760 cm™ peak region).
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Figure 5.57: Comparison of peak intensity measurement of LS, glass samples heat-treated conventionally at 583°C and 595°C
(490 cm™ peak region).
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to increase at or higher than the 30 minute heat treatment. Thus, the FTIR peak intensity

is sensitive to the volume fraction of crystals change in LS, glass-ceramics samples.
5.10. Stereology measurement and optical microscopy data

As discussed earlier in the materials and experimental procedure section (chapter
4), the stereology measurement was used to estimate the volume faction of crystals (Vy)
in the LS, glass-ceramics samples. A point count grid placed over a uniform, cross-
sectional 2D image of this sample can estimate the volume fraction of a certain phase
within a 3D sample. The number of points hitting the phase of interest was counted and
divided over the total number of points in the grid, and as a result, a volume fraction of
this phase was estimated.

A stereology measurement was performed on partially crystallized LS, glass-
ceramics samples using both the VFM heating at 583°C and conventional heating at

583°C and 595°C for different periods of time. The volume fraction of these partially

crystallized LS, samples was calculated using a 400 point count grid stereology technique
to ensure and to increase the precision of this measurement as discussed earlier (Section
4.5.3). Figure 5.58 shows the optical micrograph of a partially crystallized LS, sample at
583°C for 30 minutes with the 400 point count grid. The volume fraction of crystals of
this particular sample was calculated as 20% according to 80 points count found within
the 400 point grid using the following calculation:
Pp=(80/400)*100=20=V,

As described before, for any given sample, the volume fraction of crystals was calculated
at five different randomly selected micrographs of the same sample in order to represent

the data statistically, as shown in Table 5.11. The standard precision is calculated using

149



~

5

l
5

1

Figure 5.58: Point count micrograph of polished surface of conventionally
crystallized LS, glass sample at 583°C-30 minutes-50x.

Table 5.11: Peak intensity, volume fraction of crystals and crystals aspect ratio of
conventionally crystallized LS, samples at 583°C at different times.

Sample | 490 cm™ | 760 cm™ Volume | Standard | Standard Aspect
Peak Peak Fraction | Deviation | Precision Ratio
Intensity | Intensity of Min. | Max
Crystals

Glass 35.9 14.7 0 0 0 0 0
583-15 37.4 14.9 3 0.5 0.1 1 1.6
min.
583-20 38.3 15.1 13 1.5 0.4 1 1.6
min.
583-30 40.9 15.8 20 2.4 0.6 1 1.6
min.
583-35 47.2 17.3 49 2.6 0.7 1 1.6
min.
583-40 49.9 17.8 53 2.5 0.6 1 1.6
min.
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the following Equation[159]:
Standard Precision = (Standard deviation/ Total number of point count)*100 (5.1)

Table 5.11 shows the volume fraction of crystals measurements of LS, glass-
ceramics samples, conventionally crystallized at 583°C for 15, 20, 30, 35 and 40 minutes
respectively, using the 400 point count technique. As shown from the table that the
volume fraction of crystals increases as the heat treatment time increases at a constant
given crystallization temperature. The aspect ratio of the LS, crystals in these samples
was measured. A maximum aspect ratio value was found as 1.6, which corresponds to the
typical ellipsoidal LS, crystal, as shown in Figures 5.19. The minimum aspect ratio value
was found as one (1), which corresponds to the typical ellipsoidal LS, crystal that was cut
in the middle and placed perpendicular to the plane of view, as shown in Figure 5.20.

The FTIR peak intensities at both 490 cm™ and 760 cm™ peak regions were
measured of LS, glass-ceramics samples, conventionally crystallized at 583°C for 15, 20,
30, 35, and 40 minutes respectively. The FTIR peak intensity measurement was
performed for the annealed LS, glass at the same peak regions. Figure 5.59 shows the
correlation between the FTIR peak intensity, at both 490 cm™ and 760 cm™ peak regions,
respectively, and the volume fraction of crystals of the conventionally crystallized LS,
samples at 583°C.

This correlation can be used to estimate the crystals volume fraction of a given
sample by its FTIR peak intensity. The correlation offers some advantages over other
well- known techniques (such as XRD and Stereology) to estimate the volume fraction of
crystals in a given glass-ceramic material by its FTIR peak intensity. For example,

stereology requires qualified operators with an adequate basic knowledge of the
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Figure 5.59: Correlation between the peak intensity and the volume fraction of
crystals of conventionally crystallized LS, glass heat-treated at 583°C at 490 cm’
and at 760 cm™ peak regions.
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technique in order to estimate the volume fraction of crystals in a given sample.
Moreover, it is a time-consuming technique. Furthermore, XRD is a destructive technique
that also needs qualified persons to operate the machine and to interpret the data. On the
contrary, FTIR is a fast and easy to use technique. It is a finger print of the sample and it
is a non destructive technique. FTIR is a precise measurement method requiring no
external calibration, and it is well established. Finally it does not require sophisticated
sample preparation. In general, this correlation could be produced by qualified persons
and then used by regular workers in a given industry. Thus, the correlation could be used
in quality control of the glass-ceramics industry.

Figure 5.60 shows the 400 point grid stereology measurement for LS, glass
sample, conventionally crystallized at 595°C for 15 minutes. Table 5.12 shows the
volume fraction of crystals measurement by point count technique of LS, glass-ceramics
samples, conventionally crystallized at 595°C for 15, 20, 30, 35, and 40 minutes. As
shown from the Figure that the heat-treated samples at 595°C had a higher volume
fraction of crystals than the heat-treated samples at 583°C at the same period of time.
This observation is in agreement with the kinetic theory of glass formation and the DSC
data. The FTIR peak intensities measurements of the same samples at both the 490 cm™
and 760 cm™ peak regions are shown in the same Table. The maximum aspect ratio of the
LS, crystals in the heat-treated samples, at 595°C, was found as 1.6 and one (1) as a
minimum value. These aspect ratio values were similar to the ones observed in the heat-
treated samples at 583°C. Figure 5.61 shows the correlation between the FTIR peak
intensities, at 490cm™ and 760 cm™ peak regions respectively, and the volume fraction of

crystals of the conventionally crystallized LS, glass-ceramics samples at 595°C. Thus, the
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Figure 5.60: Point count micrograph of polished surface of conventionally
crystallized LS; glass sample heat-treated at 595°C-15 minutes-50x.

