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Abstract

The past fifteen years has seen the rapid development of various wireless communication
devices, which operate at microwave or milimeterwave frequencies (mobile phones, wireless
local-area networks (LAN), Bluetooth, etc.). At the same time, this progress has stimulated
the development of new materials and process technologies, which enable the size reduction
and increased functionality of electronic components. Low-temperature co-fired ceramic
(LTCC) technology is one of the most promising approaches for fabrication of low-cost,
miniaturised and integrated electronic components. Due to simultaneous co-firing of the
substrates and electrodes the most commonly used dielectric substrates are based on glass-
ceramics materials. In spite of very advanced features of the LTCC technology, the
development of new LTCC modules is accompanied by several challenges and new materials
that could fulfil various demands. In the scope of this dissertation MgO-B,05-Si0, (MBS)
based glass and its transformation to glass-ceramics was systematically investigated in order
to evaluate this material for potential dielectric LTCC substrate applications. Among the
compounds that are expected to crystallize from the MgO-B,03-SiO, glass the borates
(Mg;B,0s, MgsB,06) have not been so intensively investigated in terms of dielectric
properties as silicates (MgSiO;, Mg,SiO4). However, the knowledge of the dielectric
properties of individual crystalline components is important for the interpretation of the
properties of the MgO-B,0;-Si10, glass-ceramics. From this reason the first part of the
dissertation is dedicated to the synthesis, sintering and dielectric characterization of Mg;B,0s
and Mg;B,0¢ ceramics. Mg,B,0s (6.2-7.0) and Mg;B,0Os (6.8 - 7.4) did not differ
significantly in permittivity, while nearly 10-times difference was observed in Qxf-values.
With regard to the Qxf values Mg;B,0¢ (240 000 GHz) surpasses the Mg;B,0Os ceramics,
which exhibited Qxf-values 10 000-30 000 GHz. The microstructural characteristics and the
synthesis conditions for the preparation of high-Q Mg;B,0O¢ ceramics was investigated in
details. Scanning electron microscopy of the Mg;B,O¢ ceramics sintered at 1310 °C revealed
the presence of anisotropic, exaggeratedly grown grains with a crystallographic fault that
extends along the direction of the anisotropy. The anisotropic grains were examined by
electron backscatter diffraction (EBSD). The analysis of the Kikuchi pattern showed that the
crystallographic fault is a (011) twinning plane.

The control over the microstructure and dielectric properties of the glass-ceramics is
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possible when the nucleation and crystallization processes are well understood. The overall
crystallization processes in MBS glass were studied by means of non-isothermal analysis
technique, X-ray diffraction and scanning electron microscopy. For MBS glass nucleation
occurred in the temperature range from 600 to 750 °C with the maximum nucleation rate at
700 °C, whereas the nucleation and crystal growth processes overlapped at 700 < T < 750 °C.
The analyses of the non-isothermal data by the most common models (Ozawa, Kissinger,
Matusita, Ozawa-Chen, Satawa) revealed that the crystallization of Mg,B,0s was three-
dimensional bulk with diffusion controlled crystal growth rate with n = m = 1.5 and activation
energy for crystallization (E) of 420-450 kJ/mol. The addition of TiO; nucleating agent to the
MBS glass in an amount of 10 wt.% was found to facilitate the formation of nuclei and
changed the crystallization mechanism to bulk crystallization with an increasing number of
nuclei (m =3, n=4).

The crystallization product obtained during non-isothermal experiment differed from that
obtained after isothermal heat-treatment at the temperatures higher than 950 °C. In the time-
scale of dynamic differential scanning calorimetry (DSC) measurement only Mg;B,0Os
crystallize, while the silicon remained in the glassy matrix till the melting. In contrast, during
isothermal heat-treatment, the main crystalline phases of Mg,B,0s and MgSiO; appeared at
800 and 950 °C, respectively. Warwickite (Mg3;TiB,0Og) and boron doped rutile (TiBg 0240>)
phase additionally crystallized in TiO,-added MBS glass at 1000 °C.

The addition of TiO, nucleating agent was found to increase the permittivity and improve
the Qxf-values. The permittivity increased from 6.1 in MBS glass to 6.9 in MBS Glass with
10 wt.% of TiO,. The improvement of the Qxf-values, which reached the maximum value of
16 5000 GHz in TiO;-added glass-ceramics was ascribed to the enhanced crystallization
caused by the TiO, addition. The results of dielectric characterization showed that MgO-
B,03-Si0, based glass-ceramics in some respect surpass the commercially used glass-

ceramics substrates.
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Povzetek

Zadnjih petnajst let je zaznamoval hiter razvoj razlicnih brezzi¢nih komunikacijskih naprav,
ki delujejo v mikro oziroma milimetrskih valovnih frekvencah (mobilni telefoni, brezzi¢na
omreZja lokalnega obmocja (LAN), Bluetooth, itd.). Hkrati pa je ta napredek spodbudil razvoj
novih materialov in procesne tehnologije, ki omogofa zmanjSanje velikosti in vecjo
funkcionalnost elektronskih komponent. Tehnologija nizko temperaturne socasno sintrane
keramike (LTCC) omogoca izdelavo nizko cenovnih, miniaturiziranih in integriranih
elektronskih komponent. Zaradi so¢asnega Zganja substratov z elektrodami se najpogosteje
uporabljajo dielektri¢ni substrati, ki temeljijo na steklo-kerami¢nih materialih. Kljub zelo
napredni LTCC tehnologiji, je razvoj novih LTCC modulov odvisen od Stevilnih izzivov in
novih materialov, ki lahko izpolnijo Zeljene zahteve. V sklopu moje disertacije sem natancno
raziskal steklo in pripadajoCo steklo-keramiko sistema MgO-B,03-SiO, (MBS) z namenom
dokazati potencial tega materiala kot dielektricnega substrata z moznostjo uporabe v LTCC
tehnologiji. Med spojinami, ki kristalizirajo v sistemu MBS stekla, so dielektricne lastnosti
magnezijevih boratov (MgB,0s, Mg;B,0¢) slabSe raziskane kot magnezijevi silikati
(MgSiOs3, Mg,Si04). Vendar pa je poznavanje dielektri¢nih lastnosti posameznih kristalnih
spojin, pomembno za interpretacijo steklo-kerami¢nih lastnosti celotnega ternarnega MBS
sistema. Zaradi tega razloga je prvi del disertacije namenjen sintezi, sintranju in dielektri¢ni
karakterizaciji Mg;B,0s in Mg;B,0¢ keramiki. Dielektricna konstanta Mg,B,0s (6,2 — 7,0) in
Mg;B,0¢ (6,8 — 7,4) se bistveno ne razlikuje, medtem ko je razlika v Qxf vrednostih 10
kratna. Qxf vrednosti Mg3;B,0s keramike (240 000 GHz) mocno presegajo Qxf vrednosti
Mg,B,0s keramike, ki so v obmo¢ju med 10 000 in 30 000 GHz. Podrobno smo raziskali
mikrostrukturne karakteristike in sintezne pogoje za pripravo Mg;B,0O¢ keramike z visokimi Q
vrednostmi. Z vrsticnim elektronskim mikroskopom smo Mg3;B,0¢ keramiki sintrani pri 1310
°C odkrili prisotnost pretirane rasti anizotropnih zrn s kristalografsko napako vzdolz
anizotropne smeri. Anizotropna zrna so bila raziskana s povratno sipano -elektronsko
difrakcijo (EBSD) s katero smo s pomocjo analize Kikuchi-jevih ¢rt dokazali dvoj¢icno
ravnino (011). Pregled nad mikrostrukturnim in dielektri¢nim lastnostim steklo-keramike je
mozen le, ¢e zelo dobro poznamo procese nukleacije in kristalizacije stekla. S pomocjo ne-
izotermnih analiznih tehnik, rentgenske difrakcije in vrsticne elektronske mikroskopije smo

proucevali nukleacijske in kristalizacijske procese. Nukleacija stekla v MBS sistemu poteka v
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temperaturnem obmocju od 600 do 750 °C, z najvi§jo stopnjo nukleacije pri 700 °C, medtem
ko se proces rasti nukleusov in kristalov prekriva v obmocju med 700 in 750 °C. Analize ne-
izotermnih, najpogosteje uporabljenih modelov (Ozawa, Kissinger, Matusita, Ozawa-Chen in
Satava) kaZejo na volumsko kristalizacijo Mg,B,0s keramike z difuzijsko kontrolirano rastjo
kristalov, ki se pojavijo pri konstantnem Stevilu nukleusov in sicer je n = m = 1,5.
Aktivacijska energija kristalizacije (E) volumskih vzorcev je med 420-450 kJ/mol. Z
dodatkom 10 ut.% TiO, nukleacijskega sredstva MBS steklu smo pospesili tvorbo jeder in s
tem spremenil kristalizacijski mehanizem v volumsko kristalizacijo z naras¢ajocim Stevilom
jeder (m = 3, n = 4). Sestava kristalizacijskih faz pridobljenih v ne-izotermnih eksperimentih
je drugacna kot tista, ki nastane v izotermnih pogojih nad 950 °C. Pri diferencialni dinami¢ni
kalorimetriji (DSC) kristalizira samo Mg,B,0Os, medtem ko po taljenju silicij ostane v matrici
stekla. Med izotermno toplotno obdelavo Mg,B,0s in MgSiOs kristalizirata kot primarni fazi
pri = 800 oziroma ~ 950 °C. Pri vzorcih MBS stekla z ve¢ kot 1 ut.% TiO, pri temperaturah
visjih od 1000 °C sta bila z rentgensko praSkovno difrakcijo dokazani dodatni fazi:
warwickite (Mg;TiB,0Og) in rutil dopiran z borom (TiBg0240;). Ugotovili smo, da smo z
dodatkom TiO,, povecali dielektricno konstanto in izboljSali Qxf vrednosti. Dielektri¢na
konstanta je iz 6,1 v MBS steklu narasla na 6.9 v MBS steklu z dodatkom 10 ut.% TiO,.
Izboljsanje Qxf vrednosti, ki so dosegle najvisjo vrednost 16 500 GHz pri vzorcu MBS stekla
z 10 ut.% dodatka TiO, pripisujemo poviSani stopnji kristalizacije zaradi dodanega
nukleacijskega sredstva. Rezultati dielektricnih lastnosti kazejo, da je steklo-keramika MBS

sistema v dolocenih pogledih presegla komercialno uporabne steklo-keramic¢ne substrate.



X1

Abbreviations

LAN = Local Area Network

GPS = Global Positioning System

ITS = Intelligent Transport System

LTCC = Low Temperature Co-fired Ceramic
ASTM = American Society for Testing and Materials
IC = Integrated Circuit

MCM = Multi-Chip Module

MCIC = Multi-Chip Integrated Circuit
HTCC = High Temperature Co-fired Ceramic
TCE = Thermal Coefficient of Expansion
P; = Interfacial or Space Polarization

Py = Dipole Polarization

P, = Atomic or Ionic Polarization

P. = Electronic Polarization

uv = Ultraviolet

CVD = Chemical Vapour Deposition

IR = Infrared

MBS = MgO-B,03-Si0,

XRD = X-ray Powder Diffraction

SEM = Scanning Electron Microscope
TEM = Transmission Electron Microscope
EBSD = Electron Back Scatter Diffraction
DSC = Differential Scanning Calorimetry
DTA = Differential Thermal Analyses

STA = Simultaneous Thermal Analyses
TG = Thermogravimetry

MS = Mass Spectrometry

DSC = Differential Scanning Calorimetry
IMA = Johnson-Mehl-Avrami

RF = Radio Frequency



XIv

LCR
MW
ICP

AES
EDS

Inductance, Capacitance, and Resistance Meter
Microwave

Inductively Coupled Plasma

Atomic Emission Spectroscopy

Energy Dispersive Spectroscopy

Abbreviations



1 Introduction

The rapid development of the telecommunication and satellite broadcasting technology
industry[ 1] today requires low volume and low cost circuit fabrication, while at the same time
demands excellent electrical performance, reliability, circuit miniaturization, integration and
surface mounting techniques. Recently, microwave and millimetre-wave dielectric materials
have been developed for wide application in wireless telecommunications such as mobile
phone, wireless local area network (LAN), Global Positioning System (GPS), Bluetooth,
Intelligent Transport System (ITS)[2] and in low volume high performance application in
military, space and car industry. The utilizable region of communication frequency has
expanded from microwave to millimetre wave region, where the speed for signal propagation
velocity within the material is higher which in applications means ultra high speed wireless
LAN and ITS.

Many materials have been developed and modified, according to the needs of the specific
applications. Low temperature co-fired ceramic (LTCC) technology is one of the latest widely
investigated solution for the fabrication of 3-Dimensional multilayer material modules.
Several LTCC microwave dielectric ceramics system such as Al,O;-(Ca-Al-B-Si-O glass),
Bi,03-Ti0,-TeO,, BaO-Ti0,-WO;, MTiOs (M = Mg, Zn, Ca), ZnAl,04-TiO,, Li3;AlB,Os,
Ca0-B,0:-S10,, Ba,TigOy9-glass, Ca;Mg,SiO; (x = 0.1-0.5), ZnNb,Os, have been
investigated over the years.[3,4,5,6,7,8,9,10, 11, 12, 13 and 14]

The LTCC systems available on the market fall into two major categories: glass + ceramics
(multiphase ceramics)[15,16,17,18,19] and glass-ceramics (crystallisable glass)[20,21,22,23].
In the former technique low-softening temperature glass powder is added into crystalline
ceramics powder to reduce the sintering temperature and increase the densification. In the
latter system crystalline components crystallized from glass matrix during firing. The
amorphous crystallisable glass is usually prepared by conventional glass making technique
such as mixing the pure components of the glass in the desired ratio, firing the mixture to
form a homogeneous melt and then quenching the melt to obtain glass. Crystallization of so
prepared glass could be controlled by heat-treatment. The quantity of crystalline phases
formed during firing significantly influences properties of the glass-ceramics materials
including the dielectric properties. The glass-ceramics are due to lower dielectric losses more

attractive to researchers’ for designing LTCC substrate systems than glass and ceramic



mixtures.

In our study the glass-ceramic approach was adopted to investigate and developed a new
potential material for the use as a substrate material in LTCC technology. In contrast to
numerous of glass-ceramic materials, which are precisely investigated and described in the
literature, the recrystallization of MgO-B,03-S10, system and their dielectric properties have
not been reported, yet.

In the following chapter I will provide a general overview of the present knowledge of
nucleation and crystallization of glasses. The LTCC technology and the known characteristic

of MgO-B,03-S10, system are described in details.

1.1 The glass

Natural glass has existed since the beginnings of the time, during formation of the earth.
Siliceous melts of rocks occasionally, during volcanic eruption when penetrated the surface,
cooled quickly and froze to the natural glasses. The foaming melt became solid natural glass

foam, since high viscosity prevented the escape of bubbles.

Humans have been producing glasses by melting of raw materials for thousands of years.
The first cases of glassware date from at least 5000 B.C. were found in Egypt and
Mesopotamia. Initially the glass products were used for tools, weapons and jewels as beads.
In the third millennium, in the central Mesopotamia, the basic raw materials of glass were
being used principally to produce glazes on pots and vases. Development and consequently
the usage of glass products were simultaneously developed through the time. Today, the use
of glass is in wide range, with application in the architectural, engineering electronics,
telecommunications and aerospace industry.

With nucleation and crystallization of glass the crystallites is embedded in a glass matrix
and these affect on the physical and chemical properties of the so-called glass-ceramic. Glass
ceramic materials are polycrystalline solids containing from nanometres to micrometers size

crystals embedded in a residual glass matrix.

1.1.1 Definition of glass

After ASTM[24] the glass definition, which was purposed in 1949 is as follows: “The glass is
an inorganic product of fusion which has been cooled to a rigid condition without
crystallization.” There are several definitions of the glass and the most widely used is

definition given by Morey[25]: “Glass is an inorganic substance in a condition which is
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continuous with, and analogous to, the liquid state of that substance, but which, as the result
of a reversible change in viscosity during cooling, has attained so high a degree of viscosity as
to be, for all practical purposes rigid.” Both organic and inorganic materials may form glasses

if their structure is non-crystalline, which means lack of long-range order.

1.1.2 The glass formation

Glasses are usually formed by cooling a liquid fast enough to prevent detectable
crystallization. The structure of the glasses can be clearly distinguished from that of liquids,
since glass structure is effectively independent of temperature. The glass formation is best
understood by examining Figure 1, in which the enthalpy or specific volume of the crystal,
liquid and glass is a function of the temperature. Starting with cooling the liquid at a high
temperature. If there is a discontinuous change in enthalpy or volume at the melting point Tm,
then the liquid is crystallized. The crystallization belongs to 1 order phase transition, which
are accompanied by the volume and enthalpy change. However, if no spontaneous
crystallization and solidification occurred, the material may remain in a liquid state at a
temperature below its freezing point Tm. Material can be then identified as a metastable
supercooled liquid. Further reducing of the temperature rapidly increases the viscosity of the
supercooled liquid and converts it to the glassy state. Change from a supercooled liquid to a
non-crystalline solid glass occurs over a temperature range, referred to the glass transition
temperature Tg. The definition of the glass transition temperature Tg, is as follows: “The
temperature at which the viscosity reaches an arbitrary value of ~ 10" Poise (1 Poise = 0,1
Pas), delineating a change in behaviour from Newtonian liquid to Hookean solid.” It is well
known that Tg is not a constant, but is a function of the cooling rate from the liquid to the
glassy state. If slower cooling rates are used so that the time available for the structure to relax
is increased, the supercooled liquid persists to a lower temperature, what results in glass with
higher density. Similarly, by heating the glassy material in the annealing range, in which slow
relaxation can occur, the glass structure in time approaches an equilibrium density
corresponding to the supercooled liquid at this temperature. However, a slow cooling allows
enough time for a viscous liquid to alter its local atomic arrangement to attain the minimum
free energy at the corresponding temperature, whereas a rapid cooling causes an increase of
viscosity that is too quick for the local atomic arrangement to follow and results in a transition
into a glass at a higher temperature. The structure of a rapidly cooled glass is more open than
that of a slowly cooled one because the “freezing-in” of the atomic arrangement occurs at a
higher temperature. The properties of a glass are therefore different from glass to glass,

depending on the thermal history, even if the chemical composition is the same.
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Figure 1. Effect of temperature on the enthalpy of a glass forming melt and crystal relations.

It should be emphasized that different cooling rates, corresponding to different relaxation
times, have different impacts on the glassy state which is equivalent to different temperature
ranges along the curve for the supercooled liquid as illustrated in Figure 2. A faster rate of
cooling freezes structural rearrangement at higher glass transition temperature Tg and specific
volumes of the glasses which are formed. The specific volume of the glass at the temperature
Ty can be V; or V; or V3, depending on which of the three cooling rates was used in forming

the glass.
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Figure 2. Specific volume of the glass as a function of the cooling rate.

Changes in the viscosity of the glass are in accordance with the changes in enthalpy and

specific volume shown in Figure 1 and Figure 2. Glasses are often characterized by the
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temperature at which certain glasses reach standard viscosity reference points that are
important in glassmaking. For instance, the working point, the temperature where the forming
process is possible is equivalent to the temperature at which viscosity is = 10°> Pas. The
softening point, at which the glass may slump under its own weight is defined by a viscosity
n = 10%° Pas. The annealing point is a viscosity at which internal stress can be substantially
relieved in approximately 15 minutes and is defined as n = 10'>* Pas. The viscosity at the
glass transition is 10'2-10"*° Pas for oxide glasses and represents a limit above which

structural rearrangements cannot take place at normal cooling rates.

1.1.3 Structure of glasses

The first theory of the glass formation was based on Tamman[26] research in 1903. He
defined glass as a supercooled melt. He found that crystallization of a super cooled liquid is
controlled by two basic factors. The first of these is the nucleation rate, i.e. the number of
nuclei formed in a unit volume per unit time; the second is the rate of crystal growth, i.e. the
rate of shift of the phase boundary of the crystalline phase in the liquid. Several years later
around 1926 Goldschmidt[27] founded simple theory that glass formation was based on the
oxide general formula R,Oy, that could easily formed when the ionic radius (r) ratio of the
cations to the oxygen ion lies in the range from 0,2 to 0,4. This condition is fulfilled for the

oxides, which are shown in the Table 1 and which are today known as glassmakers.

Table 1. Radius ratios for typical glass — formers.