Table 5.12: Peak intensity, volume fraction of crystals and crystals aspect ratio of
conventionally crystallized LS, sample heat-treated at 595°C at different times.

Sample | 490 cm™ | 760 cm™ | Volume | Standard | Standard Aspect
Peak Peak Fraction | Deviation | Precision Ratio
Intensity | Intensity of Min. | Max
Crystals
Glass 35.9 14.7 0 0 0 0 0
595-15 37.4 14.9 6 0.9 0.2 1 1.6
min.
595-20 38.3 15.1 23 2.3 0.6 1 1.6
min.
595-30 43.12 16.46 47 2.5 0.6 1 1.6
min.
595-35 48.9 17.9 55 2.6 0.7 1 1.6
min.
595-40 57.5 18.98 64 2.4 0.6 1 1.6
min.
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Figure 5.61: Correlation between the peak intensity and the volume fraction of
crystals of conventionally crystallized LS, glass-ceramics sample at 595°C, at 490
cm™ and at 760 cm™ peak regions.
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peak intensities and the volume fraction of crystals depend on both the heat treatment
time and temperature.

Figure 5.62 shows pictures of LS, glass samples partially crystallized at different
periods of time, either by conventional heating at 567°C, 583°C and 595°C, or by VFM
heating at 583°C. At 567°C, the heat-treated sample starts to scatter the light at 100
minutes. Meanwhile, at 583°C, the heat-treated sample starts to scatter the light at 35
minutes. At 595°C, scattering of the light occurs by the sample that was heat-treated at 30
minutes. The volume fraction of crystals in all these samples was estimated to be ~ 50%,
based on the scattering of light observation, as discussed earlier. Furthermore, the volume
fraction of crystals increases as the heat treatment temperature increases from 567°C to
595°C. This trend is in agreement with the kinetic theory of glass formation as well as the
DSC data of the bulk LS, glass. As discussed earlier (Section 5.1), because these
temperatures are just below the onset of the crystal growth peak (~600°C), the crystal
growth rate at these temperatures is very slow compared to the ones at the maximum
crystal growth rate (T.). Thus the abnormal, fast-crystallization behavior of LS, glass
sample in the VFM process (~600°C, 2 min), which can not be explained by either the
kinetic theory of glass formation or the DSC data of LS, bulk glass, is a strong evidence
for the existence of the microwave effect in the VFM crystallization process.

On the other hand, the trend observed in the picture of the VFM heat-treated
samples at 583°C for 20, 30, 40 and 50 minutes is not consistent with the microwave
effect observation. Furthermore, this picture shows that the crystal growth rate in the
VFM process at this temperature is slower than the one observed in conventional heating.

The visual appearance of this set of samples indicates that the volume fraction of crystals
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Figure 5.62: Partially crystallized LS, glass samples crystallized:

a, b, c: Conventionally at 567°C, 583°C and 595°C respectively for different periods
of time.

d: VFM at 583°C for different periods of time.
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in these samples is estimated to be below ~50%, and as a result, it does not scatter the
light, even at 50 minutes heat treatment time. The volume fraction of crystals of this 50
minute sample was measured as 29% using stereology. On the other hand, the
conventionally treated sample at the same temperature starts to scatters light at 35
minutes with a V, = 49%. Figure 5.63 shows the 400 point count stereology micrograph
of this VFM crystallized sample (583°C, 50 minutes). The stereology measurement of
this set of VFM crystallized samples is shown in Table 5.13. The volume fraction of
crystals measurement of these VFM samples is in agreement with the visual appearance
of the samples. The aspect ratio of the LS, crystals in these crystallized samples is shown
in Table 5.13. The aspect ratio of the LS, crystals in these VFM treated samples is similar
to the one observed in the conventionally heat-treated samples (with a maximum value as
1.6 and a minimum as one (1)), as confirmed by SEM (Figure 5.21). On the other hand,
the volume fraction of crystals values in these VFM crystallized samples at 583°C
indicate that the kinetics are slower in these samples than the corresponding samples
crystallized conventionally at the same temperature. The two possible explanations for
this contradiction might be:

1- The microwave effect exists at a certain temperature range and does not exist below
this range. If this assumption is true, the volume fraction of crystals of these VFM
crystallized samples should be at least similar to the one observed in the conventionally
crystallized samples at the same temperature, and not lower as was observed.

2- The VFM process retards the kinetics of LS, crystallization at this specific temperature
(583°C). Some researchers[195-200] reported that an external electric filed could retard

or enhance phase separation in some glass systems based on the composition. On the
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Figure 5.63: Point count micrograph of polished surface of VFM partially
crystallized LS; glass sample heat-treated at 583°C-50 minutes-50x.

Table 5.13: Volume fraction of crystals and crystals aspect ratio of VFM partially
crystallized LS, sample heat-treated at 583°C at different times.

Sample Volume Fraction Standard Standard Aspect Ratio
of Crystals (%) Deviation Precision
Min. | Max.
583-30 minutes 5 0.5 0.1 1 1.6
583-50 minutes 29 3.1 0.8 1 1.6
583-60 minutes 37 2.9 0.7 1 1.6
583-80 minutes 58 2.6 0.7 1 1.6
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other hand, the composition of the 583°C VFM treated samples is similar to the other
ones treated at ~600°C by VFM process, which posses the highest kinetics (Figure 5.64).
Furthermore, this retarding assumption is contradicting with the data published on the
same glass at 2.45 GHz by Boonyapiwat (figure1.4b)[30].