Compound Radius Ratio (ry/r4)

Si0, rsi:to=0.39A : 1.4A = 0.28
B,0; g :10=020A:14A=0.15
P,0O5 p:1o=0.34A : 1.4A = 0.25
GeO, fge : To=0.44A : 1.4A = 0.31
BeF, e : Tr = 0.34A : 1.36A = 0.25

Since radius ratios in this range tend to produce cations surrounded by four oxygen ions in
the form of tetrahedral, Goldschmidt therefore believed that only melts containing
tetrahedrally — coordinated cations formed glasses during cooling. This contention was purely
empirical, with no attempt to explain why tetrahedral coordination should be so favourable to

glass formation.



The network hypothesis proposed by Zachariasen[28] and reinforced by Warren’s[29] X —
ray diffraction represented a leap forward in the knowledge about the structure of glasses.
Zachariasen claimed that the silicate crystals, which readily form glasses instead of
recrystallizing after melting and cooling, have a network, as opposed to close — packed,
structures. These networks consist of tetrahedra connected at all four corners, just as in
corresponding crystals Figure 3a, but the networks are not periodic and symmetrical as it is
shown in Figure 3b. These networks extend in all three dimensions. The properties of glasses
are isotropic due to the natural consequence of the absence of symmetry in the network. The
ultimate condition for glass formation is assured with the ability to form such networks. The
atomic arrangement in glass is characterized by an extended 3-dimensional network, which
lacks of symmetry and periodicity. The energy of a glass will be higher than that of the
corresponding crystal due to the non-structurally equivalent atoms in the glass network

(Figure 1).

Figure 3. SiO, tetrahedron linkage in crystallized and amorphous SiO,, a regularly ordered
netting of SiO4 building blocks in crystalline SiO; (rock crystal), b Disordered netting of SiOy
building blocks on SiO; glass (molten rock crystal).

Today the most commonly used models for glass structure are based on the original
conception of Zachariasen which are grouped under the term of the random network theory.
The following rules for glass formation are valid for the formation of a continuous 3 —
dimensional network, with no indication of the degree of long-range order of that network.
Zachariasen is according to the adopted hypothesis that a glass should have energy similar to
that of the corresponding crystal considered the conditions for constructing a random network

such as shown in Figure 3 and suggested four rules for the formation of an oxide glasses.
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Zachariasen’s rules for glass formation in simple oxides MxOy:
» Each oxygen atom should be linked to not more than two cations.
» The oxygen coordination number of the network must be small, 3 or 4.
» Oxygen polyhedra share only corners and not edges or faces.
» At least three corners of each oxygen polyhedron must be shared in order to form a 3 —

dimensional network.

In fact, these rules adequately describe the structures of many crystalline phases such as
Si0,, B0, P,0s, GeO,, As,Ss, and BeF, known as glass network formers. Some components
can also participate in glass formation as occupiers of random position distributed through the
structure located to provide local charge neutrality as pictured in Figure 4. Since their major
function is viewed as providing additional oxygen ion, which modifies the network structure,
they are called network modifiers. However, these components do not form networks but
occupy thermodynamically stables sites or act as a replacement for a part of network former.
Thereby causing a decrease of viscosity, lowering the melting point and increase of the

electrical conductivity.

Figure 4. Arrangement of atoms (or ions) in a sodium silicate glass. When Na,O is
incorporated, the large sodium ions are after rupture of oxygen bridges, located in the new,

larger cavities.



The cations, which can be interpolated into the network structure as a modifiers or partially
substitute the glass formers although they do not belong to form glasses are referred as
intermediate ions. In Figure 5 is schematically represented an example of an intermediate ion
interpolated into the glass structure. If the intermediate ion AI’" is interpolated into the
network structure instead of the glass former Si*', another alkali ion M is interpolated in

order to satisfy the electroneutrality.

-O—st —O-

Figure 5. Interpolation of intermediate Al-ion into the glass matrix.

On the basis of Zachariasen — Warren concept numerous properties of conventional glasses
can be explained or predicted. As an increase in large cations breaks bridges in the
fundamental network, the increased mobility of the building units and the modifiers easily
account for decreasing viscosity and melting range, as well as increasing electrical
conductivity.

Dietzel[30] extended Goldschmidt’s considerations of the role of size and polarizability of
constituent ions to that of their charges. Essentially he included the influence of the
interaction of forces between cations and anions during solidification of a melt. Applying the
fundamental relation of physics for the attraction or repulsion (P) between electrical charges

(Q) at distance (a):

p_ 00
a’ )

and for anions and cations next equation is valid:

K- Z.Z,e® Z.Zz’

(rc+ra)2 az (2)

where (K) describes, the interacting forces; (Z.), (Z,) are the valences of cation and anion; ()
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is the elementary charge; (r.), (r,) are the radii of cation and anion, and (a =1, + ).

Dietzel introduced the term “field strength”

a 3)

For characterization the effect of a single cation, he assumed that the anion is oxygen
(a =r, *+ ro2.). For non-oxide glasses, other values for (a) have to be introduced.

According to Dietzel,[26] stable compounds require a difference of field strength AF
between two cation of a binary system exceeding 0.3. With a further increase, the number of
compounds, but also the tendency to glass formation, increases. Melts of binary systems with
AF of the constituent ions exceeding 1.33 usually solidify as glasses.

In general the role of cations depends on valence and coordination number and the related
value of field strength at distance of oxide ion, as illustrated in Table 2. The fact is that
Zachariasen’s classification of ions as network formers, modifiers, and intermediates may be

clearly related to their field strength:

for network modifiers F~=0.1t00.4;
for intermediates F=05to1

for network formers F=14to2
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Table 2. Classification of cations according to their field strength.[26]

Element Valence Ionic Most Tonic Field Function
Z Radius Frequent Distance Strength at  in Glass
(for CN Coordination  for Oxides  Distance Structure
=6 Number ain A of 02
rin A® CN lons Z/a?
K 1 1.33 3 2.77 0.13
Na 1 098 6 2.30 0.19
Li 1 0.78 6 2.10 0.23
Ba 2 143 8 2.86 0.24
Pb 2 132 8 2.74 0.27 Network-modifier
Sr 2 127 8 2.69 0.28 Zla* =0.1...04
Ca 2 1.06 8 2.48 0.33
Mn 2 091 6 2.23 0.40
Fe: 2. 083 6 2.15 0.43
Mn 2 083 4 2.03 0.49
Mg 2 0.78 6 2.10 0.45
4 1.96 0.53
Zr 4 087 8 2.28 0.77
Be 2 034 4 1.53 0.86 Intermediate
Fe' 3 067 6 1.99 0.76 Zla>~05...1.0
4 1.88 0.85
Al ] 0.57 6 1.89 0.84
4 1.77 0.96
Ti 4 0.64 6 1.96 1.04
B ] 0.20 4 1.50 1.34
Ge 4 0.44 4 1.66 1.45
Si 4 0.39 4 1.60 1.57 Network-former
P 5 034 4 1.55 2.1 Zjat =~ 1.5...20
B 3 0.20 3 1.63
‘“1A=10"*%cm

1.2 Crystallization of glasses

1.2.1 General

The previous section contains the explanation of the conditions for the glass formation,
whereas the nucleation and crystallization processes of the glasses will be described in this
chapter. Glass is metastable and will transform to the stable crystalline state if enough thermal
energy is available. This transformation is called devitrification or crystallization, and occurs
owing to nucleation, which is prerequisite for crystal growth process. It is well known that
virtually any material will form a glass, if cooled so rapidly that insufficient time is provided
to allow the reorganization of the structure into the periodic arrangement required by
crystallization. Crystallization of glass is a process resulting in an ordered crystal network in

the less-ordered random network.[24] Crystallization is predicted on the formation of nuclei,
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which occurs in the important state of transition between the liquid melt and the crystalline
solid state. As the glass is heated the viscosity decreases, which increases the tendency for
structural rearrangement and crystallization. When the temperature is increased high enough
usually just slightly above the softening point, crystal nuclei begin to form. The nuclei are
simply tiny regions in the glass structure where the crystalline structure has formed. As the
temperature is further increased the rate of nuclei formation, or nucleation, increases to a
maximum at some temperature, depending on the composition. At higher temperatures
additional thermal energy causes the nuclei to grow by crystal growth mechanisms. The rate
of crystal growth increases with increasing temperature to a maximum at some temperature,
and then the rate decreases to zero at the liquidous temperature.

In silicates, as well as in organic polymers, nucleation and crystallization will not occur
spontaneously, as in salt melts, even when the saturation or freezing temperature is passed
slowly. As shown in Figure 6 it is necessary to pass a second curve ("curve of
supersaturation") at temperatures below those of the saturation or freezing curve before nuclei

and crystals will form.
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Figure 6. Schematic presentation of the transition from a highly viscous melt to the

crystalline state.
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1.2.2 Nucleation

The nucleus can be homogeneous, when the formation occurs spontaneously within the melt,
or heterogeneous, where nucleation occurs from preferred sites, such as surfaces, grain
boundaries, second-phase particles, and other discontinuities in the structure. Heterogeneous
nucleation dominates, because there are always defects and impurities present. The term
crystallization is actually separate into two distinct physical processes: formation of
submicroscopic nuclei and their growth into macroscopic crystals. These two processes are
called nucleation and crystal growth. If nuclei are not present, crystal growth cannot occur
and the material will form a glass. The terminology glass is used even when extremely small
nucleus and low volume fraction of the nuclei prevents their detection and consequently the
crystal growth has not been defined. Nucleation and crystal growth can occur within bulk
glass or on the surface, referred as bulk and surface crystallization, respectively. Most
commercial glass compositions tend to crystallize mainly on the surface by expanding into the
glass matrix, because of the heterogeneities on the surface. If the crystallization is
uncontrolled, the large crystals usually grows, which strongly impairs the mechanical
properties of the particular glass ceramic. In contrast to the spontaneous crystallization, small
grains at the controlled crystallization were observed. The temperature dependence of
nucleation and crystallization of glasses has been described by Tammann.[31] He discovered
that the transformation of a melt to a crystalline state consists of two different processes: the
nucleation and crystal growth. When a melt is cooled below the melting point, crystals do not
form spontaneously in the entire volume. At first, submicroscopic crystalline aggregates of a
definite size, i.e., the nuclei, must form, and only then can crystal growth occur upon these
nuclei.

A nucleus is an entity that already belongs to the new phase but is unstable equilibrium
with respect to the supersaturated matrix phase. [32] Thermodynamics and kinetics must be

additional assistance for further description of the formation of this nucleus.

1.2.2.1 Homogeneous nucleation

In classical homogeneous nucleation the nuclei are formed with equal probability throughout
the bulk of the melt. Nuclei are not usually detected directly due to extremely small size.
Their concentration is usually determined by a complex procedure involving an isothermal
heat treatment at the nucleation temperature. The sample is quenched to freeze the nuclei, and
then reheated to the temperature where the nuclei can grow to a detectable size for analysis.

Two significant barriers exist for the nucleus formation. First, the thermodynamic barrier,
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which involves the free energy, change in the system when a nucleus is formed. Secondly, the
kinetic barrier which is the result of the requirement that mass moves or rearranges in space,
allowing the growth of a crystal from the melt.

Nucleation is a thermodynamic process of the phase transition, associated with a decrease
in the free enthalpy AG. The total free enthalpy consists of a volume contribution (AGy) and a

surface contribution (AGo).

AG =-AG, +AG, )

The AG, is the free enthalpy change per unit volume, which corresponds to, gained portion
of the energy produced by the formation of nuclei and it is negative. Based on the assumption

of the spherical particles, the Gy is calculated according to the Eq 5.

-AG, = —%717’3Ag1, (%)

where r is the radius of the nucleus and Agy the change in free volume enthalpy during phase
transition.
The surface contribution AGo corresponds with the energy to be provided when a nucleus

is formed.

AG, =4m’a(Ag,) (6

where G is a surface tension. The free enthalpy of the interface Ago can be neglected. Thus the

free total enthalpy becomes:

AG = —%ﬂﬁAgV +4mio @)

where the first term represents the change in volume free energy and the second term
represents the change in surface energy. AG will be positive, referring to Eq.7, when size of
the nucleus (r) are small and consequently the surface term will dominate. However, as r
increases the volume term will dominate and AG will become negative. In the case when the

surface term is smaller than the volume term the critical nucleus size r* is achieved.
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The theoretical derivation of nuclei with the critical radius is expressed as:[33]

. 20

e ®

The critical nucleus size r* corresponds to the critical free enthalpy AG*. The critical free

energy change for the formation of supercritical nuclei is determined by:

1670°

AG = ——— 9
s(ag, ) @

The individual terms and their sum in the Eq 7 are shown in correspondence of the crystal
radius r to the AG in Figure 7. There is a maximum of free enthalpy AG* at critical nucleus
size r*, beyond free energy decreases with increasing r. Nucleus disintegration happened
bellow r* when AG decreases with decreasing of r. Newly formed particles of the critical
nuclei size r* and even larger size called supercritical nuclei are capable of growing. Particles

that are smaller than r* are called embryo or subcritical particles and are incapable of growing

and eventually disintegrate.
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Figure 7. Free enthalpy of a crystalline nucleus as a function of its radius.
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Considering the kinetic processes, which are useful for investigating the balance between
the formation and dissolution of nuclei, steady and non-steady state processes must be
distinguished. In a steady-state process the reaction rate is invariant with time. In a non-steady

state process, a time lag occurs before the steady — state reaction rate is reached.

The rate of nucleation is expressed in terms of the number of nuclei formed in unit volume

per unit time. If the number of nuclei is equal to the equilibrium number, then it is expressed:

n' = nexp(— Akc; j (10)

where n* is number of nuclei of critical size, n is number of molecules per unit volume and k

is Boltzman constant.
If the process of nucleus growth to supercritical size is sufficiently slow, then the number
of nuclei at steady state can be considered as roughly equivalent to the equilibrium number.

Then the nucleation rate I for steady-state nucleation can be expressed as:

AGa + AG j an

I, =K, exp[— T

where K, is a constant and AGa is activation energy for the diffusion of ions from a

homogeneous solution to the location of nucleation.

1.2.2.2 Heterogeneous nucleation

The process of heterogeneous nucleation is stimulated by the presence of impurity particles,
phase boundaries, special catalyst and foreign substrates. Nuclei are usually formed on the
walls of the reaction vessels. If nucleation occurs at a phase boundary between the vessel
surface or air and the glass, then crystallization proceeds from this surface into the bulk of the
sample and it is termed as surface crystallization

The entire theory of critical free energy used for forming critical size nuclei in
heterogeneous nucleation is derived from the contact or wetting angle (®) relationship of

Young’s equation and is given by:

AG; = AG™ () (12)
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where the contact angle is

7(0)= (2+C059)4(‘1_0089)2 (13)

Heterogeneous nucleation is based on the spherical cup model depicted in Figure 8. Three
specific situations will be explained on the basis of that model. First if the heterogeneous
substrate (S) is not wetted, the contact angle (®) equals 180° and consequently f(®) equals 1.
These phenomena return to a homogeneous nucleation process. Second, if the surface (S) is
completely wetted and the contact angle (®) is approximating to 0°, then f(®)>0 and AGg* are
very small. Therefore at ® < 180° heterogeneous nucleation will rather occur than

homogeneous nucleation.

L YLN

T '}l_\{s YL S

Figure 8. Schematic expose of a spherical cup model for the heterogeneous nucleation.

If we assumed that nucleus is formed on the primarily separated solid phase in the
supersaturated liquid, then the free energy is connected with formation of the surface of two

new boundaries is extend by the following relationship

AGs =y, yA.y +W2(7Ns _VLS) (14)

where are the interfacial energies liquid-nucleus (yrn), nucleus-solid (yns) and liquid solid
phase (yrs) and Apy is the surface area of the liquid-nucleus phase boundary.

If yLs > yns then it follows from equation Eq 12 that AGg is smaller than (y nApx) and the
overall free energy connected with formation of the nuclear surface is smaller than that for
homogeneous nucleation (yinArn). Assuming equilibrium of energy conditions at the

boundary of two solid and one liquid phase, according to Figure 8 it holds that

Vis =Vns ¥y COSO (15)
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If we Eq 13 insert into the Eq 12, we get this expression:

AGs =y, A,y —m’y,, cos® (16)

The expression for the thermodynamic barrier to heterogeneous nucleation is obtained

similarly as for homogeneous nucleation:

_ 167y;y (2+cos®)1-cos®)

AG . = A7)
TGy
The rate of heterogeneous nucleation is then given by the relationship:
AG;,, +AG
I,,..=K exp| ——2L ——¢ 18
HET s p( T ] (18)

This expression is similar to its counterpart for homogeneous nucleation, but with the
number of molecules per unit volume or area in contact with the substrate. AG, is the
activation energy required to disengage an atom or molecule from the liquid phase and move
it across the interface to the foreign surface.

The effect of nucleation and crystallization rate observed from higher toward lower
temperature is schematically illustrated in Figure 9.

Metastable Zone of Undercooling
e T

Growth Nucleation

/

Rate ——>»

Tm <«—— Temperature Tg

Figure 9. The influence of temperature on the rates of nucleation and crystal growth for a

glass forming melt.
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If the temperature of the melt is above Ty, there will be no tendency toward formation of a
nucleus. As the temperature decreases to < Ty, the nucleus can become stable due to the
change of the free energy of the system. As long as the temperature is close to the Ty, the
value of Agy is very small. Regarding to the approximated relation (Eq 19), which is valid

only for small under cooling’s.

AHg(Tm—T)

m (19)

Agy, =

It follows theoretically that the critical radius (r*) given from the Equation 8 for a stable
nucleus will be very large. Practical probability of reaching large size nucleus is extremely
low, and the melt will remain free of nuclei even though the temperature is below Ty,. With
further cooling Agy will increase, consequently the value of the critical nucleus size (r*) is
reduced. Eventually the critical radius will become so small, that the probability of formation
of a nucleus large enough to exceed the critical radius will become significant, and nuclei will
begin to form in detectable quantities. A metastable zone of undercooling exists because small
detectable nuclei posses considerably lower temperature of melting than greater mass of
material. Once the temperature of the cooling melt passes below the lower limit of the
metastable zone, the thermodynamic barrier will decrease with decreasing temperature,
allowing nuclei to form at an ever increasing rate.

The growth and nucleation rate can be also explained differently from above discussion.
Shape of the nucleation curve can be qualitatively explained with the help of equations (5-11).
Small undercooling rates indicate high AG* due to small difference of Agy and therefore the
nucleation rate is small. The maximum nucleation rate is reached when subsequent
undercooling increases Agy to the point where AG* is not the same as AG,. Further decreasing
of the nucleation rate occurred because higher undercooling and AG* became negligible

compared to AG,.
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1.3 LTCC

1.3.1 Development of LTCC technology

Microelectronics in the last 15 years became a profitable industry worldwide. Successful
combination of a broad spectrum of technologies with the remarkable advancements in
materials science result in various range of products such as mobile phones, wireless
communication systems, portable computers, DVD players, flat panel displays, storage
medias, etc. [6] Microelectronics packaging is technology, which combines performance,
reliability and cost reduction. Whether it is an integrated circuit (IC) on a silicon chip (e.g.
solid state devices, logic and memory components of computers, etc.) or a microsystem on a
multi-chip module (MCM), which are the basic functional segments of such devices,
packaging plays an important role by providing mechanical support, robustness, hermeticity,
power and signal transmission to/from ICs, in addition to many other functions. [34] However
one of the major differences between microsystem packaging and IC packaging is that the
microsystem generally interacts with the environment in which it is placed. Therefore the
protection is important due to the contamination of the environment; mainly this is valid for
the sensors used in biomedical, pharmaceutical and food industries.

Microelectronic packages are consisted form ICs flip-chipped or bonded on a substrate
which present planar interconnect board. This type of packaging, in which the multiple ICs

and various components are confined into single module, is called MCM (Figure 10). [35]

1. Substrate

2. Components

4. Post-processes

Figure 10. 4 simple microelectronic package: components confined into one single layer.
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On the other hand the integration of active and passive electronic components such as
filters, resistors, inductors, and capacitors etc... into the multilayer ceramic module is called
Multi-Chip Integrated Circuit (MCIC). These components embedded and buried onto the
surface layers are facilitating the fabrication of a monolithic structure with increased
performance and reliability. MCIC technology is divided into three main groups: Thick-film,
Low Temperature Co-fired Ceramic (LTCC) and High Temperature Co-fired Ceramic
(HTCC).