3- In the VFM process, if this specific temperature (583°C) was inaccurately measured
with the thermocouple (i.e.10°C-15°C higher than the sample temperature), thus could
account for the lower crystallization rate in these specific VFM samples. Thus the volume
fraction of crystals at any given time for these VFM samples will be lower than the one
observed in the conventional heating at 583°C, as what was observed. In the VFM
experimental setup (Figure 4.3), the IR temperature reading was always lower than the
thermocouple temperature reading by 10°C-15°C. Because of the temperature
measurement issue in the microwave cavity (well known issue in the microwave
processing field), it is believed that this assumption is most likely the actual reason for
the lower V,, observation in these specific VFM treated samples at 583°C.

Figure 5.64 shows the volume fraction of crystals as a function of time in
conventionally heat-treated LS, samples at 567°C, 583°C, 595°C, 730°C and 680°C in
comparison with VFM heat-treated samples at 583°C and 600°C. As shown from the
Figure, the volume fraction of crystals of the conventionally crystallized LS, glass-
ceramic samples at 583°C is lower than the ones conventionally crystallized at 595°C,
730°C and 680°C (T.) but higher than the one at 567°C. Also, the crystal growth Kinetics
of the conventionally crystallized LS, glass-ceramics samples at 680°C (T,) is higher than
the ones conventionally crystallized at 730°C 595°C, 583°C and 567°C. Furthermore, the

crystal growth kinetics at 595°C is higher than the one at 583°C and 567°C but lower than
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Figure 5.64: Volume fraction of crystals as a function of time of LS, glass samples heat-treated by conventional and VFM
heating at different temperatures.

Note: All the temperature readings shown in this figure are made with a thermocouple. Temperatures for the samples processed by the
VFM processing technique were also measured with an IR pyrometer and were 10°C-15°C lower than the temperature measured with
the thermocouple. The IR temperatures are probably more accurate in the microwave cavity.
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the one at 730°C. This trend is in agreement with the DSC data of the bulk LS, glass,
pictures of these samples (Figure 5.62), and the kinetic theory of glass formation. As
shown in Figure 5.64, the VFM crystallized samples at 583°C show unexpectedly lower
kinetics even when compared with the corresponding conventionally heat-treated samples
at the same temperature. This trend is believed to happen most likely due to the
inaccurate temperature measurement in the VFM process. Further investigation is
required to understand this trend.

On the other hand, the VFM crystallized sample at ~600°C for two (2) minutes
has the fastest crystal growth rate as compared to the 730°C, 680°C, 595°C, 583°C and
567°C conventionally heat-treated samples. Furthermore, the 600°C VFM crystallized
sample posses higher crystal growth kinetics than the conventionally treated sample at the
maximum crystal growth temperature (T;=680°C). So a microwave effect appears to be
valid in the VFM process regardless of the temperature issue. In conclusion, this
enhanced kinetics in the VFM heat-treated sample in addition to the different
crystallization mechanism, as compared to the conventional heat-treated sample, appears
to be due to the microwave effect.

The microstructural uniformity of LS, glass samples, crystallized either by
conventional or VFM heating, was studied by optical microscopy. As discussed earlier,
microwaves heat the materials from inside to outside, while conventional heating heats
the materials in a reverse pattern (Figure 1.3). So it was expected that the conventionally
crystallized samples will have larger crystals at the samples edges as compared to the
middle of the samples. Unexpectedly, both samples crystallized either by conventional or

VFM heating had larger crystals and more crystal population in the middle of samples as
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compared to the samples edges, as shown in Figures 5.65, 5.66, and 5.67. As discussed
before (Section 5.2), this observation is believed to occur due to the nucleation procedure

applied in the present study. Further investigation is required to understand this behavior.
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Figure 5.65: Optical micrographs of partially crystallized LS, glass sample heat-
treated at 583°C for 80 min. by VFM processing (50X).
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Figure 5.66: Optical micrographs of partially crystallized LS, glass sample heat-
treated conventionally at 595°C-15 min. (50X).
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Figure 5.67: Optical micrographs of partially crystallized LS, glass samples heat-
treated conventionally at 680°C for:

a. 2 minutes (50X).

b. 6 minutes (50X).

166




5.11. Possible explanation of the observed microwave effect

As discussed earlier, the “microwave effect” was reported by numerous
researchers studying different materials and processes. On the other hand, some
controversy still exists regarding the interpretation of the experimental results
(microwave effect). Experimental evidence to date does not provide the data necessary to
substantiate this claim. Because temperature measurement in a microwave field is not an
easy task, some researchers argue that the observed differences are not due to the
microwave effect but rather are purely thermal and misreported.

In the present study, the enhanced kinetics and the different crystallization
mechanism observed in the crystallization of LS, glass using VFM processing prove
strong and obvious evidence for the reality of the microwave effect, regardless of the
temperature issue. As discussed earlier, the enhanced kinetics in the crystallization of LS,
glass using VFM processing might require a reduction in the activation energy as shown
in the literature (Figure 1.4a)[55].

The following discussion will focus on the possible explanation for the existence
of the microwave effect in the crystallization of LS, glass by VFM processing. The
microwave energy consists of an electric field and a magnetic field perpendicular to each
other. Both fields are expected to contribute to how microwaves influence a given
process. In the following discussion, special attention will be given to the electric field;
this does not, however, mean that the magnetic field has no effect. Meanwhile, few
researchers have studied the effect of applied external magnetic field on some phase
transformation processes[201]. Furthermore, Roy et al [63, 148, 202, 203] reported

unexpected and abnormal behavior (microwave effect) of some ferrite materials under the
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influence of a microwave magnetic field. Formation of nanocrystalline phases or
decrystallization of other phases in some ferrite materials (3d materials) were reported in
a significantly shorter time compared to conventional heating, using microwave magnetic
field. The authors suggested alteration of the free energy (activation energy) of these
processes under the influence of the microwave magnetic field, because these phase
transformation processes are forbidden thermodynamically under normal conventional
heating. It is suggested that the free energy value of a given process should be dependent
on the electric and the magnetic field strength.