At the beginning the LTCC-based MCIC technology was commonly used for the
production of high volume microwave devices. Nowadays LTCC technology is well
introduced both for low volume high performance application (military, space) and high
volume low cost application (wireless communication, car industry). [36] The major RF
opportunities are in the fields of mobile telecommunication devices (0.9-2 GHz), wireless
local networks such as Bluetooth (2.4 GHz), global positioning systems such as GPS (1.6
GHz) and in broad band access connection systems (5.8-40 GHz). [37] All of these extensive
options for applications are based on highly functional, reliable and low-cost electronic
devices. It is evident that immense progress has been achieved by using advanced materials
systems, which play the major role in the production of microelectronic packages.

A typical LTCC module consists of dielectric tapes, connecting vias, external and internal
conductors and passive components (resistors, capacitors, inductors). Standard thick film
conductor, resistor and capacitor materials are used in LTCC circuits as buried (two or three
dimensional 3D) or surface components.

The conductor and passive components are deposited by screen printing method which is
typical for thick film technology. Thick or thin film components can be made on both sides
of the fired module. Additional active or passive components are added to the top or bottom
part of the fired structure using various assembling methods. Typical soldering, flip chip and
wire bonding techniques are used for this purpose. The schematic cross-section of the LTCC

module is shown in Figure 11.

Surface mounting

Flip chip Wire bonding device (SMD)
Surface * * *
Top components resistor H

| Optical
Buried resistor Thermal vig fiber
| | —_—
Cavity l Bir*zd capal:idor | J
3D buried resistor I I = v = "a - Internal channel
| | Buried via

Bottom components

Figure 11. Cross-section of the LTCC module.[36]
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1.3.2 Substrate material properties

One of the most important applicable products of LTCC technology is substrate, which is
fundamental component of any microelectronic package. The circuits are attached on the
substrate and the electrodes facilitate the connection between these devices. In a typical
LTCC module, the substrate is the fired LTCC sheet, whereas all other active and passive
electronic components are the functional elements of the system integrated or virtually screen-
printed into the thin layers of ceramic resulting in three-dimensional (3D) multilayer module.
Such multilayer devices require a low sintering temperature below 950 °C with the intention
of co-firing with inexpensive and highly conductive electrodes such as silver (Ag) and copper
(Cu) with the melting points 961 and 1081 °C, respectively.[38] Ag/Pd is also known as a
highly interesting conductor due to complete miscibility and thus a wide range of melting
temperatures that can be manipulated by changing the Ag/Pd ratio. However the oxidation of
Palladium leads to the expansion of the electrode and consequently the tendency to interact
with the surrounding dielectric substrate. The firing temperature of densification or
crystallization of the proposal LTCC composite below 800 °C is undesirable because this can
prevent the evaporation of the organics and solvents used in conductive pastes and binder and
thus cause residual carbon traces in the microstructure. [18,39] The residual carbon that may
remains after the binder decomposition would adversely affect dielectric performance of
LTCC package. The disadvantages related to carbon removal make the selection of the glass-
ceramic and identification of a suitable composition even more challenging. This is not valid
only for low sinterable glass-ceramics but also for the ceramics where sintering temperature is
decreased by the sintering aids.

Furthermore, there are beside appropriate sintering temperature some other important
characteristics required for a dielectric substrate material such as low dielectric constant for
fast signal transmission, high quality factor Q which is the inverse of the dielectric loss factor
tand for selectivity, high dielectric strength, low dissipation factors particularly at high
frequencies, well-matched thermal coefficient of expansion (TCE) to that of printed
components, high mechanical strength, smooth surfaces, free of surface distortion, visual
defects, physical and chemical compatibility, low cost in high volume production. [40] Some
of these particular demands will be hereinafter explained in details. Most of the substrates
used in microelectronics are ceramic or glass-ceramics. LTCC substrates fulfil most of these
prerequisites, in addition to other benefits such as flexibility in design and fabrication, low

firing temperatures, etc. The production of LTCC circuit is connected to several very
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fundamental and sophisticated techniques of the ceramics processing science such as ceramic

powder preparation, [41] colloidal processing [42] and tape-casting [43].

1.3.2.1 Dielectric constant (permittivity), €

Materials with low dielectric constant (g;) from 4 to 12 are mostly used as substrate layers
while high dielectric constant materials are used mainly for capacitor layers or resonating
structures. Signal propagation is one of the most important aspects in electronic packaging.
This is a direct function of the relative permittivity. Enhancing the velocity (reducing the
propagation delay time) is closely related to the improvement of the media speed and
reduction of the device size. In the case of ceramic packages, the relative permittivity of the
ceramic over and within the metal lines is deposited or embedded governs the propagation

delay (tq), which is given by: [44]

l

8}”
- (20)
c
where 1 is the line length, ¢, is the relative permittivity of the substrate and c is the speed of

light. The media speed (v) is a function of propagation delay and their relation is given by:

st 1)

Therefore the substrates with low dielectric constant are required to increase the speed of
the signal propagation and thus reducing the delay time. [18,45,46] Figure 12 presents the
propagation delay as a function of the dielectric constant of the ceramic materials. [18,39]
Advantage of low dielectric constant materials is that the frequency dependence is commonly

very low.
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Figure 12. Propagation delay as a function of the dielectric constant with different ceramic

materials.

High dielectric constant (¢, > 20) means that LTCC technology enables miniaturization of
small embedded resonators, capacitors, filters and antennas. The resonant frequency (fo) of the

resonator of the cylindrical shape is related to the permittivity, by the following equation:

c c

fo = ~ (22)
A,4e,  Dyle,

where A4 is the wave length of the standing wave along diameter (D) of a resonator. If the

permittivity is increased, the size of the resonator may be decreased while still maintaining a

specific resonant frequency, hence it follows that larger permittivities enable

miniaturization.[47,48]

1.3.2.2 Quality factor, Q

The quality factor of common LTCC materials is expressed with inverse of dielectric loss
factor tand and is required for achieving high frequency selectivity and stability of microwave
components.[2] However, definition of Q as 1/ tand is not particularly useful for visualizing
how Q relates to microwave communications. More precisely, the quality factor of the
dielectric media is determined as the resonant frequency (fy) divided by the bandwidth, Afy,

measured at 3 dB below the maximum height at resonance, Figure 13.[48]
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Figure 13. Schematic relation of resonant peak with associated parameters.

It is clear from this definition that Q value is the criteria of the selectivity of a resonator at
a given frequency. With the higher Q values we avoid the risk of cross-talk within a frequency
range. In the microwave region Q value decreases with increasing frequency.[49] However
theoretically Qxf values of any given material is supposed to be constant in the broad
frequency range. In order to enable the comparison between different ceramics, the Qxf
values and not Q-values are most commonly reported in the literature. [50] In practice, their
interdependence is evidently different; samples measured at higher frequency above 5 GHz
always give higher Qxf values than identical materials measured at lower frequency. It is
assumed that the precise reason for this is related to processing. Larger parts, which resonate
at lower frequencies statistically, contain more flaws and defects than smaller ceramic bodies.
Qxf values measured below 5 GHz are more relevant, however, representing how the material
may perform in a real MW circuit.

Considering the substrate material, the quality factor of a multilayer ceramic device is
inversely related to the transmission line energy loss of a wave signal. The signal loss mainly
relies on the conduction loss of the internal electrode in high frequency ranges, whereas it
depends on the dielectric loss of the substrate in low frequency ranges.[5S1] Therefore for high
frequency regions, high conductive electrodes such as Ag and Cu are more effective to use.
From this reason low firing temperature of substrate is required regarding to the low melting

temperatures of such metal electrodes.
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1.3.2.3 Temperature coefficient of resonant frequency, t¢

Temperature coefficient of resonant frequency (t¢) of the resonator material or substrate
dielectric should be close to zero for thermal stability of the device frequency. Furthermore
the important elements integrated in a MCIC, such as the filters and resonators, also need to
be very stable under the fluctuation of the temperatures. t¢ measures the shift of resonant
frequency of a dielectric resonating circuit over a temperature change. The dielectric is
expected to have a t¢ value close to zero, so that the components in the package demonstrate
stable dielectric properties under temperature fluctuations and provide high quality
filtering.[52] The t¢ is related to the temperature coefficient of the permittivity, (t¢) and to the

coefficient of the thermal expansion a (CTE) by the following equation:[53]

1
T, = —ETE -a (23)
In practice, to adjust the tr to zero, there is an option to add the appropriate amount of
crystalline phase with the opposite sign of t1.[54,55] Dai et al.[52] in Motorola developed a

low loss and near zero t¢ LTCC (T2000), which was achieved by compensating negative

value of t¢ with addition of TiO, possessing a positive value.

1.3.3 Present and future prospects

The rapid growth of wireless telecommunications, personal communication networks, and
sensor applications has lead to a dramatic increase in the regimes of microwave and
millimetre wave systems. Growing demand on advanced data transference extended the
progress of communication technologies. On the other side, competitions between the
manufacturers of the wireless communication components have been accelerated in parallel to
the widening of the marketplaces as in the cases of PCS (personal communication system),
GPS (global positioning system), SBS (satellite broadcasting system), Internet etc. Therefore
the manufacturers are focusing attention on improving the electronic devices in terms of
lighter weight, lower cost, multi-functionality, miniaturization, higher efficiency and
performance. These demands can be achieved by establishing manufacturing techniques with
high predictability and reliability. As a result, low temperature cofired ceramic (LTCC)
systems have been adopted as a solution for advanced microelectronic packaging for high
frequency applications. The LTCC technology is in production mainly in Japan, USA, Austria

and Germany. Companies such as Ferro, Dupont, Huges, Motorola, Nokia, Epcos etc. are the
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major corporations, which develop appropriate materials for wireless, space, car and military
needs.

Recent developments and future perspectives in LTCC materials development are driven
by two major factors: materials compatibility issues and new application areas, imposing
additional restrictions on the chemistry of the tapes. Glass-free, lead-free, zero shrinkage
LTCC tapes systems and pressure-assisted sintering, at this point, are some of the popular

research interests.

1.4 Dielectrics in electromagnetic field

Important properties of microwave dielectric materials used as various components of
integrated circuits in LTCC technology are mainly dielectric constant (¢), dielectric losses
(tand) and temperature coefficient of resonance frequency (t¢). The frequency range depends
on dimensions of ceramic component and dielectric constant of the material from which the
component is made. New consumer demands for more efficient devices continually increases
the frequency range. Al the abovementioned dielectric parameters are precisely described and

discussed in following sections.[33,50,56]

1.4.1 Capacitance and dielectric constant

Capacitance is defined as the capability of a capacitor to store the charge of a voltage
(electrical energy). If electric charge is transferred between two initially uncharged
conductors, both become equally but opposite charged, one positively, the other negatively,
and a potential difference is established between them. In a parallel plate capacitor the
capacitance (C) is a measure of the ability of any two conductors in proximity to store a
charge (Q), when a voltage (V) is applied across them. This relation is described with

following equation:

0
C== 24
v (24)
The capacitance of a parallel plate capacitor in vacuum is determined by the consideration
of the area (A) of the plates and distance (d) between these two plates (Figure 14a)

C, =

EOA
25
d 25)

where g is defined as the permittivity (dielectric constant) of vacuum and is equal to 8.854

102 C*/m*. When insulating material which reduces the voltage because of its effect on the
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electric field is inserted between the conductors the capacity is increased. Such materials are
called dielectrics with the other words we can describe material as a substance with no free
charges (Figure 14b). When the electric field is applied molecules of a dielectric are in stirring
state, their negatively charged electrons separate slightly from their positively charged cores
and they are pulled in the opposite direction of the electric field. The separation of charges
continues till the external electric fields are balanced by the internal forces. This creates two
new centres of charge, the molecule is said to be polarized and is known as induced electric

dipole. The dipole moment so acquired is known as induced electric dipole moment.
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Figure 14. Charge on a parallel-plane capacitor with (a) vacuum as a dielectric and (b) as a

dielectric material between plates.

The dielectric constant (k) is a physical measure of the electric polarizability of a material
and is defined as the ratio of the capacitance of a capacitor, with a dielectric between the

plates to that with a vacuum between the plates.

A
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where ¢ is defined as the permittivity of dielectric material. The dielectric constant (k) can be
also called the relative permittivity (g;). In order to avoid the confusion of these two terms

with similar meaning, the term relative permittivity will be used in the continuation.
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1.4.1.1 Mechanisms of polarizations

When an electric field is applied to an ideal dielectric material there is no long-range transport
of charge but only a limited rearrangement such that the dielectric acquires a dipole moment
and is said to be polarized. The polarization effect is that the capacitor plates with an
intermediate layer of dielectrics can store more charge than in the case where the vacuum is
between plates. Quantity of stored charges in the condenser with contained dielectric is
frequency dependent and bounded to the motion of four different carrier of polarization. Each
mechanism involves a short-range motion of charge and contributes to the total polarization of

the material. The polarization mechanisms are:

Interfacial or space charge polarization (P;), occurs when mobile charge carriers are
stopped by a physical barrier (Figure 15) that inhibit charge migration, possibly a grain or
phase boundary, porous, dislocations etc. The charges are pile up at the barrier producing a
localized polarization of the material that increases capacitance and dielectric constant. At this
type of polarization the frequency range of sensitivity is very low, only a few 10 kHz and it is

presented in Figure 16.
E —

Unpolarized state Polarized state

Figure 15. Schematic representation of interfacial polarization mechanism.
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Figure 16. Frequency dependence of the polarization mechanism in dielectrics with

contribution to the dielectric constant and to the log tand.

Dipole polarization (P4) occurs when permanent dipoles in asymmetric molecules are

orientated in the direction of the applied electric field (Figure 17) and it is characteristic for

frequencies lower than 10° Hz. Presence of permanent electric dipoles exists even when the

electric field is removed, which is particular for ferroelectrics. It is well known that motion of

dipoles is temperature dependent; therefore the dipole polarization is likewise temperature

dependent. In some literatures the dipole polarization is also known as oriental polarization.

E ——>

Unpolarized state Polarized state

Figure 17. Schematic representation of dipole polarization mechanism.
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Atomic or ionic polarization (P,) occurs when adjacent positive and negative ions
response with stretching under an applied electric field, such as shown in Figure 18. This is
performed at frequencies lower than 10" Hz (Figure 16). Resonance absorption occurs at a

frequency characteristic of the bond strength between the ions.

- E
Unpolarized state Polarized state
+ — + —
atom M atom N atom M atom N

Figure 18. Schematic representation of atomic polarization mechanism.

A relation between the polarizability and the dielectric constant € of a dielectric substance

describe the Clausius-Mossotti equation which in expressed as:

£l 3 N 27)
e+2 3

where N is the number of molecules per unit volume, a is the polarizability of the molecules.

Electronic polarization (P.) is due to the shift of the negative electron cloud of the ions
within the material with respect to the positive atom nucleus in an electric field as shown in
Figure 19. This mechanism occurs at very high frequencies above 10'> Hz which are in the

ultraviolet optical range shown in Figure 16.
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Figure 19. Schematic representation of electronic polarization mechanism.

In all cases, the polarization associated with the charge migration of polarization, therefore
the certain time (relaxation time) is needed for reorganization of dipoles in the material.

Different relaxation times of various polarization mechanisms are the reason for the frequency
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dependence of polarization (Figure 16). This frequency dependence reflects the fact that a
material's polarization does not respond instantaneously to an applied field. The response
must always arise after the applied electric field which can be represented by a phase
difference. At low frequencies of agitation, all the mechanisms of polarization might follow
the changing of the electric field. With further increasing of frequency of the excitation,
elimination of the space charge polarization occurred due to the highest relaxation time.
Continuation of the excitation frequency growth first exclude the dipole and later ionic
polarization therefore at the highest frequency range only electronic polarization is present.
The polarization (P) ie equal to the total dipole moment induced in the material by the

electric field:[57]
P=Nu (28)

where N is the number of dipole moment per unit volume and (;) is the average dipole

moment. The average dipole moment of the charged particles is proportional to the local

electric field (E'), which acts on the particles:
1=akE' (29)

where proportional factor (o) is the polarizability of average dipole moment per unit of local

field strength. The expression for polarization considering the dipole moment is:
P=NaFE' (30)

For insulating dielectric materials, polarization of the surrounding medium substantially
effects the magnitude of the local field. Mossotti was the first to derive the local field
contribution by the integration of the normal component of the polarized vector over the

surface of a spherical cavity in the material, which enables following Clausius-Mossotti

equation.
-1
£l Na +Na, +Na, +Na] 31)
e +2 3¢,

Clausius-Mossotti equation connects the relative permittivity (g;) with the total number of
polarizable species (N), and the total values of polarizability of the species (o). The Clausius-
Mossotti equation shows explicitly how dielectric constant depends on composition and

crystal structure through polarizability and molar volume. Dielectric constant depends on the
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contribution of all four types of polarizations. The dielectric polarizability at high frequency
range includes both ionic and electronic components. The electronic polarizability is related to

the refractive index (n) by the Lorenz-Lorentz equation:[58]

_ 3, n’-l

F, 2
dr n-+2

e

(32)

where V,, is the molar volume.
The contribution of ionic polarization can be experimentally determined and the ionic
polarization of the random compound can be calculate with the help of the ion additivity

rule:[58]
a(M,M'X,)=2a(M )+a(M")+4a(x) (33)

Ion polarizabilities can be used to estimate the dielectric constant of complex ternary
oxides and fluorides whose values have not been experimentally determined. There is good
agreement between the calculated and experimentally measured values for many ternary

systems including borates, silicates, aluminates, germinates, phosphates.

1.4.2 Dielectric losses

Energy losses in the material occur because of the processes which are dependent on the
frequency of electro-magnetic field and nature of the material (Figure 16). At frequency at
around 1kHz the energy losses occurs due to migration of ions, therefore ion conductivity
appear or individual ions leap from one to another potential minimum. The vibration and
deformation of ions prevail in the microwave frequency region. The dielectric losses, which
appear due to the electronic polarization, are in this frequency region negligible and become
considered only in UV region.

Consider a capacitor that consists of two parallel electrodes and a sinusoidal potential

applied to the dielectric
V=V, (34)

leads to the charging current (1) appear:

[ =90 _Cdv

= :iwCV:wCVOeHwHZH (35)

where o=2nf is the angular velocity and C is capacitance.
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In an ideal dielectric the charging current, which is associated with storage of electric by
dipoles leads the applied voltage by a phase angle 90°. This relationship is vectorially
described in Figure 20.

Imaginary

I total

Real
|

Figure 20. Vector diagram of charging, loss and total currents in a dielectric.

In real dielectrics loss current must be considered due to the formation of time delay. The
loss current arises from the long-range migration of charges which leads to the origin of direct
current (dc) and from the dissipation of energy associated with rotation or oscillation of
dipoles. The latter contribution to the dielectric losses is a consequence of the charged
particles having a specific mass and therefore an inertial resistance being moved. Both ac and
dc conduction are in phase with the applied voltage. Loss current (I)) in the dielectric can be

written:

I,=(G,+G, WV (36)

dc

where V is the voltage, Gq. is the direct current conductance and G, is the alternating current

conductance. The total current (I;) is the sum of Eq. 35 and Eq. 36:
I, =1 +1=(aC+G,+G, WV (37)

The total current in real dielectric is a complex quantity, which leads the applied voltage by
an angle (90°-0) and not by 90° where 0 is called the loss angle. Loss tangent d representing

the deviation from ideality of the losses in the dielectric material and from Figure 20 is
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evident that tan 6 defined as coefficient between loss and charging current.