The electric field in the microwaves is believed to distort the activation energy
barriers for an atom or ion in a certain lattice or network over an interatomic distance (a),
as shown in Figure 5.68[81]. This distortion will decrease or increase the activation
energy as shown in the same Figure. In a given glass, there is no single value of the
activation energy barrier between the atom or ion positions due to the random short range
order in the glass, as shown in Figure 5.69. The environment of each single atom or
species in the glassy network varies considerably. There are always adjacent low energy
positions with small energy barriers between them. Large energy barriers occur between
occasional adjacent positions.

Most of the microwave experimental configurations have a microwave electric
field strength of <10° to 10° V/m[33]. Furthermore, recent calculations of the lattice field
strength in ionic polycrystalline solids are estimated to be around ~ 10" V/m[33]. Hence,
it has been argued that the microwave field strength can not distort the activation energy
barriers in a given polycrystalline solid. So the microwave effect observed in these

materials can not be explained by the activation energy barriers’ distortion assumption.
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Figure 5.68: Effect of the applied electric field on the activation energy (Q) of atom
motion. Adapted from[81]. Reprinted with permission of John Wiley & Sons, Inc. [copyright 1976]
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Figure 5.69: Activation energy barriers along the path of an atom in a glassy
network. Adapted from[81]. Reprinted with permission of John Wiley & Sons, Inc. [copyright
1976]
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On the other hand, as discussed (Figure 5.69) in a given glassy material there is
no one single value of the activation energy barriers due to the random short range order
within the glass network. There are always adjacent low energy positions with small
energy barriers between them. In glasses, it is expected that these low energy barriers will
be sufficiently reduced so that the microwave field strength can distort these activation
energy barriers.

In terms of the thermodynamics that limits phase stability, the minimum Gibbs
free energy (AG) specifies which phase is stable under particular conditions. The
variables commonly applied to phase stability are temperature and pressure. However,
magnetic field intensity and electric field strength can also contribute to the free energy
since phases may have different magnetic susceptibilities or different dielectric constants
(LS, glassy and crystalline phases). Thus, magnetic or electric fields can modify the
activation energy, and as a result the kinetics of a given process can also be affected by
the magnetic or electric fields. For example, crystallization that requires atomic transport
(diffusion) can be modified by the effect of the electric fields. The growth morphology
can also be controlled by the magnetic field direction in processes involving phases with
different magnetic properties.

The following section will provide some literature review about the effect of the
external electric field on mass transport processes, such as phase separation and
crystallization of glass and amorphous metallic alloys. The effect of the electric field on
the phase separation in glass, phase transformations in several materials, and
crystallization of amorphous metallic alloys and ceramics was studied [148, 195, 197-

201, 204-208]. It was reported that the electric field can enhance or slow a given process
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based on how this field interacts with the material.

Enhanced phase separation kinetics due to an external applied electric field (1-2
kV, either AC (50 Hz) or DC) was first reported for oxide glasses by deVekey and
Majumdar[33]. The system studied was CaO-Al,0;—Si0,—-MgO-TiO,. The normal
nucleation temperature range for phase separation for this glass was 725-800°C. Glasses
heated at 690°C showed little evidence for phase separation without an electric field, but
with the electric field, well formed nuclei due to phase separation were observed. Heating
in the normal temperature range for phase separation in the presence of an electric field
resulted in a coarser microstructure than without the field. Thus, the growth of the phase
separated regions was faster with an applied electric field.

Subsequently, Liu et al. [195, 197-199, 205] systematically studied the effect of
an external electric field on the phase separation of glasses. They studied two systems:
(1) Ca0-Al1,05-Si10, (CAS) and (2) CaO-B,03;—P,0s (CBP). They found that the electric
field greatly affects the phase separation. In the CAS system, the electric field treatment
promotes the phase separation. However, in the CBP glass system, phase separation was
inhibited by the electric field. A model was developed to explain the effect of the electric
field on the phase separation of glasses. The model considered the variation of dielectric
constants between the matrix and the precipitating phase. The electric field is believed to
alter (distort) the activation energy barriers required for diffusion in these materials, thus
an increase or decrease in the overall kinetics would take place.

Furthermore, the crystallization of amorphous metal alloys under the influence of
an external electric field was studied by other authors[206, 207]. It was shown that the

crystallization process was markedly enhanced by an external electric field. The
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crystallization time at 600°C decreased from 1 hour to 30 minutes by using a modest
external electric field ( 10* V/m). Note that this studied external electric field lies within
the microwave electric field strength. This study suggested that the electric-field-
enhanced crystallization might result from the enhancement in the atomic diffusion based
on the following Equation 5.2, which defines the atomic diffusion coefficient, D, in the
presence of an electric field.

D= D, exp (—— Q- (1/2) Eo ') (5.2)

RT
where D, is a constant, R is the gas constant, T is the temperature, Q, is the activation

energy for atomic migration in the absence of electric field, E, is the amplitude of the
electric field strength, and | is the distance between two potential wells. From this
Equation, it can be seen that the presence of an electric field promotes atomic diffusion,
which makes atomic mobility easier. Thus, the high atomic mobility promotes the growth
of crystals during the crystallization process.

In conclusion, these reported studies show that the external electric field (within
the microwave field strength) is believed to alter the activation energy barriers in glass
and enhance the diffusion process in the crystallization of amorphous metal alloys. In the
present study, the microwave effect observed in the VFM process is believed to be
because of a possible reduction in the activation energy barriers within LS, glass.

In general, two possible types of dielectric losses might occur in silicate glasses:
losses due to the movement of alkali ions (i.e. Li" ion) through the network (relaxation
losses) and losses related to the vibration of these atoms or units of atoms within their
positions (vibration losses)[33]. The relaxation losses are related to the dipole

polarization. It was observed that the more the connectivity in the glass structure (number
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of bridging oxygen - Q* units), the lower the dielectric loss was. So losses are a function
of the glass structure and composition.