The dielectric constant of a real dielectric might be expressed as a complex permittivity:
g =&-ig" (38)

Considering the Eq 26, Eq 34, Eq 35 and Eq 38 the total current can be defined as:

1= % =g CyiaV =(& —is")Coinoe[im] (39)
and thus
1, =iwe'C)V +ms"C )V (40)

where ¢’ is the charging constant or often just dielectric constant and €’ are referred to as the
dielectric or relative loss factor. The first term on the right-hand side of Eq 37 describes
charge storage in dielectric; second term refers to dielectric losses. The dissipation factor, loss

angle or most commonly loss tangent (tan d), is defined as:

"

tans =< (41)

&

The quality factor (Q) is often used for extending dielectric losses at high-frequency

insulation applications. The Q-value is defined as reciprocal of the tan 8.[59]

1 Maximum energy stored per cycle

- tano =27 Average energy dissipated per cycle 42)

It is known that the total dielectric loss is the sum of: intrinsic loss due to the interaction of
the ac electric field with the phonons of the material and extrinsic loss owing to the coupling
of the microwave field with defects.[60,61,62] Gurevich and Tagantsev developed a complete
theory of intrinsic dielectric losses.[63] According to the theory of quantum mechanics, the
intrinsic loss mainly corresponds to the absorption of the energetic quantum of the
electromagnetic field in collisions with the thermal phonons. The intrinsic losses depend on
the crystal symmetry, ac field frequency and temperature. These intrinsic losses fix the lover
limit of losses in defect-free single crystals or ideal pure materials. On the other hand, the
extrinsic dielectric losses are associated with imperfections in the crystal lattice such as
impurities, microcraks, porosity, random crystallite orientation micro structural point
(vacancies), linear (dislocations) and/or planar (grain boundaries) defects.[64] However, the

extrinsic losses are caused by lattice defects and therefore can be in reduced or eliminated by
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proper material processing. The losses due to the different types of defect show different

frequency and temperature dependents symmetry.[59]

1.4.3 Temperature coefficient of resonant frequency

One of the most selective characteristic of dielectric materials is temperature coefficient of
resonant frequency (tf), which describes the relative changes of resonance frequency of
dielectric resonator in defined temperature range. The values of 1 are usually predicted by
empirical methods and its relation with the temperature coefficient of permittivity (t.) is
described by Equation 23. Relative permittivity is related to the physical-structural
characteristics of crystal (polarizability, molar volume), which is given by Clausius-Mosotti
equation (Eq 31). The 1, can be expressed by differentiating the Clausius-Mosotti equation

with respect to temperature at constant pressure:[65,66]

1 de, 1 (oV 1 (0a) ) (oV 1 (0a,
c] | | — | +=— (43)
(e, =&, +2)\or ), 3v\er), 3apl ov J\oT), 3ej\ oT ),
and
! [ag,j = A+B+C (44)
(e, —1)e, +2)\ oT ,

The A, B and C terms describe physical processes. Term A is related to the thermal
expansion coefficient (o) and increasing of the temperature effect on the volume expansion
result in lower concentration of polarizable particles per unit volume. Due to the positive
thermal expansion coefficient, term A is almost always negative. Term B describes the
variation in polarizability of a constant number of particles as a result of variation in volume
with the temperature, and term C describe direct dependence of polarizability with the

temperature at constant volume.
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1.4.4 Prediction of the dielectric properties of the composite ceramics

Predicting the effective dielectric properties of the glass-ceramic composites is very important
for design the composite materials. Several quantitative rules of the mixture models have been
proposed for prediction of the dielectric properties of the multi-component systems. The most
commonly used equation for predicting the dielectric constant of the mixture composition is

the Maxwell-Wagner's equation shown in Eq. (45)[67]

E, = V4 & T VL&, (45)

c

where v and ¢ are the volume fraction and relative dielectric constant of phase.
Lichtenecker suggested more accurate logarithmic model (Eq. 46) for the determination of

the dielectric constant of the mixture described with following equation:[68]
Ing, =v, Ing, +v,Ing, (46)

The Lichtenecker logarithmic mixing rule is an inference equation that combines the
parallel connection and series connection model, and the Lichtenecker logarithmic mixing
rule can be thought to be composed of dielectric spheres with permittivity & uniform
dispersed in a continuous medium with permittivity g, where g, > g;.[69]

More recently, Jayasundere-Smith suggested more accurate formula, which considered
interactive effects between the fields of neighbouring spheres. According to this model,

permittivity of mixed ceramic composition can be predicted as follows[70]

£V, +82v{ 3, }{1+ 3va(&, _gl)}

3 &, +2¢
v, +V{ 3¢, }{14_ 3v, (&, _51)}
&, +2¢ &, +2¢

For small volume fractions, these interactive effects of neighbouring spheres can be

(47)

negligible.
The resultant dielectric loss of the mixture composed of two kinds of materials, can be

expressed in the form of
tan o = v, tan o, + v, tan o, (48)

where tan d; and tan J, are the dielectric losses of the two components, respectively.
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From Eqgs. (42) and (48) the following relation for the Q value as a semi-empirical model

was obtained:

1 v v,

g W 49
0 00 )

where Q; and Q; are the Q values of the two components and Q is the resultant Q value of the
mixture.

To calculate the temperature coefficient of resonant frequency (zr) of mixture phase, a
empirical model was proposed as follows:[71]
=0T, +0,T

T f mixture

(50)

where Ty and 1y, are the temperature coefficient of the two components and Temixire 1S the
resultant temperature coefficient of mixture. Generally variation of t¢ in a random mixture is

proportional to the molar variation of the constituent phases.

1.5 Binary system MgO-B,0;

In the far past a lot of research were done in the MgO-B,O; system. Phase relations in the
system MgO-B,0; were first examined by Toropov and Konovalov[72] in the 1940. Their
work was based on the cooling curve analyses and they reported about the existence of the
congruently melting compounds 3MgO-B,0; (1400 °C), 2MgO-B,Os; (1381 °C), and
MgO-B,0; (1183 °C). The phase diagram was revised by Davis and Knight[73] and they are
mostly agreed with the general features of Toropov and Konovalov report, except that
MgO-B,03; was shown to melt incongruently at 988 °C and the liquids temperatures were
lower by 40 °C. The authors[72] also report about low-temperature exothermic break at 780
°C, for the phase which is poorer in MgO than MgO-B,0;. That effect was not observed by
Davis and Knight or any other researcher who was later involved in study of this phase
diagram. Kuzel,[74] which subsequently synthesized the MgO-2B,03; compound also reported
that MgO-B,03; compound does not exist as such but rather was a mixture of MgO-2B,0; and
2MgO-B;,0;. Kuzel’s research was confirmed by Fletcher et. al.,[75] who also detected no
solid solutions in the system. Finally it was proved that the MgO-B,0O3; compound does not
exist.[74,75,76,77] The compound MgO-2B,0;, which was first reported by Kuzel, was lately
confirmed by many authors[76,77]. All the above mentioned researcher agreed about the
existence of 3Mg0O-B,0; and 2MgO-B,0; compounds. In the Table 3 there are names of all

reported compounds and investigators in the system MgO-B,0Os. Phase equilibria were revised
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in the system MgO-B,0; as the result of a study using DTA and quenching method by
Mutluer and Timucin[77]. They corrected and constructed the phase diagram (Figure 21) in
the central portion due to the peritectic transformation of 2MgO-B,0Oj; at 1312 °C. Although
Davis and Knight[73] found at 57.7 wt.% MgO and 1313 °C the eutectic between pyroborate
(2MgO-B,0s3) and orthoborate (3MgO-B,03).

Table 3. Names of compounds and investigators in the system MgO-B,0;3[76]

Investigators
Compound
Confirmed by Not Confirmed by
MgO-B,O Davis and Knight, Toropov and Konovalov, Kuzel, Fletcher, Watanabe, Stevenson
23 Yamaguchi and Whitaker

MgO-2B,0 Fletcher, Stevenson and Whitaker, Kuzel, Davis and Knight, Toropov and

2 Nakamura Konovalov, Okawara and Yamaguchi,
3MgO-B,0, Davis and Knight, Nefedov
2MgO-B,04 Davis and Knight, Nefedov , Mrose, Toropov and

Konovalov, Watanabe, Fletcher, Stevenson and
Whitaker, Okawara and Yamaguchi, Takeuchi,
Kuzel, Nakamura, Berger , White
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Figure 21. The phase diagram MgO-B;05.
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The system MgO-B,0; contains 4 invariant points, such as:

peritectic at 995 °C,

MgO-2B,0; (s) < Liquid (a) + 2Mg0-B,0; (s) (51)
a monotectic at 1146 °C,

Liquid (b) < Liquid (c) + 2MgO-B,0; (s) (52)
a second peritectic at 1312 °C

2MgO0-2B;03 (s) <> Liquid (d) + 3Mg0-B,0; (s) (53)
and a eutectic at 1333 °C

Liquid (e) <> 3Mg0-2B,03 (s) + MgO (s) (54)

where (a)-(e) designate the equilibrium liquids in Figure 21. First two reactions (Eq 51 and Eq
52) and the temperature at which they occur are similar to those found by Davis and
Knight,[73] except that the incongruently melting compound in first (Eq 51) is MgO-2B,0;
rather than MgO-B,03 and the monotectic liquid in Eq 52 contains 30 wt.% MgO rather than
36 wt.%.

According to Toropov and Konovalov[72] and Davis and Knight[73] the 2MgO-B,0;
compound, would melt congruently at 1381 °C and at 1340 °C, respectively. Later on Mutluer
and Timucin[77] refuted that theory and with the additional DTA analyses they showed,
2Mg0O-B,0; compound melts incongruently at 1312 °C and is related to 3MgO-B,0s by a
peritectic reaction, as opposed to the eutectic reaction predicted by previous investigators.
Researchers[73,77] agrees well with the melting temperature of 3MgO-B,0;, (1410 °C)
determined by Toropov and Konovalov[72]. On the basis of Mutluer and Timucin[77]
isothermal determination of the eutectic temperature, which is lower for about 30 °C than
previous estimates. The composition of the eutectic liquid is the same in all the proposed
diagrams. The steep slope of the MgO liquidus, which is inferred above 1450 °C, suggests
that small additions of B,O; to MgO decrease the melting point of the latter rather rapidly,
thus deteriorating its refractoriness.

Magnesium borates such as MgB40O;, Mg,B,0s and Mg;B,0¢ referring to previously
mentioned MgO-2B,0;, 2MgO-B,0; and 3MgO-B,0s, respectively are very remarkable
ceramic materials due to their interesting mechanical properties, attractive thermal properties,

thermo-luminescent properties,[78,79] its high resistance to corrosion and good antiwear
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behaviour[80]. Various synthesis methods for preparation of magnesium borate have been
proposed up to now. In recent years, several nanostructure forms of Mg;B,0s, such as
nanowires, nanotubes, nanobelts and whiskers, have been synthesized through chemical
vapour deposition CVD method,[81] catalyst-free method,[82] high temperature solid-state
synthesis method,[83,84] solvothermal method[85] respectively. Bando et al. prepared
MgB4O; nanowires[86] and Mg3;B,Og nanotubes[87] via thermal evaporation and IR
irradiation methods, respectively. Zhang et al.[88] synthesized single crystalline Mg;B,0¢
nanobelts by heating a mixture of boron and MgO powders under flowing Ar/H,O gases.

However, numerous methods have been used recently for the synthesis of magnesium borates
for different applications. In our work we synthesized Mg;B,0s and Mg3;B,0¢ with the solid
state reaction and the dielectric properties of binary compounds, which have not been known

yet, were also determined.

1.5.1 Mg;B,0s

Magnesium pyroborate (Mg;B,0s) is in nature known as a suanite mineral and it was first
found by Watanabe[89] in North Korea mine, as a fibrous aggregate of monoclinic crystals.
Crystal structure of Mg;B,0s was determined by Takeuchi [90] in 1952, and its properties
Mg;B,0s and structure have been compiled by Mrose et al.[91]. The synthetic Mg,B,0s was
obtained usually as a mixture of monoclinic and triclinic structures. The monoclinic as well as
the triclinic form of Mg;B,Os is heteromorphic, which means that the structure differing from
standard form. The monoclinic structure (space group P2,/c) of Mg,B,0s is described by G.
C. Guo et al.[92] shown in Figure 22 where the large circles represent Mg atoms, medium
circles O atoms, and small circles B atoms. The structure of the monoclinic form of Mg;B,0s5
is based on Mg4O;3 tetramers, composed of four Mg octahedra linked by three shared edges,
and connected by sharing four O---O edges to form chains extending along [010]. The B atoms
hold the chains together and form B,Os (double-triangle) groups. The Mg---Mg distances in
the Mg4O5 tetramers are 3.148 (3) and 3.152 (3) A. The O atoms of each B,Os group are not
quite coplanar; the dihedral angle between the two slanting trigonal-planar BOs groups is

14.90 °.
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Figure 22. The structure of Mg,B,0s viewed along [010)].

Likewise as the monoclinic form also the single-crystal structure of triclinic (space group
P1) magnesium pyroborate Mg,B,0s was determined by G. C. Guo et al.[93] The structure of
triclinic Mg»B,Os is illustrated in Figure 23 where the large open circles represent Mg atoms,
small open circles O atoms and small black circles B atoms. The triclinic Mg;B,0s structure
is based on [Mg4O,s] tetramers, composed of four octahedra linked by three shared edges,
connected, through sharing four O-O edges, into chains extended along (001). The B atoms
hold the chains together and form B,Os (double-triangle) groups. In the Mg octahedral
polymer [Mg4O15], the Mg:-Mg distances are 3.175(2) and 3.131(2) A. The O atoms of the
B,Os group are not quite coplanar; the dihedral angle between the two slanting trigonal planar

BO; groups is 9.84 °.
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Figure 23. The structure of Mg,B,0s projected on [001].

1.5.2 Mg3B206

Mg;B,Og is known as a Kotoite mineral and it was discovered and described by mineralogist
Takeo Watanabe [89] in 1939. He was investigating the ores from North Korean Hol Kol
mine. Effenberger and Perttlik[94] produced and studied the single crystal forms of the three
compounds Mj3(BOs), (M = Mg, Co and Ni) and compared with crystal system of
Mn;3(BOs3),[95]. They found that all of the synthesized metal orthoborates were crystallized in
the kotoite form. The mineral Kotoite with space group Pnmn is an orthorhombic crystal
where each Mg atom is surrounded by an octahedron of oxygen atoms. Boron atoms are

surrounded by three oxygen atoms, BOs, in a triangular configuration shown in Figure 24.

QMg(z)
A
A}
Q Mg(2) \ = OMe@
\\\ @

Figure 24. BO; coordination of atoms in Mg;B,0s.
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However magnesium occupies the centre of an octahedron and boron occupies the centre
of a triangle. The crystal structure of magnesium orthoborates has been also analyzed by
Berger[96] who found that isomorphous orthoborates of cobalt and magnesium is orthorombic

in the unit cell.

1.6 Ternary MgO-B,03-SiO; system

The phase equilibrium diagram for the MgO-B,03-Si0, system was first established by
Kuzel[97] in 1963, illustrated in Figure 25. Therefore this phase diagram has been evaluated
from data obtained essentially by the quenching method using ternary compositions. The
melting was performed in platinum crucible. Kuzel[97] determined the phase diagram by
means of differential thermal analysis and X-ray diffraction. Within the investigated part of
the diagram, the components and compounds MgO, 2MgO-Si0,;, MgO-SiO,, SiO,,
3Mg0O-B,0; and 2MgO-B,0; posses primary fields. Vaporization of boric acid was
substituted with the addition of boric acid until theoretical compositions were achieved. The
fields of cristobalite (Si0;), protoenstatite (MgO-Si0O;) and the compound of 2MgO-B,0; lie
predominantly under a large region of liquid immiscibility. The wide region of MgO-SiO,,
2MgO-B,0; and the compound of 2MgO-SiO, contains two ternary eutectics at 1186 and
1203 °C, respectively. These regions extend across the diagram between the magnesia-silica
side and the magnesia-boric oxide side. Two from five triangle systems contains single
ternary eutectic. The sub-systems such as MgO-3MgO-B,03;-2MgO-SiO, and 3MgO-B,0:;-
2MgO-B,03-2Mg0-SiO, comprise ternary eutectic at 1327 and 1270 °C, respectively. The
fifth triangle 2Mg0O-B,03-B,03-Si0; assumedly possess eutectic at very low level of MgO. In
abovementioned sub-system there are two melts and two solid binaries Mg;B,0s and
Mg,B,0,, respectively. The latter composition was later on confirmed by many researchers as
a non-existent. In the whole equilibrium diagram MgO-B,03-Si0, was no indication for a
ternary compound.

Suanite Mg;B,0s crystallizes in ternary as well as in binary sub-system always as a
triclinic modification. Kuzel in his paper evidently affirmed that monoclinic Suanit was not

obtained in any case.
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2 Aims and Hypothesis

Glasses and glass-ceramics materials have been widely investigated for various technological
applications in optics and electronics. Glass-ceramics are also constituents of advanced
microelectronic packaging, where they are mainly used as low-temperature co-fired ceramic
(LTCC) dielectric substrates. Taking into account the dielectric requirements of low
permittivity (¢ < 8) and high quality factor (Q = 1/tand), the pure ceramic materials would be
more appropriate for the dielectric substrate applications than glass-ceramics. However, low-
permittivity ceramics materials sinter at high temperatures (> 1000 °C), while the glass-
ceramics compositions enable the sintering at the LTCC sintering conditions (< 900 °C). Due
to the incomplete crystallization of glass, glass-ceramics still contain some glass, which lower
the Q-values. The high Q-value of the glass-ceramics could be achieved firstly by decreasing
the amount of the glassy phase and secondly by the selection of the system with high Q
crystallisable phases. Minimizing of the glassy phase content is attained by controlled
crystallization, which is possible only with the knowledge of the nucleation and the
crystallization processes. For the selection of the glass-ceramics system for LTCC substrate
applications not only the type, but also the number of crystallisable phases is important.
Namely, the probability for the reaction with the electrodes and other co-fired materials
increase with the number of phases.

Taking into account the above-mentioned reasons, MgO-B,0;-SiO, (MBS) system was
selected to investigate as potential material for LTCC substrate applications. Depending on
the composition MgSi0s;, Mg,;Si04, Mg,B,0s or Mg;B,0¢ are expected to crystallize from
MBS glass. MgSi0O3; and Mg,Si104 have been already reported to exhibit high Qxf values of
120 000 and 240 000 GHz, respectively. The investigations, which were performed in the
scope of this study, revealed promising dielectric properties of Mg,B,0s and Mg;B,0s. In
particular, Mg3;B,0¢ was found to exhibit high Qxf values of 100 000 - 240 000 GHz. The
conditions for the preparation of Mg;B,0s with Qxf values over 200 000 GHz as well as
microstructural phenomena of exaggerated grown grains were investigated in details.

It is well known that the complete densification and the high crystallinity are indispensible
for good mechanical strength and for high Qxf values of glass-ceramics materials. The
tailoring of these properties becomes possible when the processes during transformation from

the glass to the glass-ceramics are well understood. In order to enhance the crystallization,
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TiO;, nucleating agent was added to MBS glass. With the use of verified methods for the
analysis of non-isothermal data we attempted to determine the following important
characteristics of the MBS and TiO;-added MBS glass: (i) the temperature range of
nucleation, (ii) temperature of maximum nucleation rate (iii) the eventual overlapping of the
nucleation and crystallization processes and (iv) kinetic parameters. Additionally, the
crystallization mechanism for both glasses was inferred from non-isothermal DSC data and
scanning electron microscopy measurements. The correctness of the determined values of
Avrami parameter (n) and dimensionality of the crystal growth (m) were indirectly confirmed
by employing of different methods for the analysis of the thermo analytical data (Kissinger,
Matusita, Ozawa-Chen). The study of crystallization kinetics was performed for bulk and
powder MBS glass. Due to the mixed crystallization mechanism (surface and bulk) in the
powder glass the meaningful value of activation energy were obtained only for the bulk glass.
Based on the knowledge about the nucleation and crystallization processes, the synthesis
and the sintering of MBS glass-ceramics was optimized and finally the dielectric and the
structural characterization of the MBS glass-ceramics was performed. The influence of TiO,
nucleating agent on the crystallization and consequently on the dielectric properties was

examined.
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3 Materials and Methods

3.1 Glass and ceramic preparation

3.1.1 Chemical used

Magnesium oxide (Sigma Aldrich) with 98 % purity, boron oxide (Alfa Aesar) with 99.98 %,
silicon oxide (Alfa Aesar) with 99.8 % purity and titanium (IV) oxide rutile (Alfa Aesar) with

99.99 % were used as starting materials Table 4.

Table 4. Raw materials for glass preparation and melting temperatures.

Magnesium oxide, Boron oxide, Silicon oxide, Titanium oxide,
MgO B,0s SiO, TiO,
Melting
temperature 2852 450 1710 1843
(°0)
MgO 98% | B,Os 99.98% | SiO, 99.8% | TiO; 99.99%
S047,805"  0.02% | NOs <0.005%| Al,O4 0.001 | ALLOs 0.001
Cr <0.01% | CI' <0.002% | Fe,O; 0.0005 | CaO 0.042
NO5 <0.005%| Na <0.5% | K,0O 0.0005 | Fe,0; 0.001
Na <0.5% | Ca <0.05% |NaO  0.0005 1 g.0  0.006
Chemical | Ca <0.05% | Fe <0.01% | F¢ SIpPm | ve0 0,008
composition | Fe <0.01% | K <0.005% P,0s 0.07
K <0.005% | Sr <0.005% Si0, 0.015
Sr <0.005% | Ba <0.005% 710, <0.005
Ba <0.005% | Mn <5 ppm Na,O 0.009
Mn <5 ppm SO; 0.001

3.1.2 Preparation of MgO — B,0O; — SiO, glass

The initial oxides were dried at 150 °C at conventional hot air drier and homogenized with
zirconia balls (d = 5 mm) in plastic jars using turbula mill for 60 minutes. The samples were
stored in desiccator filled with silica-gel to keep them in a dry environment. According to the

phase diagram of the MgO-B,0;-Si0; system[97] the ratios of chosen components were 43




48

wt.% MgO, 35 wt.% B,0; and 22 wt.% SiO,. After homogenization dried powders were
melted in a corundum and platinum crucible, respectively. Each batch was melted in an
electric furnace (Nabertherm) at 1350 °C exceptionally 1500 °C when the nucleating agent
TiO, was added. The melt was held at the maximum temperature for 30 minutes where the
viscosity of the melt was low enough so that the melt could be easily poured onto a graphite
plate to avoid occurrence of any crystallization. The glass was crushed with vibrational mill in
order to ensure complete homogenization of the glass the whole melting procedure was
repeated. This melting regime was found sufficient to yield bubble free, transparent and
colourless quenched glass frit with no visible crystalline inclusions, which was also confirmed
by X-ray analyses (Figure 26). Subsequently, the glass powders prepared for sintering were
milled in acetone region with Y-stabilized ZrO, balls (d = 3 mm) in planetarium ball mill
(Fritsch, Pulverisette 5) at various milling time. The pulverized glass powders were dried and
uniaxially pressed at about 100 MPa to obtain green compacts with a diameter of 12 mm and
thickness of around 4 mm. The prepared samples were characterized by different methods:

XRD, DSC, heating microscope, dielectric measurements and Archimedes’ density.
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Figure 26. X-ray analysis of glass with the following composition 43 wt.% MgO, 35 wt.%
B>0; and 22 wt.% SiO..

3.1.3 Synthesis of the Mg;B,05 and Mg3;B,0¢ ceramic sample

The ceramic compounds Mg;B,0s and Mg;B,0¢ from the binary MgO-B,0s system were
synthesized using solid-state reaction techniques. Prior to weighing (Mettler H35AR
analytical balance), the initial oxide powders MgO and B,0; were dried for 12 h at 500 °C
and 100 °C, respectively. These dried powders were then homogenized in acetone regime and
repeatedly pre-reacted with intermediate grinding and milling. Detailed pre-reaction

conditions for the Mg;B,0s and the Mg;B,0¢ are represented in Table 5.
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Table 5. Pre-reactions and sintering conditions of Mg3;B,0s and Mg>B,0s ceramics.

Material | Pre-reactions temperatures (°C) | Sintering temperature (°C) | Structure
Mg;B,0g 600, 900, 1000, 1100, 1200 1200-1300 S.G.: Pnm
Mg,B,0s 600, 900, 1000, 1100, 1200 1250-1280 S.G.P1

The loss of B,Os3, which occurred during the pre-reactions, was compensated by weighing
an 11 wt.% and a 14 wt.% excess of B,0O; for the Mg;B,04 and the Mg,B,0s, respectively.
Prior to the sintering, the powders were milled in a planetary ball mill (Fritsch, Pulversette 5)
with Yttria-stabilized ZrO, balls, at 200 rpm for 2 hours. The size of the particles after the
milling was analyzed using a HR 850 Alcatel Cilas laser granulometer, which showed that the
median particle size (dsp) was up to 1 um. The milled powders were dried in Kambic drier
then uniaxially pressed under a pressure of the 100 MPa to obtain a green compacts with a
diameter of 12 mm and a thickness of around 4 mm. The sintering of the compressed samples
in order to defined the sintering conditions were observed by means of the heating microscope
(EM 201, Hesse Instruments), with a heating rate of 10 °C/min. The green pellets were
sintered at different temperatures for various periods of time and then cooled to the room
temperature. The sintering was performed in a tube furnace in an air atmosphere with 10
°C/min heating rate. The cooling rate from the sintering temperature (T;) was either fast or
slow, with the latter being a controlled cooling rate of 2 °C/min. Fast cooling refers to
uncontrolled cooling in the furnace as a result of natural convection, conduction and radiation
from the sintering temperature to the room temperature. The density of the sintered glass-
ceramic specimens as a function of sintering temperature were evaluated by the Archimedes
immersion liquid displacement method using an analytical balance an acetone as the reference
liquid. The literature data of 3.086 g/cm3 (PDF 38-1475) and 2.91 g/crn3 (PDF 15-0537) were
used for the theoretical densities of the Mg;B,0O4 and the Mg,B,05.[98] The relative densities

(pr) were obtained by comparing the measured densities with the theoretical ones.
3.2 Characterization methods

3.2.1 X-ray powder diffraction

X-ray powder diffraction (XRD) is a very effective technique for the investigation of the
crystal structure and phase analyses of the material. The degree of the crystallinity and the
identification of the phases developed after the crystallization were examined by X-ray

powder diffraction analyses of crystalline samples. A mortar and pestle were used to grind the
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glass-ceramic and ceramic samples into a fine powder that were tested by XRD. In principle,
X-rays are directed to the powder sample where they interact with the crystalline material and
diffract at different angles. These diffracted beams are then directed to the detector, e.g.,
scintillation, proportional or solid state detector, which measures the beam intensity. Namely,
the detector collects x-ray photon and then converts them into a measurable signal or
eventually to the X-ray diffraction pattern. For the identification of the crystalline phases
present in the sample, position and intensity matching of the spectrum is performed with
reference to the established ICDD (International Centre for Diffraction Data) database. This
latter task is normally carried out with the aid of the accompanied software. XRD analysis
was used to identify the crystalline phase(s) that forms in the prepared glass-ceramic and
ceramic material. The analysis was performed on pulverized specimens of the ceramic and
glass-ceramic materials, and was carried out using a D4 Endeavor, Bruker AXS, powder
diffractometer with a 20 scan range between 10 © and 90 °. Step size and counting time were
changing regarding to demand of preciseness of measurement. XRD patterns were also
recorded on a PAN alytical X’Pert PRO diffractometer with CuKa radiation in configuration
with Johanson’s monochromator to remove the CuKa, radiation. In this case step size was

0.008 ° and counting time 100 s. Used diffractometers differ in counting time.

3.2.2 Microstructure analyses

For the following analyses the sample preparation technique distinguishes according to the

microscope and consequently to the desired information.

3.2.2.1 Optical microscope

The surface topographies of the produced vitreous and sintered glass-ceramic materials which
were previously polished and then chemically or thermally etched were analyzed using an
Olympus BX 60 Microscope equipped with Olympus DP soft image Analyzer. The surface
was scanned and images were taken to reveal the visible changes appeared from the heat

treatment. The topography information’s were prerequisite for the further characterization.

3.2.2.2 Scanning electron microscope (SEM)

The usual procedure of specimen preparation for metallographic examination involves
grinding on progressively finer silicon carbide (SiC) papers and polishing with a polishing
cloth and a polycrystalline diamond powder paste (Struers) with 3 and % pum roughness. The
selected samples were mounted in a conventional metallographic mounting medium technovit

(Demotec 30) to increase stability during grinding and polishing. During mounting, the
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samples were carefully positioned so the polished cross-section surface was perpendicular to
the cut surface. The metallographic procedure was done on a Struers RotoPol-21. After
polishing vitreous, glass-ceramic and ceramic specimens were thermally or chemically
etched. The polished ceramic Mg3;B,0Os and Mg;B,0s materials were thermally etched 50 °C
bellow the sintering temperatures for 20 minutes. The glass and glass-ceramic were
chemically etched with an aqueous solution of 10 ml HNO3, 20 ml of H,O and 5 ml of HF for
2 minutes in order to dissolve a thin layer of glass and reveal the crystalline phases that were
formed. With the help of optical microscope we kept the control of etching. Due to the
material’s non conductive nature, the samples had to be coated with a thin layer of carbon.
The microstructures of so prepared specimens were characterized and observed using
scanning electron microscope (SEM JEOL JXA 840A, JSM 5800 and FE-SEM 7600), which
were operating at different accelerating voltage from 5 to 20 keV. Scanning electron
micrographs with the help of an image-tool program were used to determine the grain size

area on a polished cross-section.

3.2.2.3 A transmission electron microscope (TEM)

A transmission electron microscope (TEM) (JEM 2100, JEOL, Tokyo, Japan) equipped with a
Gatan ORIUS SC1000 CCD camera was utilized to examine the grain boundaries. Prior to the
TEM investigation, the samples were cut into 3-mm-diameter discs, ground to a thickness of
approximately 120 um, dimple ground to 20 um and ion milled to electron transparency using

Arions at 3.8 kV.

3.2.2.4 Electron back scatter diffraction (EBSD)

Electron Back-Scatter Diffraction (EBSD) is another important analytical technique used to
obtain information about crystallographic orientation of the specimen. However, EBSD
employs an electron beam for acquiring a diffraction pattern and is performed using a
Scanning Electron Microscope (SEM). Unlike conventional SEM, the EBSD setup requires
that a sample be tilted at 70 ° from the horizontal position so that it is slanted as it is being
bombarded by the descending electron beam. Moreover, the system needs to be equipped with
a fluorescent phosphor screen detector to capture the pattern by the diffracted electrons. This
pattern consists of intersecting lines, also referred to as Kikuchi bands. The complex matching
of these Kikuchi bands is automated, and is usually achieved with reference to the databases
accompanied with the software. EBSD analysis can only be considered for materials
associated with crystalline phases that generate Kikuchi patterns. A non-crystalline material,
such as glass, will not be suited for such an analysis since it cannot generate Kikuchi patterns.

In our case field-emission scanning electron microscopy (JSM 6500-F, JEOL, Tokyo,
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Japan) with an EBSD Inca Crystal 300 with the corresponding software for the analysis of the
Kikuchi patterns was used to determine the crystallographic orientation relationships of the

Mg;B,0¢ twins.

3.2.3 Differential scanning calorimetry

Differential scanning calorimetry (DSC) was helpful in determining the crystallization and
glass transition temperature of the glasses. Consequently on the basis of these data the proper
heat treatment procedure could be established for the preparation of the glass-ceramics with
the target properties. The crystallization is an exothermic process. This results from the fact
that the crystalline phase has lower free energy than disorder glass. On the contrary, the
melting of the crystalline phase is accompanied by the absorption of energy, which results as
an endothermic peak in thermogram. The glass transition temperature is a second-order
transition, which is accompanied by the change of heat capacity, what is noticed as the
deviation of the baseline.

Differential scanning calorimetry was used to study the nucleation and crystallization
phenomena of MgO-B,0;-Si0; system and calculate the activation energy of crystallization.
Thermogravimetric (TG) and differential scanning calorimetry (DSC) analyses were
performed on a Jupiter 449 simultaneous thermal analysis (STA) instrument coupled with a
403C Acéoloss mass spectrometer (MS) (Netzsch). Prior to measurements, the temperature of
the DSC was calibrated using Au, In, Bi and Sn standards. The TG/DSC measurements were
performed using a constant weight powder or bulk samples in an alumina crucible in argon 80
wt.% oxygen 20 wt.% atmosphere with various heating rates from 5 to 20 °C/min and the
temperatures range was from room temperature to 1100 °C. Alumina powder was used as a

reference material.

3.2.3.1 Determination of the temperature for maximum nucleation

Very important for the accurate crystallization of the glass is the knowledge of the nucleation
process. The bulk samples were prepared with pouring melt on the graphite model covered
with the holes with slightly smaller diameter compared to the diameter of alumina crucible
used for DSC measurement. The size of the bulk samples is very important due to equal
weight of the samples as well as the shape of the bulk should be flat because of better contact
with the bottom of the measuring crucible. In the case of powder specimen the good thermal
contact is assured.

The range of nucleation was determined with the help of differential scanning calorimetry

of raw glass sample. Matusita[99] affirmed that the rate of crystal nucleation in glass usually
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reaches the maximum at a temperature somewhat higher than the glass transition temperature
and then decreases rapidly with increasing temperature. The procedure for determination of
the temperature for maximum nucleation was as follows: the bulk glass — samples were
nucleated at certain temperatures in the temperature range between the glass — transition
temperature and crystallization on — set temperature. These nucleated samples were then
heated with the heating rate of 10 °C/min in the DSC instruments to crystallize. The position
of the crystallization peak maximum (T,) and also its height depend on the number of nucleus
formed during nucleation.[100,101] In the case of larger number of nuclei, the position of T,
is shifted to the lower temperature and its height increases. The temperatures of maximum
nucleation rate were obtained from the plots of 100/T, and peak height versus nucleation

temperature.

3.2.3.2 Theoretical basics

Several analytical models[102,103,104,105,106,107,108] are available to analyze differential
thermal analyses (DTA) or DSC data for determine the activation energy for crystallization of
the glass. Despite that DTA and DSC being well established techniques there is considerable
controversy and some confusion over the use of these methods for determining the kinetic
parameters. Different methods can produce conflicting data which are not preferable because

of mistrust and confusion.

3.2.3.2.1 Isothermal studies

The isothermal crystallization data are interpreted using the formal theory of transformation
kinetics developed by Johnson-Mehl-Avrami (JMA)[109] and also by a similar approach of
Kolomogroff[110] and it is described with following equation:

—In(1- ) = (kt)" (55)

where a is the volume fraction crystallized at a given temperature in time t, k is the reaction
rate constant for the whole transformation process, the dimensionless quantity n is the Avrami
exponent, which depends on the nucleation and crystal growth. The reaction rate constant, k,
is related to the activation energy for the overall crystallization process (E), through the

Arrhenius temperature dependence

E
k = Ae [ar) (56)
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where A is a frequency factor, R is the universal gas constant and T is the isothermal absolute

temperature. The values k and n are determined using the relationship:

ln{ln( ! H =Ink+nlint (57)
-

Experimentally k and are determined from the plots [In(1/1-a)] versus In(t). A plot of In(k)

against 1/T for different isothermal temperatures is subsequently employed to determine a
value for E. The overall effective activation energy E is expressed by equation:
E, +mE
E = ( N G) ( 5 8)
n

where, Ey and Eg is the activation energy for nucleation and crystal growth, respectively. The
dimensionality of crystal growth is described by m[106] which is often used as a morphology
index. If the nucleation frequency is negligible over the temperature range supported by

investigation then
E~—F, (59)

and with the assumption that nucleation reach the maximum nuclei in the sample then E = Eg.
On the contrary, if the nucleation frequency cannot be ignored and the nuclei are formed

during the isothermal treatment then n =m + 1.

3.2.3.2.2 Non-isothermal studies

Such as isothermal also non-isothermal techniques have been used for determination of
activation energies for crystallization generally for kinetics data. Kissinger analytical
model[102] is the most frequently used technique to describe the variation of the peak

crystallization temperature with heating rate.

ln[ﬁzj = —(iJ + constant (60)
T RT

P p

where E is the apparent activation energy for crystallization, B is the DSC heating rate, T, is
the peak crystallization temperature and R is the gas constant. The slope of the plot of
In(B/T; pz) versus 1/7;, gives the apparent activation energy of the corresponding process. The
existence of a good linearity indicates the validity of the use of the Kissinger plot. However,

when surface crystallization and bulk crystallization occur simultaneously, the crystallization
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mechanism is governed by the heating rate, that is, domination of the surface crystallization at
higher heating rate but domination of the bulk crystallization at lower heating rate.

Matusita and etc.[105,106,107] have affirmed that Kissinger equation is valid only when
crystal growth occurs on a fixed number of nuclei. If a majority of the nuclei are formed
during the DSC measurement, so that the number of nuclei continuously varies with 3 then
incorrect values for the activation energy are obtained. The Matusita proposed the modified
Kissinger equation which requires the knowledge of the nucleation mechanism. Supplemented

equation is:

" E
In ﬂ—z = 1,052 ™6 || constant (61)
T RT

p p

where n is a numerical factor depending on the nucleation process known as the Avrami
parameter, and m is the number of dimensions in which the crystal grows. The values m and n
are closely related, namely when the number of nuclei in the glass are constant during
crystallization and DSC measurements at different heating rates (f) then m = n. In the case,
when glass crystallizes predominantly by surface crystallization it follows that m =n =1 in
both instances the Kissinger equation is valid. This means that, analysis of the crystallization
data using Kissinger equation will yield the correct value for the activation energy, i.e., E =
Eg. When the number of nuclei increases during DSC runs and nuclei number is inversely
proportional to B then m = n — 1. Values ascribed to n and m according to the different
crystallization behaviour is summarized in the Table 6.[111] Only with the knowledge of the
crystallization mechanism of the particular glass system allows the determination of the n and

m values and with the help of DSC plots the activation energy can be determined.

Many studies reported in the literature, which are using the non-isothermal methods for
determining kinetic parameters of inorganic glass systems, have unfortunately ignored the
knowledge of the connection between n and m parameters and have also assumed that the

Kissinger approach could be applicable for any system.
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Table 6. Numerical values for n and m used in the determination of activation energies for

crystallization.
CRYSTALLIZATION MECHANISM n m
Bulk crystallization with a constant number of nuclei n=m
Three-dimensional growth of crystals 3 3
Two-dimensional growth of crystals 2 2
One-dimensional growth of crystals 1 1

Bulk crystallization with a constant number of nuclei with crystal growth rate proportional to %5 (diffusion controlled

Three-dimengional growth of crystals 1,3 1,3
Two-dimensional growth of crystals 1 1
One-dimensional growth of erystals 0,5 0,5
Bulk crystallization with an increasing number of nuclei n=m+1
Three-dimengional growth of crystals 4 3
Two-dimensional growth of crystals 3 2
One-dimensional growth of erystals 2 1
Bulk crystallization with an increasing number of nuclei with crystal growth rate proportional to t-%5 (diffusion controlled)
Three-dimensional growth of crystals 2,5 1,5
Two-dimensional growth of crystals 2 1
One-dimensional growth of crystals 1,3 0,3

The value of n is determined from the Ozawa[108] equation:

dn(~In(1- a))|

ding |, (62)

o

where o i1s the volume fraction crystallized at a temperature T, which was determined from
the DSC exotherm shown in Figure 27. The crystallized volume fraction a is the ratio of the
partial area, S (at T), to the total area S, of the crystallization exotherm. From the plotting of
In[In(1-a)] versus Inf, where a is obtained at the same temperature from a number of
crystallization exotherms, taken at different heating rates, the value n is obtained. This plot,
according to Eq. 62, should be a straight line, from the slope of which n can be calculated.

There are several other methods for determination of activation energy. Ozawa — Chen: [112]

dinfl_ ) 0s2™mE (63)

), "
T a
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Figure 27. Typical DSC crystallization exotherm where volume fraction of crystallized glass

arat T could be calculated.

The activation energy Eg can be also evaluated from the single crystallization exotherm

with the Satava method:[113]

d ln(— ln(l - a)) mkE,

of)

The volume fraction a is recommended to lie in the range of 0.1-0.9. From the linear line

=-1,052 (64)

of the In (-In (1 - a)) versus In (1/T) the mEg can be obtained. This method is the least
accurate for the determination of the activation energy.

In our case DSC runs at heating rates of 5, 7, 10, 12, 15, and 20 °C/min for the activation
energy analysis. In all cases, each glass was heated for ten hours at optimum nucleation
temperature, cooled down and then heated to full crystallization. With the nucleation we tried
to ensure that the determined activation energy represents only the activation energy for

crystal growth.