The first proposed mechanism suggests the distortion of the activation energy
barriers in LS, glass due to the microwave electric field strength that will facilitate the
movement of the Li" ion (relaxation losses). In the VFM process, when the microwave
energy hits the LS, glass sample, the activation energy barriers in LS, glass are distorted,
as in Figure 5.68, favoring the movement of the Li" ion in the direction of the applied
electric field. Because of the alternation of the microwave electric field, the Li" passage
over the energy barriers is favored in one half of the cycle in a certain direction, and
favored in the opposite direction in the other half of the cycle (relaxation losses). Thus,
the Li" ions will jump over these energy barriers back and forth as the electric field
alternates. As a result, the Li" ions gain energy from the microwave electric field and lose
some energy upon collision with the glassy network that causes heat. If the frequency of
the applied electric field is too small or too large as compared to the jump frequency of
the Li" ions, the glass will have small microwave absorption and hence limited heating
will occur. On the other hand, if the frequency of the applied electric field is within the
same range of the jump frequency of the Li" ions, the LS, glass will absorb most of the
microwave energy and heat effectively, as observed in the experiments. Because of the
coupling between the Li" ion and the frequency of the electric field, the local temperature
of these ions will increase in a very short period of time before the heat is transferred and
conducted to the rest of the glass network. As a result of this increase in the local
temperature of the Li" ions, the jumps over the activation energy barriers will be easier,

resulting in the enhanced kinetics observations in the overall process. The number of Li"
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ions in the studied LS, glass (33% mole Li,0) is efficient enough to cause a substantial
increase in the kinetics as was observed experimentally. Thus, this is a possible
mechanism by which the microwave effect might occur in the crystallization process of
LS, glass by VFM processing.

The second proposed mechanism by which the microwave effect can occur is the
coupling of the glass network constituents (network formers [Si*'], network modifiers
[Li'] and oxygen anions [O]) with the microwave frequency. This type of loss will be a
resonance loss instead of a relaxation loss. These glass networks constituent will all
vibrate around their equilibrium positions due to the thermal agitations. Each atom or
group of atoms can be treated as harmonic oscillators. Its vibrational frequency will
depend on its mass and the restoring elastic forces (force constant). As discussed before
in the molecular orbital model, these atoms or group of atoms will act as the coupled
oscillators. The coupled oscillators’ frequency will be in the range of the microwave
frequency so that coupling could happen. This will lead to strong microwave absorption,
and as a result, localized heat will generate due to the resulting friction. If the number of
localized heat spots is efficient to cause an increase in the crystallization rate, this
localized heat is believed to lead to the microwave effect.

The third possible mechanism proposed by Zakaryae[33] can lead to the
microwave effect in LS, glass. Macdowell[209] explained that the high temperature
achieved in nephline glass-ceramic materials heated by microwave energy is because of
the ability of the sodium ions, in larger nephline lattice positions, to couple with the
microwave field. Zakaryae proposed a rattling mechanism of the Na" ions in their cages

oxygen atom) in glass. Based on that, the rattling of the Li" ions within a larger silicate
yg g g g
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cages in LS, glass (rings of the silicate structure - 3, 4, 5, and 6 member rings) in
response to the microwave field will generate heat. The degree of rattling will depend on
the size of the ring and the looseness of the Li" ion. If the Li" ion resides in a larger cage,
it will rattle violently compared to smaller cage situation. The dipole between the Li" ion
and the coordinating oxygen ion cage will rattle in an effort to match its alignment with
the microwave oscillating electric field as well. This will lead to strong microwave
absorption with a localized increase in the temperature of the Li" ion while the bulk LS,
glass sample is relatively unchanged. If the number of rattling Li" ions is sufficient to
create localized heat centers within the material, a substantial increase in diffusion will
occur while the bulk LS, glass sample is still at relatively lower temperature. This is
believed to lead to the microwave effect.

The fourth proposed mechanism suggests the distortion of the activation energy
barriers in LS, glass due to the microwave electric field strength that will facilitate the
movement and the diffusion of the Li" ion from the highest energy barrier position
(amorphous glassy structure) to the lowest energy barrier position (well ordered
crystalline structure). In the VFM process, when the microwave energy hits the LS, glass
sample, the activation energy barriers in LS, glass are distorted, as in Figure 5.68,
favoring the movement of the Li" ion in the direction of lowest energy barrier position
(crystalline phase).

Finally, a combination of these proposed mechanisms (explanations) for the
occurrence of the microwave effect could happen at the same time or in various
sequences. More work is needed in order to fully understand how microwave energy

affects the kinetics of crystallization in LS, glass.
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6. Conclusions

The following conclusions correspond with the objectives discussed earlier in the
statement of the work section.

»  Variable frequency microwave processing was successfully used to crystallize LS,
glass in a significantly shorter time and lower temperature as compared to conventional
heating and without the aid of hybrid heating.

»  Lithium disilicate crystal phase (Orthorhombic Ccc2) was developed in both
samples crystallized either by conventional or VFM heating. The Q* species of the SiO,
tetrahedra in the VFM crystallized samples were slightly higher than the ones in
conventionally crystallized samples, so the mechanism of crystallization might be slightly
different.

»  Both observations, the enhanced kinetics in the crystallization process as well as the
different crystallization mechanism that occurred in the VFM crystallized sample,
provide evidence for the existence of the microwave effect in the VFM crystallization
process.

»  Microwave materials interaction was highly dependent on the structure of the
material when the temperature and the frequency are the same. The structure was affected
by the formation of crystals and by the phase boundaries between the glassy and the
crystalline phase. LS, glass system was selected so that the chemical composition of the
glass and the crystals are the same.

»  Microwave material interaction with LS, glass and glass-ceramic was highly
dependent on frequency as proposed by the molecular orbital model and confirmed by

experiments.
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»  The molecular orbital model was successfully used to predict the microwave

absorption of this material system.

» A correlation to estimate the volume fraction of crystals in LS, glass-ceramics by

FTIRRS peak intensities of the same materials was established.
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7. Future work

Microwave processing of materials provides several advantages over conventional
processing in some materials. It is still an open area for investigations and further efforts
to understand how microwaves energy interacts with materials. As a follow up to this
study, some areas of interest are presented.