3.2.4 Dielectric measurements

The radio-frequency (RF) dielectric measurements were performed at 1 MHz on Au-plated
disk capacitors using a high-precision LCR meter (Agilent 4284 A). The permittivity
measured at 1 MHz was used to determine the appropriate TE(;s mode in the microwave
(MW) frequency range. The MW dielectric properties were characterized using the dielectric
resonator method, described by Krupka et al.[114], using a network analyzer (HP 8719C).
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The permittivity and dielectric losses (tan 8) were calculated at the resonant conditions. The
Q values were calculated from the tan-0 values in accordance with the equation Q = 1/tan 9.
To determine the temperature coefficient of resonant frequency (tr) the test cavities were
inserted into a temperature-controlled chamber. The dielectric characteristics of the samples

were analyzed in the temperature range from 20 to 60 °C.
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4 Results and discussion

4.1 Binary system MgO-B,0;

Based on the Mutluer and Timucin[77] work, the binary system MgO-B,03 should have three
thermodynamically stable compounds MgB4O;, Mg;B,0s and Mg;B,0O¢. The synthesis of
MgB4O7, Mg,B,0s5 and Mg;B,0¢ from stoichiometric ratios of initial oxides MgO and B,03
did not result in a single-phase ceramics. Boron oxide melts in the broad range around 450 °C.
Due to the low melting temperature and consequently higher vapour pressure of B,O;
considerable amount of B,Os evaporates during annealing. This requires adequate selection of
the synthesis conditions. Both initial oxides B,O3; and MgO absorb water from air humidity.
From this reason prior to weighing B,O; and MgO were dried at 120 °C and 500 °C,
respectively. The drying temperatures were chosen on the basis of the TG-DSC and MS
measurements (Figure 28). For the preparation of single phase MgB4O;, Mg;B,0s and
Mg;B,0Og ceramics the loss of B,Os, has to be compensated by adding the excess of B,Os. The
appropriate amount of B,Os; was determined experimentally by the preparation of various
compositions with the excess of B,O3;. The amount of B,Os needed for the compensation of
the evaporated B,O3 was then selected on the basis of the single phase product determined by

the XRD.
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Figure 28. TG (— ) and DSC (---) curves of initial oxides. MgO is shown in graph (a) while
the B,0; is presented in graph (b).
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4.1.1 MgB407

For the first preparation of MgB4O; ceramic dried MgO and B,0; were weighed and
homogenized in the stoichiometric ratio. The events that occur during the heating of this
mixture were monitored by the heating microscope. Variation in the cross-sectional area curve
indicates significant variation in the sample volume during heating Figure 29. On the basis of
the TG/DSC-MS analysis the shrinkage between 200-400 °C and enlargement between 400-
600 °C were attributed to the decomposition and melting of boric acids (H;BO; and HBO;)
and B,0;, respectively. H3BOs formed during homogenization in air because B,Os; absorbs
water from air humidity.

Hydrolysis of boron oxide which is very hydroscopic material gives us orthoboric acid,
H3;BOs; which is a very weak monobasic acid and acts exclusively by hydroxylion acceptance

rather than proton donation:
B(OH); + 2H,0 <> H30" + B(OH)4 (65)

Partial dehydration of H;BO3; above 100 °C yields metaboric acid HBO, which can exist in

several crystalline modifications:

Coordination number  Density  Melting point

of Boron (g/em?) {"C)
Orthorhombic HBO- 3 1.784 176
Rapid
quench
B(OH), 140°C Monoclinic HBO; 3 and 4 2,045 201
175°C__ Cubic HBO; 4 2.487 236

According to the XRD measurements (Figure 30), HBO, and H3;BO; phases were present
in the pre-reacted powders up to 400 °C. This means that B,Os, which melts during heating
and then solidify during cooling, absorb again the humidity from the atmosphere. During the
synthesis of bigger amount of the sample, the enlargement in the sample volume that was
observed by the heating microscope measurements (Figure 29, red curve) can cause the
problems because the material can creep out of the crucible. Large quantities that stick on the

walls of the crucible are also lost for further synthesis procedure. We found experimentally
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that the enlargement in the sample volume can be considerably reduced by annealing of the

MgO-2B,0; mixture at 100 °C and 300 °C (Figure 29, green and blue curve).
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Figure 29. Heating curve of the MgB,0O; composition. Red curve indicate raw MgB,O;, blue
curve presented 100 °C for 4 hours and green curve is obtained for sample fired at 100 °C 4
hours, 300 °C lhour.

The XRD pattern of the MgO-2B,03 stoichiometric mixture, which was pre-reacted several
times (100-950 °C) (Figure 30, curve ¢) or directly annealed at 950 °C (Figure 30, curve b)
shows the presence of the Mg;B,0s in addition to the MgB4O; phase (Figure 30, curve b).

These results showed that an excess of B,O; is needed in order to ensure single-phase
MgB,4O4.
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Intensity (a. u.)

2-Theta (°)

Figure 30. X-ray powder diffraction pattern of the MgB,O; at different heating conditions:
pre-reaction at 400 °C heated for 4 hours (a), pre-reaction at 100 °C heated for 4 hours and
300 °C heated for 1 hour (b), fired for 10 hours at 950 °C (c) and after pre-reaction at 100 °C
for 4 hours and 300 °C, 700 °C and 800 °C for 1 hour, then sintered at 950 °C for 10 hours

(d). Denotation of crystalline phases: (+) H;BO3, (o) HBO,, (+) MgO, (V) MgB,0;, (o)
Mg>B;0:s.

The required amount of excess B,Os was experimentally determined by the preparation of
initial mixtures with different excess of B,Os. These initial mixtures were pre-reacted under
conditions precisely described in Table 7. In the XRD (Figure 31, curve a) pattern of MgB4O-
with 21 wt.% excess of B,Os pre-reacted at 100, 300 and 600 °C MgB4O; and Mg,B,05
phase and large amount of non-reacted MgO were present. MgB4O; phase formed during
further annealing at 700, 800 and 900 °C (Figure 31, curve b). MgO phase and most probably
boron oxide-rich glassy phase were still present at this temperature. By increasing the
temperature to 950 °C single-phase of MgB4O; was obtained (Figure 31, curve c). This shows
that 21 % excess of B,Os is sufficient for single phase MgB,O.
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Table 7. Pre-reaction and heating conditions of MgB,O.
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Material

Heating at low-temperatures

Annealing temperature (°C)

MgB407

100 °C (5h) and 300 °C (0.5h)

600, 700, 800, 900 and 950

The time of each pre-reaction was 10h.

Intensity (a. u.)
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Figure 31. X-ray powder diffraction pattern of the MgB,O; with 21 wt.% excess of B,Oj; after
pre-reaction at 100 and 300 °C, calcinated at 600 °C (a), additional calcination at 700 °C (b)

and additional calcination at 800 and 900 °C and annealed at 950 °C. Denotation of

crystalline phases: (V) MgB,0;, (o) Mg,B,0s (+) MgO.

According to phase diagram of Mutluer and Timucin[77] MgB4O; decomposes to Mg,B,0s

and liquid phase at 995 °C. Since we were not able to prepare dense MgB4O; ceramics below

this temperature, the MgB4O; ceramics was not dielectrically and microstructurally

characterized.



64
4.1.2 Mngzos

4.1.2.1 Synthesis

The Mg,;B,0s5 based ceramics was synthesized by a standard solid-state reaction technique.
Dried powders were mixed in a 2:1 molar ration, homogenized in acetone and repeatedly pre-
reacted with grinding and milling.

On the basis of the exothermic DSC peak at 600-800 °C, which belongs to the
crystallization of the magnesium borates, we chose the temperature for the first pre-reaction at
600 °C. In addition to the crystallization peaks above 600 °C, the DSC curve of the
homogenized, initial powders also revealed two strong endothermic peaks below 200 °C
(Figure 32). The mass spectrometry of the evolved gas revealed that the mass loss in the TG
curve and these endothermic peaks coincided with the removal of water. Taking into account
the literature data, these processes below 200 °C could be attributed to the decomposition of
the H3BO; [115] Although the B,O3 was dried before weighing, B,O3; bound water during the

homogenization in air, forming H3;BOs.
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Figure 32. TG (— ) and DSC (---) curves of homogenized Mg,B,0s (denoted as M2B2)
powders with 14 wt.% of B,0;.

The synthesis of Mg;B,0s from stoichiometric ratios of the initial oxides MgO and B,Os
did not lead to single-phase ceramics. The presence of Mg;B,0¢ in the Mg,B,0s ceramics
could be an indication of the evaporation of B,Os during the pre-reactions and sintering. The

loss of B,O; was compensated by the addition of excess B,Os; at the beginning of the
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synthesis. The required amounts of excess B,O3; were determined experimentally by the
preparation of initial mixtures with a 10—-15 wt.% excess of B,O3; (Figure 33). These initial
mixtures were pre-reacted under the conditions described in Table 8. The required amount of
excess B,0s; for Mg;B,05 was selected on the basis of the single-phase composition of the

powders after annealing at 1250 °C.

Table 8. Pre-reactions and sintering conditions of Mg,B,0s. The pre-reaction time at each

temperature was 10 hours.

Material | Pre-reactions temperatures (°C) | Sintering temperature (°C) | Structure

Mg,B,0s 600, 900, 1000, 1100, 1200 1250-1280 S.G. Pl

* Mg;B,0;,
°o Mg,B,O., triclinic
¢ Mg,B,0., monoclinic

€

14 wt.% excess B,0, d
13 wt.% excess B,O, c
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Figure 33. X-ray powder diffraction pattern of the Mg>B>Os nominal composition and
Mg,B>0s with various excess of B,Oz (10— 15 wt.%), all sintered at 1250 °C for 10 hours.

In the XRD pattern of the nominal composition of the Mg;B,Os a considerable amount of
Mg;B,0¢ was present after sintering at 1250 °C for 10 hours (Figure 33, curve a). With the
addition of 10 wt.% of excess of B,O3; the amount of Mg;B,0¢ has been drastically reduced
(Figure 33, curve b). In case of 13 wt.% of excess of B,O; the secondary phase Mg;B,0¢ was
still present (Figure 33, curve c). According to the XRD pattern we confirmed that 14 wt.% of
excess of B,Oj; led to the single phase Mg;B,0s ceramics at 1200 °C and at 1250 °C (Figure
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33, curve d). In the case of 15 wt.% of excess of B,O3 the monoclinic Mg,B,0s phase appears
(Figure 33, curve e).

The investigations of the phase formation during the pre-reactions of Mg,B,0s (with 14 %
of excess B,0;) revealed the formation of MgB4O; and Mg,;B,0s phase at 600 °C. Both
phases in addition to H3BO; phases were present in a small quantity (Figure 34). The
strongest diffraction lines belong to MgO. B,0; melts at 450 °C and after pre-reaction at
600 °C most probably exists in the mixture in the form of amorphous oxide. In the XRD
pattern of the Mg;B,0s (with 14 wt.% of excess B,Os3) powder pre-reacted at 900 °C the
diffraction lines of all the magnesium borates (MgBsO;, Mg,B,0s and Mg;B,0¢) were
present in addition to traces of MgO. With the subsequent pre-reaction at 1000 °C the
MgB407, Mg3B,0s and MgO phases disappeared and Mg,B,0s became single phase. The
monoclinic (S.G. P2;/a) and triclinic (S.G. Pi) crystal modifications of the Mg,B,0s were
present up to 1000 °C. Only the triclinic modification was found in the samples annealed at

T2>1100 °C.

Nominal compositions

* *
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Intensity (a. u.)

+ H,BO,
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* Mg,B,O, v MgB,0O,
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Figure 34. X-ray powder diffraction pattern of the Mg>B>Os (nominal composition (1250 °C),
and Mg,B,0s with a 14 wt.% excess of B,Os after pre-reaction at 600 °C, 900 °C and 1250
°C. Denotation of the crystalline phases: #* Mg;B,0g, © Mg>B>0s (triclinic), CMg>B;0s
(monoclinic), + MgO, + H;BO;, V MgB,0;.
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4.1.2.2 Sintering and microstructural characteristics

According to sintering behaviour observed by means of the heating microscope densification
of the Mg;B,0s started above 950 °C (Figure 35). The change of the pellets’ silhouettes
monitored during the heating up with a defined heating profile is assumed to be isothropic.
This implies that the shrinkage of the pellet during sintering is the same in all directions. The
cross-sectional area of the Mg,B,0s decreased for 28 % up to 1200 °C (Figure 35). Due to
the further shrinkage the cross-sectional area decreased for 43 and 48 %, when the
temperature increased to 1250 and 1280 °C, respectively (Figure 35). The first signs of
melting such as round upper edges and spread lower edges of the cylindrical pressed sample
start at ~1300 °C (Figure 35). This observation is in a rather good agreement with the phase
diagram reported by Mutluer and Timucin, where Mg;B,0s incongruently melts at
1312 °C.[77] In order to prepare ceramics with high density, Mg,B,0Os was sintered at
1250 and 1280 °C.
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Figure 35. Sintering profiles of the milled Mg,B,0s lastly calcinated at 1200 °C observed

with heating microscope.

The microstructures of Mg,B,0s ceramics were observed using scanning electron
microscope. SEM micrograph of a thermally etched sample sintered at 1280 °C revealed

grains with a size of ~10 um. Some of the grains in the fast-cooled sample (Figure 36 a) are
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euhedral, while in the slow-cooled sample they are more anhedral (Figure 36 b). The single-
phase structure of Mg;B,0s ceramics observed by X-ray powder diffraction was also
confirmed with the microstructure analyses. The secondary or the glassy phase was not
perceived from the micrographs (Figure 36). We assumed that all of the amorphous B,03

reacted or evaporated during synthesis.

Figure 36. Scanning electron micrographs of the thermally etched Mg,B,0s ceramics
sintered at 1280 °C for 10 hour, cooled fast (a) and sintered at 1280 for 20 hours cooled with

a slow cooling rate of 2 °C /min (b).

4.1.2.3 Microwave dielectric characterization

The samples for microwave characterization were prepared in a cylindrical shape with
height/diameter ratio of 0.4 and sintered at 1250 and 1280 °C, respectively. Density
measurements (Archimedes’ method in acetone) of the sintered Mg,B,0s revealed that it was
very difficult to prepare ceramics with relative density higher than 97 %. The literature data of
2.91 g/em’ (PDF 15-0537) was used as the theoretical densities of the Mg;B,05.[98]

The microwave dielectric properties of Mg,B,0Os together with the density data are
presented in Table 9. It is well known that the measured permittivity depend on intrinsic
characteristics such as ionic polarizability and molar volume of the constituent phases and
also on extrinsic property like porosity. With the pre-reactions at 600, 900, 1000, 1100 and
1200 °C we ensured single-phase Mg;B,0s ceramics. The density of sintered ceramics was in
the range from 94 to 97 %. Taking into account the observations of many authors the
permittivity is significantly influenced by the porosity when the relative density is smaller
than 96 %.[116] The density data in the Table 9 do not support our expectations that sintering
at higher temperature and prolongation of sintering lead to ceramics with higher density and

permittivity.
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Table 9. Microwave dielectric properties and density data’s of Mg>B,0:s.
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Material Mg,B,0s

Ts (°C) 1250°C/10h | 1250°C/20h | 1280°C/10h | 1280°C/20h

Cooling fast fast fast 2°C/min

€ 7.0 6.6 6.6 6.2

Qxf (GHz) 18 400 19 100 19 800 32 100

f, (GHz) 12.0 11.9 12.3 12.6
¢ (ppm/°C) -41 -46 -41 -18

pr (%) 95 97 94 95

The permittivity for the Mg;B,0s ceramics varied from 6.2 to 7.0 and the Qxf values from
18 400 GHz to 32 100 GHz. Many factors are believed to affect the microwave dielectric
losses and they can be also divided into two categories: intrinsic and extrinsic losses.[117]
While the intrinsic losses are related to the crystal structure and bonding character of the
material, extrinsic losses appear due to imperfections in the material such as impurities, grain
boundaries, second phases, oxygen vacancies, densification and porosity. Due to the
scattering of the results of the Qxf-values (Table 9), we believe that these measured values
contain some extrinsic contribution. The t¢ values of Mg,B,0Os were in the range from -18 to

-45 ppm/°C.

4.1.3 Mg3B206

4.1.3.1 Synthesis

The synthesis procedure for the preparation of MgiB,O¢ ceramics was similar to that of
Mg,B,05 ceramics, what is precisely described in the previous chapter. In order to understand
the reactions during the synthesis procedure, differential scanning calorimetry and
thermogravimetric analyses were performed for 3MgO-B,0; initial homogenized mixture.
The results, which are shown in Figure 37, are similar to that obtained for the 2MgO-B,03
initial mixture. Two strong DSC endothermic peaks below 200 °C and one exothermic peak at
600-800 °C belong to boric acid decomposition and crystallization of magnesium borates,
respectively. Boric acid formed from B,0O; during the homogenization in air. The
thermogravimetric analysis showed that ~10 % of mass loss resulted from the decomposition
of H3BOs. Based on the broad crystallization peak at 600-800 °C the pre-reaction was started
at 600 °C.



70

Mass loss (%)
DSC (a.u.)

90

I T I T I T I
200 400 600 800

Temperature (°C)

Figure 37. TG(— ) and DSC (---) analysis of the Mg;B,0¢ ceramics powder with 11 wt.% of
B,0; denoted as M3B2.

Due to the evaporation of boron oxide, the mixture of initial oxides weighted in the
stoichiometric ratio expectedly did not lead to the single Mg3;B,Os phase ceramics. MgO
phase was always present as the secondary phase, its amount even increase with the annealing
temperature and time. As for the synthesis of single phase Mg;B,0s the single phase
Mg:B,0¢ was tried to prepare by the addition of excess B,O; at the beginning of the
synthesis. In order to find the proper amount of excess B,Os, the compositions with a 5-13 %
excess of B,Os were prepared. These initial compounds were pre-reacted under the conditions
described in Table 10. The required amount of excess B,Os for Mg;B,0O¢ was selected on the
basis of the single-phase composition of the powders annealed at 1200 and 1300 °C. In the
X-ray powder diffraction pattern of Mg;B,0¢ with 5 wt.% of excess of B,O; the secondary
phase of MgO was still present (Figure 38). The same was observed also for 10 wt.% excess
of B,0O3, In the case of 13 wt.% excess of boron oxide the Mg;B,0s phase started to form. The
Mg;B,06 with 11 wt.% of excess B,Os annealed at 1200 °C, as well as at 1300 °C, was found
to be single phase with regard to the XRD.
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Figure 38. X-ray powder diffraction pattern of the Mg;B,0s nominal composition and
Mg3B>0s with 5 — 13 wt.% excess of B,0;, all sintered at 1300 °C for 10 hours. Denotation of
the crystalline phases: * Mgs;B,0s, 0 Mg,B,0:5 triclinic and + MgO.

Table 10. Pre-reactions and sintering conditions of Mg;B,0s. The pre-reaction time at each

temperature was 10 hours.

Material | Pre-reactions temperatures (°C) | Sintering temperature (°C) | Structure
Mg3B,0g 600, 900, 1000, 1100, 1200 1200-1300 S.G. Pnm

The phase evolution during the synthesis of single phase Mg;B,0O¢ from homogenized
mixture with 11 wt.% excess of B,O; was followed by XRD measurements after each pre-
reaction step; 600, 900, 1000, 1100 and 1200 °C. These XRD patterns are shown in Figure 39.
During the pre-reaction of the homogenized powder with a stoichiometry of Mg;B,0¢ (11
wt.% excess of B,03) at 600 °C the MgB4O7 phase started to form. A significant amount of
unreacted MgO and traces of H3;BO; were also present in the pre-reacted powder at this
temperature. We believed that at this temperature the majority of the B,O3; phase is in the
amorphous form. Moreover, with the increasing pre-reaction temperature up to 900 °C, the
Mg3;B,0¢ appeared as the dominant phase. The secondary phases identified at this temperature
were MgO and Mg,;B,0s; however, both of them completely disappeared at 1200 °C. Single
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phase Mg;B,0 ceramic were obtained on the basis of X-ray diffactometry for the sample

annealed at 1200 and 1300 °C.

Nominal composition

]

A

I

A

° Mg,B,0., triclinic

*  Mg;B,0,

Intensity (a.un.)

1300 °C

900 °C

+ MgO

+ H,BO,

<

MgB, 0,

40 60

2-Theta (%)

Figure 39. X-ray powder diffraction pattern of the Mg;B,0s nominal composition sintered at

1300 °C and Mg;B,0s with an 11 wt.% excess of B,Oj3 after pre-reaction at 600 °C, 900 °C

and 1300 °C. Denotation of the crystalline phases: #* Mgs;B,0s, © Mg,B,0s, + MgO, +

H3BO3, VMgB407.

4.1.3.2 Sintering and microstructural characteristics

Heating microscope measurements of the pellet pressed from the single phase Mg;B,Oq

milled powder were performed in order to obtain the data about the optimal sintering

temperature for the preparation of dense Mg3;B,0O¢ ceramics. It can be seen from Figure 40

that the densification of the Mg;B,0¢ ceramics started above 1000 °C, while the maximal

densification rate was achieved in the temperature region from 1200 to 1300 °C.
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Figure 40. Densification of the Mg;B20s ceramics observed with a heating microscope.

The pellets silhouettes monitored at 1330 °C indicate the beginning of the melting due to
the change of the sample edges. According to the heating curve, melting occurred at around
1370 °C.