1- As shown before, large crystals’ size and population were developed in the
middle of both LS, glass-ceramics samples, crystallized either by VFM or conventional
heating. On the other hand, smaller crystals’ size and population were developed on the
samples’ edges. Because of the heating profile for a given material by microwave energy
(Figure 1.3), this observation was expected to exist in the VFM crystallized samples and
not in the conventional crystallized samples. It is believed that the experimental
conditions applied to promote the homogenous nucleation regime in the studied LS, glass
samples cause this observation. Due to the unexpected similar microstructural uniformity
of both LS, glass-ceramics samples, crystallized either by microwave or conventional
heating, a heterogeneous nucleation regime is proposed to investigate this matter.
Introducing nucleating agents, such as TiO,, to promote the heterogeneous nucleation in
LS, glass will allow more control of the nucleation stage.

2- Perform microwave crystallization of LS, glass with a 5.8 GHz single mode
microwave apparatus that is equipped with a power meter to monitor the absorbed and
the reflected power. At this frequency, there were strong microwave oscillators in the LS,
glass, as shown earlier by the molecular orbital theory model results; hence, self heating
is expected to occur in LS, glass. The effect of the microwave power on the

crystallization behavior of LS, glass at this frequency will be studied. Furthermore, the
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crystallization behavior of LS, glass under the influence of single mode and multimode
microwaves will be studied and compared. This is expected to provide a better
fundamental understanding of microwave-material interactions.

3- Magic-angle-spinning nuclear magnetic resonance (MAS-NMR) investigation
of LS, glass and glass-ceramics samples crystallized either by conventional or microwave
heating (VFM or/and 5.8 GHz single mode) is proposed. This will help to study the
difference in the structural environment around the Li’, Si** and O atoms in these
samples. This will help to understand the difference in the crystallization mechanisms
observed between these two types of samples. As a result, microwave-material
interaction can be further understood.

4- Find a better way to monitor the temperature in the crystallization process of
LS, glass by microwave energy. It is proposed to measure the emissivity of LS, glass
under normal conditions and without the microwave field over a certain temperature
range (25°C-680°C). Afterward, using these emissivity data to calibrate the pyrometer, a
two color pyrometer will be used to monitor the temperature in the crystallization process

(using the microwave field).
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Appendix 1

Detailed calculation of molecular orbital theory of microwave absorption in LS,
glass

Step 1
a) Get the IR data from Cache output file.
b) Find "Transition dipole and the strength values in that file"

Oscillator Transition Dipole Strength
1 4.16 0.0355
14.29 0.1059
3 36.98 0.4073
4 45.6 0.1579
5 83.23 0.5359
6 89.85 0.3016
7 130 0.4196
8 133.12 0.322
9 135.61 0.9274
10 146.39 0.4963
11 149.62 0.8934
12 183.59 0.4082
13 195.98 0.7641
14 201.95 1.9376
15 206.19 0.8191
16 211.48 1.1167
17 217.38 0.6414
18 231.99 0.4496
19 266.65 1.4724
20 282.72 8.0224
21 298.77 1.2837
22 301.31 1.1614
23 313.48 0.4695
24 332.11 6.499
25 470.03 8.972
26 517.32 0.3018
27 583.98 0.1513
28 664.52 2.8754
29 799.51 0.2223
30 829.86 0.7563
31 898.66 1.4887
32 899.33 3.3476
33 906.01 0.965
34 906.44 3.7485
35 941.7 2.6063
36 942.79 0.6052
37 1008.85 0.5476
38 1009.14 1.4946
39 1011.31 0.3363
40 1011.53 3.1036
41 1040.45 11.9066
42 1044.51 1.6088
43 3928.92 0.604
44 3929.21 0.5478
45 3931 0.5655
46 3931.82 0.561
47 3933.76 0.5731
48 3934.83 0.5605
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Step 2

a) Calculate differences between Oscillators n and n+1 = delta w.

b) Convert delta w to beat MW frequency = (delta w "GHz"/2) cm™.(To convert cm’
' to Hz multiply by the speed of light 3*10'° cm/sec Note Hz=cm™ GHz=10’ Hz)

Oscillator Transition Dipole | Strength deltaw ""1/cm" w "GHz"
1 4.16 0.03550 10.13000 151.950
2 14.29 0.10590 22.69000 340.350
3 36.98 0.40730 8.62000 129.300
4 45.6 0.15790 37.63000 564.450
5 83.23 0.53590 6.62000 99.300
6 89.85 0.30160 40.15000 602.250
7 130 0.41960 3.12000 46.800
8 133.12 0.32200 2.49000 37.350
9 135.61 0.92740 10.78000 161.700
10 146.39 0.49630 3.23000 48.450
11 149.62 0.89340 33.97000 509.550
12 183.59 0.40820 12.39000 185.850
13 195.98 0.76410 5.97000 89.550
14 201.95 1.93760 4.24000 63.600
15 206.19 0.81910 5.29000 79.350
16 211.48 1.11670 5.90000 88.500
17 217.38 0.64140 14.61000 219.150
18 231.99 0.44960 34.66000 519.900
19 266.65 1.47240 16.07000 241.050
20 282.72 8.02240 16.05000 240.750
21 298.77 1.28370 2.54000 38.100
22 301.31 1.16140 12.17000 182.550
23 313.48 0.46950 18.63000 279.450
24 332.11 6.49900 137.92000 2068.800
25 470.03 8.97200 47.29000 709.350
26 517.32 0.30180 66.66000 999.900
27 583.98 0.15130 80.54000 1208.100
28 664.52 2.87540 134.99000 2024.850
29 799.51 0.22230 30.35000 455.250
30 829.86 0.75630 68.80000 1032.000
31 898.66 1.48870 0.67000 10.050
32 899.33 3.34760 6.68000 100.200
33 906.01 0.96500 0.43000 6.450
34 906.44 3.74850 35.26000 528.900
35 941.7 2.60630 1.09000 16.350
36 942.79 0.60520 66.06000 990.900
37 1008.85 0.54760 0.29000 4.350
38 1009.14 1.49460 2.17000 32.550
39 1011.31 0.33630 0.22000 3.300

40 1011.53 3.10360 28.92000 433.800
41 1040.45 11.90660 4.06000 60.900
42 1044.51 1.60880 2884.41000 43266.150
43 3928.92 0.60400 0.29000 4.350
44 3929.21 0.54780 1.79000 26.850
45 3931 0.56550 0.82000 12.300
46 3931.82 0.56100 1.94000 29.100
47 3933.76 0.57310 1.07000 16.050
48 3934.83 0.56050 -3934.83000 -59022.450
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Step 3
a) Arrange the beat frequency (w') with the oscillator strength.
b) Sort array by w', this is the MW Spectra.