In order to prepare ceramics with high density, Mg;B,0¢ was sintered at 1200 and
1300 °C. When the microstructures of the Mgs;B,O¢ ceramics sintered under various
conditions were compared considerable differences in the grain size and the porosity were
observed. The ceramics sintered at 1300 °C (20 hours) and cooled slowly consisted of ~1000-
um grains, containing some closed porosity (Figure 41 a, b). In the Mg;B,O¢ ceramics
sintered for a shorter time (10 hours) at 1300 °C and cooled rapidly the grain sizes are in a
broad range from 10 um to 1000 um. In addition to the large elongated grains there are also
areas with smaller grains of a few tens of um (Figure 41 ¢ and d). Only small grains of 10-50
um were present in the ceramics sintered at 1200 °C (Figure 41 e). These ceramics showed
porous microstructures and the closed porosity was replaced by open porosity. Intensive grain
growth and closed porosity, as it is present in the Mg;B,0O4 ceramics sintered at 1300 °C
(Figure 41 a, b and c), usually occur as a consequence of liquid-phase formation. With regard
to the phase diagram reported by Mutluer et al.[77] the admixture of MgO or Mg;B,0s to
MgsB,0¢ decreases the melting temperature, and the reported eutectic temperature between

Mg;B,06 and MgO is 1333 °C. On the basis of this we assume that the admixture of MgO
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could not cause the formation of a liquid phase during sintering at 1300 °C. The reported
temperature of the incongruent melting of Mg;B,0s at 1312 °C is much closer to our sintering
temperature at 1300 °C. Since we did not detect any Mg,B,0s by XRD we assume that its
concentration is below 2 %. Another reason for the liquid-phase formation could also be the
low-melting-point glassy phase, which is often present in systems based on B,0O;. Although
the reasons for grain growth are not entirely understood, the majority of investigations
indicate that the temperature and the duration of annealing have bigger influence on the grain

growth than the cooling rate.

100 pm

10 um

Figure 41. Scanning electron micrographs of the thermally etched Mg;B,0s ceramics
sintered at 1300 °C for 20 hours and cooled with a cooling rate of 2 °C/min (a, b), sintered at
1300 °C for 10 hours and cooled fast (c, d) and sintered at 1200 °C for 10 hours and cooled

fast (e).
4.1.3.3 Microwave dielectric characterization

It is generally known that an extrinsic phenomenon such as porosity causes a detrimental
deviation from the intrinsic dielectric properties of the materials. A low level of porosity (< 5

%) decreases the permittivity but does not have a major influence on the microwave dielectric
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losses. In addition, a porosity of more than 5 % also has a detrimental effect on the dielectric
losses. In contrast to the permittivity and the dielectric losses the 7y is reported to be less
sensitive to the porosity.[19] Density measurements on the sintered Mg;B,0O4 ceramics
revealed that it was very difficult to prepare ceramics with relative densities higher than 97 %.
The microwave dielectric properties, together with the density data, are presented in Table 11.
In accordance with the higher density, the permittivity (¢ = 7.2) of the Mgs;B,0Os ceramics
sintered at 1300 °C was higher than the permittivity (¢ = 6.8) of the ceramics sintered at
1200 °C (Table 11). The permittivity of the Mg;B,0¢ varied from 6.8 to 7.4.

Table 11. Microwave dielectric properties of Mg3;B>0Og ceramics.

Material Mg3;B,06
Ts (°C) 1200°C/10h | 1300°C/10h | 1300°C/10h | 1300°C/20h
Cooling fast fast 2°C/min 2°C/min
€ 6.8 7.4 7.0 7.2
Qxf (GHz) 57 900 150 000 230900 220 300
f, (GHz) 12.1 11.9 11.8 11.6
¢ (ppm/°C) -37 -36 -42 -45
pr (%) 91 97 95 96

The Mg3;B,0¢ ceramics sintered at 1300 °C showed considerably higher Qxf values than
the ceramics sintered at 1200 °C (Table 11). Besides the different densities, these two types of
ceramics also exhibited a large difference in the grain size. The highest Qxf values over
220 000 GHz (at 11.8 GHz) were observed for the ceramics that were sintered at 1300 °C for
10 or 20 hours and cooled slowly from the sintering temperature with a controlled cooling rate
of 2 °C/min. These ceramics consisted of large grains (~1000 um) with some closed porosity.
According to the density measurements the porosity was about 4—5 %. Porosities in this range
were reported to have no significant influence on the dielectric losses.[118] The ceramics
sintered at 1300 °C (10 hours) and cooled rapidly contained areas of large (500—1000 um) and
small grains (10-50 um) (Figure 41 c and d). The Qxf value of this ceramic was 150 000
GHz. In the ceramics sintered at 1200 °C the grains were only a few tens of um in size
(Figure 41 e) and the Qxf value was 57 900 GHz. Mg3;B,0¢ was already reported to exhibit a
high Qxf value of 150 000 GHz,[119] but the properties of the ceramics prepared in this study
exceeded this value. The ceramics that exhibited a Qxf > 200 000 GHz consisted of
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500-1000 um grains, whereas the Qxf values fell below 150 000 GHz in the case of a few
10 pwm grains. It is known that grain boundaries increase the dielectric losses, and that there is
a smaller concentration of grain boundaries in the ceramics with large grains. Nevertheless,
further investigations are needed to find out whether the variation in the grain size is the only

reason for this large difference in the Qxf values.

4.1.4 The correlation between dielectric losses and grain size of Mg3;B,0¢ ceramics

Several repetitions of the synthesis of Mg3;B,0Og revealed that the microstructural development
and Qxf values were very repeatable within the same synthesis batch. Nevertheless,
differences in the Qxf values and the grain size, in particular in the degree of the exaggerated
grain growth, were noticed between the different synthesis runs. Based on our previous study,
we assumed that these differences appeared due to the various admixtures of the intermediate
phases, such as glass and Mg,B,Os, which are all below the detection limit of the XRD.[120]
We assume that the liquid phase, which formed due to the presence of both phases, was the
reason for the exaggerated grain growth. We believed that the liquid phase could occur
because of melting of glassy phase which is often present in the systems containing B,O3;. An
amorphous layer with a thickness of 5-40 nm between the grain boundaries was confirmed by
the TEM investigations, which also revealed the presence of some separate crystallites within
this amorphous layer (Figure 42 a, b). Based on this we can infer that the liquid phase formed
at high temperatures. We assume that the majority of the liquid phase solidified to form an
amorphous glassy phase, which then segregates at the grain boundaries during the cooling.
The crystallites within the amorphous layer are most probably the consequence of the partial
crystallization during slow cooling. Another reason for the liquid phase source could be the
presence of small amount of Mg,B,0Os, which according to the reported phase diagram
incongruently decompose into Mg;B,O and a liquid at the sintering temperature of 1312
°C.[77] In the continuation we investigated the influence of Mg;B,0s addition on the grain

growth and, consequently on the Qxf values.
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Figure 42. HRTEM micrograph of the grain boundary with an amorphous layer (a) and the
amorphous layer with the crystallite, which is denoted by the arrow (b).

4.1.4.1 The Mg3;B,0¢ ceramics with the addition of 0-5 wt.% Mg,B,0s

In order to control the grain growth we varied the amount of added Mg,B,Os (1 and 5 wt.%)
and annealing time. I have to mention here that the study of the correlation between the grain
size and Qxf-values was done with the Mg;B,0¢ prepared from another synthesis batch than
Mg;B,0g described in the previous chapter, because of that the microstructural development
as well as dielectric properties differed. The procedure of preparing the samples for the study
of the correlation between the grain size and Qxf values started with the sintering of the green

pellets at 1310 °C for 20 hours which were then cooled slowly with a controlled cooling rate



78

of 2 °C/min. In the next step we measured microwave dielectric properties after 24 hours of
the completion of the annealing process. The pellets were afterwards polished and thermally
etched at 1250 °C for 20 min and the microstructure was then examined with a scanning
electron microscope. The procedure of annealing, dielectric and microstructural
characterization was repeated up to eight times to determine the effect of time and
temperature. Due to the pronounced anisotropic shape of the grains, the grain size was
determined by measuring the grain area on a polished cross-section. The average grain size
was determined from scanning electron micrographs with the help of an image-tool program.
The microstructural investigations of the polished and thermally etched sample revealed a
bimodal distribution of the grain sizes. The large, mostly anisotropic, grains occupied

approximately 16 % of the polished surface (Figure 43).

Figure 43. Scanning electron micrograph of the thermally etched Mg;B,Og sintered at 1310
°C for 20 hours.

The rest of the polished surface was covered with grains that had an average diameter of 10
pm. Although the grain diameter is the most commonly used in the literature for the
description of grain size, in the text that follows the average area of the grain in the polished
cross-section is used as a measure for the average grain size. The reason for such a decision
was the anisotropic character of the grains in the Mg;B,O¢ samples. Large grains were
considered as those grains with a cross-section area greater than 0.01 mm?. With subsequent
firings, the number of large grains as well as the portion of the polished surface covered with

these grains increased (Figure 44). After 160 hours, more than 40 % of the polished surface
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was covered with large grains (Figure 45 curve a). Apart from the areas of the large grains

there were also regions with considerably smaller grains (Figure 44 b).

Figure 44. Scanning electron micrograph of the thermally etched Mg;B,0s annealed 8 times
at 1310 °C for 20 hours. The rectangles in “a’ denote the areas with smaller grains. An

example of such an area is shown in “b”.
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Figure 45. The portion of large grains in the polished cross-section as a function of
annealing time at 1310 °C; curve a: Mg;B,;0¢s (—e—), curve b: Mg;B,0s with 1 wt.% of
Mg:B,0s5(—A—), curve c: Mg;B,0s with 5 wt.% of Mg,B,05(—u—).

Figure 46 illustrates how one particular large grain of Mg;B,0¢ ceramics without additive
grows with the annealing time. We fired the sample at 1310 °C and every 20 hours we scan

the image of this particular grain at the same magnification with the electron microscope. The
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grain size was monitored with special image-tool program.
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Figure 46. Scanning electron micrographs of the one particular grain of Mg;B>0s sample
annealed at 1310 °C for various time from 20 to 180 hours.

When the size of one of the abnormally growing grains was monitored over time a linear
increase in the grain size was observed (Figure 47). This is typical for grain growth in the

presence of a liquid phase.[121]
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Figure 47. The size of the single large grain of Mg3;B,Os as a function of annealing time at
1310 °C.

In the second step the grain growth of the Mg;B,O¢ ceramics was intentionally accelerated
by the small addition of Mg,B,0s. The liquid phase, which formed due to the incongruent
decomposition of the Mg;B,0:s, is believed to cause the abnormal grain growth.[122] After a
first annealing (20 hours at 1310 °C) the addition of Mg;B,0s only slightly influenced the

average grain size. Nevertheless, the average grain size increased in the expected order, being
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the largest in the Mg;B,04 sample with 5 wt.% of Mg;B,0s. In this sample a significantly
higher portion of the polished surface was covered by large grains in comparison with the

samples with 0 and 1 wt.% of added Mg,B,0s (Figure 45 and Figure 48).

Figure 48. Scanning electron micrograph of the thermally etched Mg;B,0¢ with 5 wt.% of
Mg>B,0s sintered at 1310 °C for 20 hours.

The increase in the average grain size and the portion of large grains with a prolongation of
the annealing were observed for all the samples (Figure 45 and Figure 49). As expected, the
fastest grain growth was observed for the Mg;B,0Os sample with 5 wt.% of Mg,B,Os (Figure
50). After final annealing the average grain size in this sample was about 10 times larger than
the samples with a smaller amount of Mg;B,0s. More than 90 % of the polished surface was

covered with large grains (Figure 45, curve c, Figure 49).
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Figure 49. Scanning electron micrograph of the thermally etched Mg;B,0¢ with 5 wt.% of
Mg,B,0s annealed 8 times at 1310 °C for 20 hours.

The contribution of the fast-growing large grains to the average grain size of the Mg;B,0¢
with various amounts of Mg,B,0s was significant, and because of that the time dependence of
the average grain size was closer to the proportional growth rate than to the normal growth

rate (Figure 50).
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Figure 50. The average grain size as a function of annealing time at 1310 °C; Mg;B,0¢
(—e—), Mg;B,0s with 1 wt.% of Mg,B,0s5(—A—),Mg;B,0s with 5 wt.% of Mg,B,0s5(—m—).
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The SEM imaging of the Mg;B,0¢ ceramics revealed that the exaggeratedly grown
anisotropic grains contain the fault that extends along the anisotropic grain (Figure 43 and
Figure 51). In several different ceramics the exaggerated anisotropic grain growth was
observed for the grains containing the crystal defect, which extends along the anisotropy.
Recnik et al. have studied the anisotropic grain growth in BaO-doped CaTiOj; and proved that
the grains containing polytypic faults grow preferentially along the direction of fault plane.
The formation of the polytypic faults was assumed to be related to the local deviation from
the stoichiometry, which was produced by the dopant.[123] A typical exaggeratedly grown
anisotropic grain with a crystal defect that stretches along the direction of anisotropy is shown
in Figure 51. Usually, a transmission electron microscope (TEM) would be used to identify
the nature of such defects; however, the size of most of the anisotropic grains in the case of
Mg;B,0¢ ceramics is in the vicinity of 1 mm, which makes the sample preparation
cumbersome. We therefore applied electron back-scatter diffraction (EBSD) to obtain
information about the crystallographic orientation of the parts of the grain on either side of the
defect. EBSD known also as back-scatter Kikuchi diffraction is now regarded as the optimum
technique for the routine measurement of microtexture, except for special cases where TEM is
necessary.[124] The essential requirement for the generation of an EBSD pattern is that the
specimen must be tilted so that the electron beam strikes it at a small angle, thus achieving a
large fraction of electrons which have been diffracted (backscattered) by the lattice planes in

the specimen.

Figure 51. Scanning electron micrograph of the exaggerated grown anisotropic grain with a

twin boundary.
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The typical backscatter Kikuchi patterns obtained from both sides are shown in Figure 52.
Essentially Kikuchi patterns are projection of the geometry of lattice planes in crystal.[125]
The individual Kikuchi bands were indexed in the Pnnm setting, based on the bandwidth
measurements using the INCA Crystal software. The conclusive information we derived from
the indexation is based on a determination of the parallel poles between the two parts of the
grain. It appears that the [-1-11]; is parallel to the [1-11]; and the [0-11]; is parallel to the [0-
11]ir (Figure 52). Such an orientation relationship implies that crystal parts I and II are related
via a 180 ° rotation about the normal to the (0-11) plane, which for a centrosymmetric Pnnm
space group equals a reflection across (011). Based on these findings it can be concluded that
the defect stretching along the anisotropic grains is a (011) twin boundary. The misorientation
of the two parts of the grain in terms of reciprocal space is shown schematically in Figure 53.
Further investigations of the local chemistry are needed in order to find the reasons for the

formation of such a twin boundary.
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Figure 52. EBSD patterns corresponding to the regions I and II from Figure 49.
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of the reciprocal lattice.
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4.1.4.1.1 Microwave dielectric properties of Mgs;B,Og ceramics with various amounts of

Mg,B,0s and different annealing times.

After the first annealing the samples with different amounts of Mg;,B,0Os did not differ
significantly in terms of their Qxf values, permittivity and density (Table 12). The dielectric
measurements, which were performed after each annealing and cooling step, showed that the
Qxf values for all the Mg;B,04 samples increased with a prolongation of the annealing time,
while the permittivity remained at 7. In addition, the density did not change significantly with
annealing. We observed that the closed porosity increased, while the open porosity decreased
during the grain growth. However, the overall porosity did not change and remained in the
range 3-4 % for all the samples. It was also observed that the Mg;B,04 sample with the
5 wt.% of Mg;B,0s always exhibited the highest Qxf values. The maximum Qxf value of 240
000 GHz was obtained for this kind of sample after annealing for 160 hours at 1310 °C (Table
12, Figure 54). This value was the same, regardless of whether the sample was continuously
annealed for 160 hours or annealed eight times for 20 hours with intermediate cooling. In both
cases this high Qxf value was not improved with further annealing. Figure 54 also shows that
the increase in the Qxf values in the Mg;B,Og sample with 5 wt.% of Mg,B,0s was
accompanied by a much larger increase in the grain size compared to that in the Mg;B,0¢
with 1 wt.% and without addition of Mg;B,0s, where a Qxf value of over 200 000 GHz was
measured for the much more fine-grained ceramics. This implies that not only the grain size
but also other factors influence the Qxf values. Since the smaller grains are preferable in
terms of the mechanical strength, investigations of Mgs;B,Os should focus on the simultaneous
prevention of the exaggerated grain growth and the preservation of high Qxf values. This
would be possible by decreasing the amount of amorphous and Mg;B,0Os phases in the
synthesized Mg;B,O¢ powder. The improvement of the Qxf values with annealing could be

attributed to a decrease in the amount of the amorphous phase during annealing.
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Table 12. Oxf'values of Mg;B,0s annealed under different annealing conditions and with

various amounts of Mg>B,0:s.

FIRING Qxf
1310°C/20h Mg3B,0¢ with add. of Mg,B,0s
cooling 2°C/min 0 wt.% 1 wt.% 5 wt.%
1X 108000 101000 111000
2X 128000 135000 154000
3x 156000 158000 170000
4x 160000 175000 186000
5x 180000 189000 197000
6X 199000 212000 222000
7X 212000 225000 229000
8x 200000 237000 241000
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Figure 54. Oxf'values as a function of average grain size; Mg;B,0s (—e—), Mg3;B,0¢ with 1
wt. % of Mg,B>0s5(—A—),Mg3B20s with 5 wt.% of Mg2B,0s(—m—).
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4.2 Ternary system MgO-B,03-SiO; (MBS)

Taking into account several low permittivity and high Q compounds (Mg;Si04, MgSiOs,
Mg;B,06 and Mg;B,0s) that crystallize in the MgO-B,03-S10, system, the glass-ceramics
based on MgO-B,03-S10; is expected to be a good alternative to commercially used CaO-
B,03-S10, glass-ceramics.

However, the crystallization of MgO-B,03-S10, glass and the dielectric properties of the
corresponding glass-ceramics have not been widely investigated yet. The CaO-B,05;-SiO;
glass-ceramics is promising LTCC substrate material because of low dielectric loss, low firing
temperature and compatibility with several metal electrodes.[10,20,21,126,127] Ferro A6
LTCC material is the commercial representative from CaO-B,0;-SiO, system. In the
following chapters we intend to introduce new MgO-B,0;-Si0, (MBS) based glass-ceramics
material with competitive dielectric performance. Our investigation was focused on the 43
wt.% MgO-35 wt.% B,03-22 wt.% SiO, composition. The main purpose of the work was to
study the sintering and crystallization behaviour in correlation with the microwave dielectric
properties. The influence of the TiO, nucleating agent on the crystallization and microwave

dielectric properties of this glass-ceramics was also examined and discussed.

4.2.1 Preliminary evaluation of the 43 wt.% MgO — 35 wt.% B,03 — 22 wt.% SiO,
glass-ceramic as a potential low — permittivity substrate prepared in corundum

(ALLO3) crucible

The glass composition contained 43 wt.% MgO-35 wt.% B,03-22 wt.% SiO, was chosen
according to the preliminary studies and phase diagram[97]. At the beginning the glass was
prepared in a corundum crucible which was later replaced by platinum crucible. The typical
events that occurred during the transformation from glass to glass-ceramics are well visible in
the DSC curve of MBS glass illustrated in Figure 55. The inflection at 650 °C is attributed to
the glass transition temperature. The exothermic peak at 780 °C was attributed to the
crystallization of Mg,B,0s, while the weak exothermic peak at 950 °C presumably
corresponds to crystallization of the cordierite (MgyAlsSisO;g). The crystallization of
Mg,B,0s was confirmed by the XRD analysis of the powder obtained in the separate DSC

experiment, which was stopped at the temperature of the crystallization peak.
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Figure 55. DSC curve for a MBS glass powder prepared in corundum crucible heated at 10
°C/min heating rate. (Tg, glass transition temperature; T,;, T, peak crystallization

temperature.)