Oscillator w "GHz" Strength
48 -59022.450 0.56050
39 3.300 0-33630
37 4.350 0.54760
43 4.350 0.60400
33 6.450 0.96500
31 10.050 1.48870
45 12.300 0.56550
47 16.050 0.57310
35 16.350 2.60630
44 26.850 0.54780
46 29.100 0.56100
38 32.550 1.49460

8 37.350 0.32200
21 38.100 1.28370
7 46.800 0.41960
10 48.450 0.49630
41 60.900 11.90660
14 63.600 1.93760
15 79.350 0.81910
16 88.500 1.11670
13 89.550 0.76410
5 99.300 0.53590
32 100.200 3.34760
3 129.300 0.40730
1 151.950 0.03550
9 161.700 0.92740
22 182.550 1.16140
12 185.850 0.40820
17 219.150 0.64140
20 240.750 8.02240
19 241.050 1.47240
23 279.450 0.46950
2 340.350 0.10590
40 433.800 3.10360
29 455.250 0.22230
11 509.550 0.89340
18 519.900 0.44960
34 528.900 3.74850
4 564.450 0.15790
6 602.250 0.30160
25 709.350 8.97200
36 990.900 0.60520
26 999.900 0.30180
30 1032.000 0.75630
27 1208.100 0.15130
28 2024.850 2.87540
24 2068.800 6.49900
42 43266.150 1.60880
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Detailed calculation of molecular orbital theory of microwave absorption in LS,

glass-ceramics
Step 1

a) Get the IR data from Cache output file.

b) Find "Transition dipole and the strength values in that file"

Oscillator Transition Dipole Strength
1 -189.05 0.1057
2 -187.77 1.6607
3 -173.56 0.7363
4 -160.83 2.7562
5 -153.4 0.00520
6 -152.33 1.2682
7 -134.33 1.0246
8 -129.08 1.7175
9 -126.02 2.3838
10 -122.07 1.0846
11 -117.55 0.3798
12 -113.2 0.7829
13 -92.48 0.1709
14 -92.29 3.1859
15 -52.76 0.5324
16 -40.5 0.6886
17 -37.89 2.2695
18 -30.12 0.7862
19 -16.64 1.6321
20 25.28 0.3709
21 38.21 1.268
22 45.14 0.8413
23 53.44 0.708
24 61.91 0.4662
25 74.73 1.3759
26 113.01 1.9412
27 127 2.8693
28 128.45 0.5768
29 132.71 0.9006
30 136.38 2.4394
31 150.7 1.2556
32 164.54 1.2287
33 171.15 0.3785
34 173.43 0.6867
35 179.83 2.0232
36 181.36 1.4871
37 189.33 1.373
38 192.8 2.1044
39 216.88 3.9451
40 237.03 0.8263
41 238.45 0.1083
42 248.53 0.2859
43 252.5 4.4347
44 258.83 4.8027
45 268.09 4.0305
46 270.9 0.18884
47 270.91 1.4421
48 282.22 0.1522
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49 285.41 6.9431
50 295.71 2.9768
51 304.78 0.17829
52 305.65 5.277

53 310.39 0.18627
54 311.33 3.2028
55 318.08 5.0913
56 323.52 0.4507
57 327.36 8.9331
58 331.22 0.8334
59 337.03 5.6756
60 338.58 1.0632
61 364.45 4.3258
62 368.11 5.0038
63 380.41 0.227

64 381.06 7.7966
65 403.12 0.1842
66 403.96 1.5059
67 420.63 0.13418
68 420.74 1.2387
69 470.1 0.14393
70 470.15 5.1963
71 479.34 0.04738
72 480.35 0.4278
73 523.59 10.5578
74 525.36 3.602

75 534.04 8.0696
76 541.57 3.9277
77 594.77 0.8203
78 601.8 9.4269
79 614.55 1.1193
80 616.05 0.7756
81 734.84 11.2542
82 737.67 4.9014
83 846.21 0.08851
84 847.23 0.4214
85 867.82 0.19605
86 868.73 10.359
87 876.8 2.1956
88 880.32 8.587

89 983.85 0.477

90 990.74 15.773
91 1011.55 0.17063
92 1012.03 6.9701
93 1022.58 0.0722
94 1023.55 18.7505
95 1044.03 0.1609
96 1044.96 4.9863
97 1084.67 1.2291
98 1097.28 16.3015
99 1180.23 19.6575
100 1182.4 4.4718
101 1213.34 31.1278
102 1223.13 3.5082
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Step 2

c) Calculate differences between Oscillators n and n+1 = delta w.

d) Convert delta w to beat MW frequency = (delta w "GHz"/2) cm™.(To convert cm’
" to Hz multiply by the speed of light 3*10' cm/sec Note Hz=cm™ GHz=10° Hz)

Oscillator Transition Dipole Strength deltaw "1/cm" w "GHz"
1 -189.05 0.1057 1.28000 19.200
2 -187.77 1.6607 14.21000 213.150
3 -173.56 0.7363 12.73000 190.950
4 -160.83 2.7562 7.43000 111.450
5 -153.4 0.0052 1.07000 16.050
6 -152.33 1.2682 18.00000 270.000
7 -134.33 1.0246 5.25000 78.750
8 -129.08 1.7175 3.06000 45.900
9 -126.02 2.3838 3.95000 59.250
10 -122.07 1.0846 4.52000 67.800
11 -117.55 0.3798 4.35000 65.250
12 -113.2 0.7829 20.72000 310.800
13 -92.48 0.1709 0.19000 2.850
14 -92.29 3.1859 39.53000 592.950
15 -52.76 0.5324 12.26000 183.900
16 -40.5 0.6886 2.61000 39.150
17 -37.89 2.2695 7.77000 116.550
18 -30.12 0.7862 13.48000 202.200
19 -16.64 1.6321 41.92000 628.800
20 25.28 0.3709 12.93000 193.950
21 38.21 1.268 6.93000 103.950
22 45.14 0.8413 8.30000 124.500
23 53.44 0.708 8.47000 127.050
24 61.91 0.4662 12.82000 192.300
25 74.73 1.3759 38.28000 574.200

26 113.01 1.9412 13.99000 209.850
27 127 2.8693 1.45000 21.750
28 128.45 0.5768 4.26000 63.900
29 132.71 0.9006 3.67000 55.050
30 136.38 2.4394 14.32000 214.800
31 150.7 1.2556 13.84000 207.600
32 164.54 1.2287 6.61000 99.150
33 171.15 0.3785 2.28000 34.200
34 173.43 0.6867 6.40000 96.000
35 179.83 2.0232 1.53000 22.950
36 181.36 1.4871 7.97000 119.550
37 189.33 1.373 3.47000 52.050
38 192.8 2.1044 24.08000 361.200
39 216.88 3.9451 20.15000 302.250
40 237.03 0.8263 1.42000 21.300
41 238.45 0.1083 10.08000 151.200
42 248.53 0.2859 3.97000 59.550
43 252.5 4.4347 6.33000 94.950
44 258.83 4.8027 9.26000 138.900
45 268.09 4.0305 2.81000 42.150
46 270.9 0.18884 0.01000 0.150

47 270.91 1.4421 11.31000 169.650
48 282.22 0.1522 3.19000 47.850
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49 28541 6.9431 10.30000 154.500
50 295.71 2.9768 9.07000 136.050
51 304.78 0.17829 0.87000 13.050
52 305.65 5.277 4.74000 71.100
53 310.39 0.18627 0.94000 14.100
54 311.33 3.2028 6.75000 101.250
55 318.08 5.0913 5.44000 81.600
56 323.52 0.4507 3.84000 57.600
57 327.36 8.9331 3.86000 57.900
58 331.22 0.8334 5.81000 87.150
59 337.03 5.6756 1.55000 23.250
60 338.58 1.0632 25.87000 388.050
61 364.45 4.3258 3.66000 54.900
62 368.11 5.0038 12.30000 184.500
63 380.41 0.227 0.65000 9.750
64 381.06 7.7966 22.06000 330.900
65 403.12 0.1842 0.84000 12.600
66 403.96 1.5059 16.67000 250.050
67 420.63 0.13418 0.11000 1.650
68 420.74 1.2387 49.36000 740.400
69 470.1 0.14393 0.05000 0.750
70 470.15 5.1963 9.19000 137.850
71 479.34 0.04738 1.01000 15.150
72 480.35 0.4278 43.24000 648.600
73 523.59 10.5578 1.77000 26.550
74 525.36 3.602 8.68000 130.200
75 534.04 8.0696 7.53000 112.950
76 541.57 3.9277 53.20000 798.000
77 594.77 0.8203 7.03000 105.450
78 601.8 9.4269 12.75000 191.250
79 614.55 1.1193 1.50000 22.500
80 616.05 0.7756 118.79000 1781.850
81 734.84 11.2542 2.83000 42.450
82 737.67 4.9014 108.54000 1628.100
83 846.21 0.08851 1.02000 15.300
84 847.23 0.4214 20.59000 308.850
85 867.82 0.19605 0.91000 13.650
86 868.73 10.359 8.07000 121.050
87 876.8 2.1956 3.52000 52.800
88 880.32 8.587 103.53000 1552.950
89 983.85 0.477 6.89000 103.350
90 990.74 15.773 20.81000 312.150
91 1011.55 0.17063 0.48000 7.200
92 1012.03 6.9701 10.55000 158.250
93 1022.58 0.0722 0.97000 14.550
94 1023.55 18.7505 20.48000 307.200
95 1044.03 0.1609 0.93000 13.950
96 1044.96 4.9863 39.71000 595.650
97 1084.67 1.2291 12.61000 189.150
98 1097.28 16.3015 82.95000 1244.250
99 1180.23 19.6575 2.17000 32.550
100 1182.4 4.4718 30.94000 464.100
101 1213.34 31.1278 9.79000 146.850
102 1223.13 3.5082 -1223.13000 -18346.950
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Step 3
c) Arrange the beat frequency (w') with the oscillator strength.
d) Sort array by w', this is the MW Spectra.

Oscillator w "GHz" Strength
102 -18346.95 3.5082
46 0.150 0.18884
69 0.75 0.14393
67 1.65 0.13418
13 2.85 0.1709
91 1.2 0.17063
63 9.750 0.22700
65 12.6 0.1842
51 13.050 0.17829
85 13.650 0.19605
95 13.95 0.1609
53 14.1 0.18627
93 14.55 0.0722
71 15.150 0.04738
83 15.3 0.08851

5 16.05 0.0052
1 19.200 0.10570
40 21.3 0.8263
27 21.75 2.8693
79 22.5 1.1193
35 22.950 2.02320
59 23.25 5.6756
73 26.55 10.5578
99 32.550 19.65750
33 34.200 0.37850
16 39.150 0.68860
45 42.15 4.0305
81 42.45 11.2542
8 45.9 1.7175
48 47.850 0.15220
37 52.050 1.37300
87 52.8 2.1956
61 54.9 4.3258
29 55.05 0.9006
56 57.6 0.4507
57 57.900 8.93310
9 59.25 2.3838
42 59.55 0.2859
28 63.9 0.5768
11 65.25 0.3798
10 67.8 1.0846
52 71.1 5.277
7 78.75 1.0246
55 81.6 5.0913
58 87.15 0.8334
43 94.95 4.4347
34 96.000 0.68670
32 99.15 1.2287
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