The sintering behaviour of milled glass powder was examined by heating microscope
(HM) measurements (Figure 56). Since this method monitors the change of the pellet’s
silhouette during heating, any shrinkage and enlargement of the pellet results in decrease and
increase of its cross — sectional area, respectively. According to the heating microscope
measurements, sintering starts at around 660 °C, what is in accordance with the glass-
transition temperature (Tg) in the DSC curve (Figure 55). Sintering of glass powder compact
generally starts at temperatures slightly higher than Tg due to viscous flow, which stimulates
coalescence of the powder and removes the pores from the bulk of materials.[128] After the
steep decrease of the cross-sectional area due to the sintering, the cross-sectional area does not
change between 750 and 1000 °C (Figure 56). According to the DSC curve the crystallization
takes place in this temperature range (Figure 55). At temperatures greater than 1050 °C the
cross-sectional area increases as the result of the deformation of the pellet. The melting was
observed as steep decrease in the cross-sectional area at T > 1100 °C and as endothermic peak

at 1170 °C in the DSC curve.
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Figure 56. Shrinkage curve of glass composition 43 wt.% MgO — 35 wt.% B,03; — 22 wt.%
Si0; melted in a corundum crucible as a function of sintering temperature, fired at a heating

rate of 10 °C/min in air.

Properties of the polycrystalline materials depend on the quantity and composition of the
crystalline phases. The phase evolution during isothermal annealing at various temperatures
from 600-1000 °C was followed by X — ray powder diffraction showed in Figure 57. At the
temperatures below 800 °C the crystallization didn’t occur. The XRD pattern of the glass-
ceramics obtained by annealing at 800 °C for 10 hours revealed the crystallization of
monoclinic (S.G. P21/a) and triclinic (S.G.P1) crystal modifications of the Mg;B,0s. The
peak intensity of monoclinic modification decreased with increasing the sintering
temperature. When the annealing temperature was increased up to 900 °C the cordierite
(indialite) phase started to form. Indialite is the hexagonal modification and high temperature
polymorph of cordierite and has identical stoichiometry: Mg,Al4Sis015.[129] The reason of
cordierite formation was the diffusion of aluminium from corundum (Al,Os) crucible to the
melt during melting process. The involvement of aluminium in new phase indicated that part
of it participated in the crystallization reaction. We expected that the cordierite could
influence also the material properties. The reaction of the melt with alumina crucible was
consistent with the observations reported by Y. J. Seo et. al.[130] The proximity of some

Mg»B,0s and cordierite diffractions caused the broadening of the corresponding XRD lines
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(Figure 57). With increasing the annealing temperature up to 950 °C the 2 — Theta peaks
become wider due to the formation of MgSiO; phase. This is the most evident for the
diffraction at 26 between 34-36 °. The level of MgSiO; crystallinity increased at 1000 °C

whereas the amount of cordierite phase considerably was reduced at this temperature.
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Figure 57. X — ray powder diffraction results for the glass and glass — ceramic composition
43 wt.% MgO — 35 wt.% B,03;— 22 wt.% SiO, prepared in corundum crucible. Denotation of
the crystalline phases: ¥ Mg,SisAl,0,5, © Mg,B,05 - triclinic, X MgSiO;, <> Mg>B,0s -

monoclinic.

The elemental chemical analysis of the molten glass was done to confirm the
contamination with aluminium during glass melting. The chemical analysis performed by
inductively coupled plasma atomic emission spectroscopy (ICP - AES) revealed that the glass

—ceramics contained 2.9 wt.% of aluminium (Table 13).

Table 13. Chemical analysis (by ICP method) of glass composition 43 wt.% MgO — 35 wt.%

B>03— 22 wt.% SiO; melted in a corundum crucible.

Constituents of the glass Mg B Si Al

Content (wt.%) 24.4 9.7 9.3 2.9
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4.2.1.1 Microstructure studies

The general study of MBS glass heated at different temperatures between 800 and 1000 °C
for 5 hours indicated the formation of Mg;B,0s as main crystalline phase, while cordierite
and MgSiOs were present as secondary phases. The relative amount of the phases depended
on the annealing temperature. Due to the difficulties of the quantitative determination of
boron by the EDS, the amount of crystalline phases was estimated from the XRD pattern.
SEM micrographs of the polished and chemically etched glass-ceramics, which was
previously sintered at 800-1000 °C, are shown in Figure 58. Although the sample for SEM
were prepared by chemical etching (HF and HNOs), the residual glassy phase still remained.
According to microstructure, we believe that obtained glass — ceramics containing large
portion of amorphous phase. In the glass-ceramics annealed at higher temperature (850, 900
and 950 °C) quite uniform distribution of spherical particles was obtained. The density
measurements revealed (Table 14) slight increase of porosity with the increase of sintering
temperature from 800 to 950 °C. At 1000 °C the density suddenly dropped from 2.72 (800
°C) to 2.21 g/em’ (1000 °C). This decrease in density for nearly 20 % is visible also in the

microstructure (Figure 58, e).

(c) 900 °C (d) 950 °C
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(e) 1000 °C
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Figure 58. SEM images after chemical etching of 43 wt.% MgO — 35 wt.% B,03;— 22 wt.%
SiO; glass — ceramics sintered sample at: (a) 800 °C, (b) 850 °C, (c) 900 °C, (d) 950 °C, (e)
1000 °C.

Table 14. Dielectric characterization of 43 wt.% MgO — 35 wt.% B>03— 22 wt.% SiO;

composition as a function of sintering temperature and duration of milling.

cS()i::l(;:ii(:lllgs Shrinkage (%) | Permittivity (/) | Qxf (GHz) | Density (g/cm3)
800°C/5h 14 6.4 2454 2.68
bt 850°C/5h 14 6.2 3745 2.67
§ 900°C/5h 14 59 5328 2.66
[
(@) 950°C/5h 14 5.7 8178 2.62
1000°C/5h 11 5.4 5726 2.50
Shrinkage (%) | Permittivity (/) | Qxf (GHz) | Density (g/cm3)
800°C/5h 18 6.4 1836 2.69
ﬁ 850°C/5h 18 6.3 2694 2.68
E 900°C/5h 18 6.0 5415 2.66
E 950°C/5h 17 5.8 7940 2.62
1000°C/5h 14 52 5981 2.36
Shrinkage (%) | Permittivity (/) | Qxf (GHz) | Density (g/cm3)
800°C/5h 20 6.5 2919 2.72
fl 850°C/5h 20 6.4 3794 2.72
§ 900°C/5h 20 6.0 2415 2.69
E 950°C/5h 18 5.6 9357 2.58
1000°C/5h 13 4.7 9135 221

Milling was performed in planetarium mill in acetone media.



94

4.2.1.2 Microwave dielectric properties

Microwave dielectric properties of the MBS glass-ceramics sintered at 800-1000 °C are
summarized in the Table 14. The glass-ceramics for dielectric characterization was prepared
from the powders with different median particle size, what was achieved by variation of
milling time. The purpose was to optimize the milling conditions in order to prepare the
ceramics with the optimal dielectric properties. The prolongation of milling time increased
contraction of the glass — ceramic from 14 to 20 % which resulted in a slight increase in
densities. Sintering temperature between 800 and 950 °C did not significantly effect the
densities regardless of the milling time.

A glass-ceramic material is usually comprised of one or several crystalline phases
distributed in a glassy matrix. Therefore it can be expected that the dielectric properties of the
material are influenced by the content, composition, particle sizes and the way of distribution
of its constituent phases. The crystalline phases, glass matrix and the interfacial region
existing between them each may have its own contribution to the polarization processes
occurring in the glass ceramic material as a whole. In order to illuminate the effects of
sintering temperature on the microwave dielectric properties, the variation of dielectric
constant and Qxf value of MBS glass-ceramics versus sintering temperatures was examined
(Figure 59 and Figure 60, Table 14). It is well known that finely ground material obtained by
milling have a large impact on the density and consequently on dielectric properties.
Therefore, it is not surprising that the prolonged milling (2h) led to the ceramics with the
highest density, permittivity and Qxf-values. The dielectric constant of the samples varied
from 6.5 to 4.7 with increasing the sintering temperatures from 800 to 1000 °C, respectively.
The significant decrease of dielectric constant at 1000 °C is in accordance with the increase of
porosity (Figure 58, e). The increase of Qxf values with the sintering temperature was
observed for all three types of glass-ceramics up to 950 °C (Figure 60, Table 14). This
improvement of the Qxf values is most probably related with better crystallization at higher
temperature, what consequently results in smaller glass content. The network formers in the
remaining glass can profoundly absorb the microwave power at high frequencies, which
caused the degradation of the Qxf values of glass—ceramic.[127] The highest Qxf value of
9357 GHz was obtained for the glass-ceramics prepared from the finest powder (2-hour
milled) which was sintered at 950 °C. At 1000 °C the Qxf values suddenly decreased (Figure
60, Table 14). This could be the consequence of partial melting, what increased the amount of
glassy phase. Another reason for this deterioration of Qxf values could be related with the
decrease of the cordierite phase (Figure 57). Figure 61 shows the temperature coefficient of

resonant frequency tr of glass—ceramic sintered at different temperature for 5 h. The t¢ values
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of glass—ceramic increased non — uniformly from - 25 to - 45 ppm/°C with the increase of

sintering temperature from 800 to 1000 °C.

Permittivity (/)

';l -
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Sintering temperature (°C)

Figure 59. Dielectric constant of the 43 wt.% MgO — 35 wt.% B,03;— 22 wt.% SiO; glass —

ceramic prepared in corundum crucible as a function of sintering temperature at various
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Figure 60. Quality values of the 43 wt.% MgO — 35 wt.% B,03;— 22 wt.% SiO, glass —

ceramic prepared in corundum crucible as a function of sintering temperature at various

milling conditions.
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Figure 61. Temperature coefficient of resonant frequency of the 43 wt.% MgO — 35 wt.%
B,03;— 22 wt.% SiO; glass-ceramic prepared in corundum crucible as a function of sintering

temperature at various milling conditions.

4.2.2 The synthesis of the 43 wt.% MgO-35 wt.% B,03-22 wt.% SiO, (MBS) glass-

ceramic composition prepared in platinum crucible

In order to avoid the diffusion of aluminium from the crucible to the glass, the whole glass
preparation procedure was repeated in the Pt-crucible. Although cordierite exhibits very
promising dielectric properties we tried to avoid its formation. During the preparation of MBS
glass the cordierite formed as the reaction product between the melt and crucible and because
of that it is difficult to control its amount. The procedure for preparation of the glass
composition with 43 wt.% MgO-35 wt.% B,03;-22 wt.% SiO; in platinum crucible was
completely the same as in the case of melting in the corundum crucible and it is described in
chapter 4.2.1. The DSC analysis of glass powder (Figure 62) clearly shows the glass transition
temperature (Tg) and the exothermic crystallization peak. Comparison between the samples
melted in different crucible revealed that glass transition temperatures are almost identical in
both cases. However, a glass sample melted in platinum crucible showed only a single
crystallization peak (T, = 869.5 °C) while a glass from corundum crucible comprised two
crystallization peaks. In both cases the strongest peak belongs to the Mg,B,0s crystallization.

In case of glass melted in platinum crucible, this crystallization peak appeared at higher



Results and discussion 97

temperature than that for the glass melted in corundum crucible (Tpcorundum) = 810.2 °C,
Toplatinum) = 869.5 °C). The reason for this difference could be attributed to different size of

the particles.

T101 = 869,5 °C

DSCAmW/mg)
=
.
|

02 A
] Tg = 659.4 °C
0,0 4 e
0.2 -
! | ! | ! | ! I ! 1
0 200 400 600 800 1000

Temperature (°C)

Figure 62. DSC curve for a MBS glass powder prepared in platinum crucible heated at 10

°C/min heating rate. (Tg, glass transition temperature; T,;, peak crystallization temperature.)

The comparison between the data obtained by heating microscope and DSC give us very
useful information about that how the processes such as densification, crystallization and
melting followed during the heat-treatment procedure. For the preparation of any dense glass-
ceramics material it is very important that the densification takes place before the
crystallization starts. The temperature interval between the Tg and on-set of crystallization is
very important for further applications of glass. According to the heating microscope
measurements of MBS melted in platinum crucible (Figure 63) sintering started at
approximately 640 °C and the densification is finished at 700 °C. The temperature plateau
from 700 to 1100 °C was stable relating to further densification. Above 1100 °C the glass-

ceramic sample started to melt.
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Figure 63. Shrinkage curve of glass composition 43 wt.% MgO — 35 wt.% B,03;— 22 wt.%
SiO, melted in platinum crucible as a function of sintering temperature, fired at a heating rate

of 10°C/min in air.

4.2.3 Crystallization of MBS glass

The dielectric properties of low-permittivity LTCC substrates, what is the targeted application
of MBS glass-ceramics, in great extend depend on the type and amount of the crystalline
phases. In order to understand the crystallization process in the MBS glass we investigated the
mechanism and the kinetics of the nucleation and crystal growth. The aim of this study was to
establish the technical criteria for the optimization of the dielectric properties of the MBS
glass. Knowing the nucleation rate at different temperatures for glass-forming melts has both
scientific and technological importance, especially, the temperature where the nucleation rate
is a maximum. However, these data are important to prepare glass-ceramics with desired
microstructures by controlled nucleation and crystallization, as well as to understand the
stability of a glass for practical applications where the formation of nuclei and their
subsequent growth to crystal must be avoided (such as in optical fibers, laser glasses, optical
switching glasses).[131] The procedure commonly used to determine the nucleation rate is to
heat the glass at a certain temperature for a selected period of time, thereby developing some
number of nuclei within the glass. The glass is then heated to a higher temperature for a short

time, where detectable crystals grow on these nuclei. Assuming that each crystal grows from a
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single nucleus and that no new nuclei form or dissolve during crystal growth, the number of
nuclei per unit volume of the glass can be determined by counting the number of crystals in a
given volume. The nucleation rate is determined at different temperatures by repeating the
same procedure at various temperatures and times. This method is very time consuming. The
development of the thermoanalytical techniques such as DTA or DSC enabled much faster
determination of the nucleation rate as well as other kinetic parameters such as activation
energy (Eg) and Avrami exponent (n). Nevertheless, the results obtained by the thermal
analysis methods depend on sample characteristics (particle size, thermal conductivity, heat
capacity) and also on instrumentation (furnace size, sample holder material, thermocouple
location etc). The influence of these factors could be eliminated by the calibration of the
instrument.

The non-isothermal DTA and DSC techniques are experimentally simple and quick, and
give comparable results with isothermal techniques. However, the correct interpretation of the
non-isothermal DTA and DSC results requires the knowledge of the crystallization
mechanism.

The investigation of the nucleation and crystallization mechanisms are presented in the
following chapter, which is divided in two parts: the first part is dedicated to the MBS glass

while the second part is related to the influence of nucleating agent TiO,.

4.2.3.1 Determination of the nucleation temperature range for MBS glass

The MBS glass was prepared by the method (described in Chapter 3.1.2. and 3.2.3.1.), which
ensures that all bulk samples possess similar mass, shape and flat surface on one-side. The
preliminary results revealed that the shape of the sample and also the particle size strongly
influenced the position of the crystallization peak. In case of larger particles and bulk samples
the crystallization peak was shifted to higher temperature compared to that of powder
samples. This is expected because the shape of the particles and size influence the heat
transfer. Irregular-shaped sample, which is not in good contact with the bottom of the crucible
and large particles have greater heat transfer resistance than powder samples. The shape and
the position of crystallization peak also depend on crystallization mechanism. For example,
the powders with the prevailing surface crystallization show broader peaks than the samples
with bulk crystallization mechanism. The surface crystallization is usually recognized by
broad peaks, which position depends on particle size. The similar particle size is very
important to retain the control over the conditions and effects of surface and bulk

crystallization.[132]
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Taking into account the non-isothermal solid-state phase-transformation theory[133] the
maximum of the DSC crystallization peak (T,) is related to the number of nuclei per unit

volume (N) by the following equation:

InN = {mEc j + constant (66)
RT

p

The inverse of the temperature corresponding to the maximum of the DSC crystallization
peak, 1/T,, obtained for the MBS glass nucleated at different Ty, for 10 h, is shown in Figure
64. Values for the as-quenched glass are also shown. It is well known that the nucleation rate
is a function of temperature and becomes maximum at a temperature near the middle of the
temperature range where nucleation can occur. Equation (66) shows that 1/T, is proportional
to N in the glass. Therefore, the change in T,, (Figure 64) with the temperature of nucleation
heat-treatment (T, is primarily due to a change in N in the glass. It can be seen from Figure
64 that 1/T,, 1s constant and the same as for as-quenched glass till the glass was nucleated
below 600 °C. This indicates that the nucleation rate for this glass in the temperature range
from 0 to 600 °C is so low that no detectable numbers of new nuclei are formed in 10 h.
Crystallization therefore occurred on the nuclei that were initially present in the as-quenched
glass. Figure 64 further shows that the temperature where the nucleation can occur in the
MBS glass ranges from 600 to 750 °C with the maximum nucleation rate at 725 °C.

Taking into account the experimental results of Chandra S. Ray et al.[131] for Li,0,-Si0O,
glass the height of the crystallization peak (8T,) is also proportional to N. Our investigations
revealed that this relationship is valid for MBS glass, too. The temperature for maximum
nucleation determined from (Peak height) versus T, (Figure 65) is for 25 °C lower than that
determined from 1/T, versus T, (Figure 64). It was observed also for other glasses that the
method (Peak height) versus T, gave slightly lower values for the temperature of maximum
nucleation than the method of I/T, versus T,.[132] The explanation for this lies in the partial
crystallization of the sample during nucleation heat treatment at higher temperatures. Since
the peak height is proportional to maximum phase transformation rate as well as to the
volume fraction crystallized during the DSC run, the crystalline phase, which formed already
during nucleation heat treatment causes the lowering of the peak height in the DSC run.
Visual observations supported the nucleation temperature of 700 °C and not 725 °C. Namely,
when the nucleation heat treatment temperature was higher than 700 °C the samples became

opaque, indicating partial crystallization.
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Figure 65. Height of the DSC crystallization peak, (6T, for the MBS glass as a function of

nucleating temperature T,, for 10 h. Particle size and weight of each sample were held

constant at 4.5mm and = 60 mg, respectively.



102

4.2.3.2 Study of the crystallization kinetics of MBS glass by non-isothermal DSC

In order to understand the crystallization mechanism of MBS glass the DSC investigations
were performed for bulk and powder MBS glass samples with and without previous
nucleation heat-treatment (Figure 66).

The surface crystallization is expected prevailing crystallization mechanism when the
particle size of the glass powder is smaller than 50 pum. The crystallization exotherm of the
MBS glass powder (< 50 um) is not broader but even slightly narrower than that of bulk
sample. Based on this we assumed that the bulk crystallization prevailed over surface
crystallization also in powder MBS glass. The main difference between the powder and the
bulk samples was observed in the temperature of crystallization. Namely, the on-set of the
crystallization (Tx) and crystallization temperature peak (T,) were for nearly 100 °C higher
for bulk than for powder samples. This effect could be attributed to the slower heat transfer in
the bulk samples compared to that in powders. Since there is only one exothermic peak in the
DSC curve the crystallization of one phase is expected. The XRD measurements of the
samples after the DSC scans revealed that the crystallization exotherms were in all samples
associated with the crystallization of Mg;B,0s. It can be seen from Figure 66 that the
exothermic peak shifts toward lower temperature when both powder and bulk samples were
heat-treated at 700 °C. This effect results from an increase of the number of nuclei during

nucleation heat treatment.

771.4 °C

775,6 °C
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Figure 66. DSC curves of MBS glass with various nucleation time and different shape of

sample (nucleation temperature: 700 °C, heating rate 10 °C/min).
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Figure 67 represents the typical exothermic peaks with variation of heating rates ranging
from 5 to 20 °C/min for the MBS glass sample that was nucleated at 700 °C for 10 h. The
exothermic peak shifts to lower temperature as the heating rate decreases. We believe that
peak shift shown in Figure 67 is attributed to the change in the heating rate and not to the
difference in number of nuclei, since the saturation of the sample with the nuclei was

achieved during nucleation (700 °C, 10h).
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Figure 67. DSC curves for bulk MBS glass, pre-nucleated 10 hours at 700 °C and scanned at
different heating rates.

The knowledge of the Avrami exponent (n) is prerequisite for the further analyses of DSC
data with the various methods such as Kissinger, Matusita and Sakka, Ozawa-Chen and
Satava. The Avrami exponent (n) value can also be independently determined from the DSC
results. From the Eq 62, the slope of the plot of In[-In(1-a)] versus Inf3 yields the value of n.
The plot is shown in Figure 68 and the value of n is estimated to be between 1.5 and 1.6 for
temperatures ranging between 849 and 857 °C. These result suggest bulk crystallization and
the formation of three-dimensional crystals from a constant number of nuclei with the

diffusion controlled crystal growth rate, which is proportional to t
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Figure 68. Plot of In[-In(1-a)] versus Inp for determining the value of n. The calculated

results are obtained from Figure 67.

From the shift of the crystallization peak temperature (T,) with heating rate the activation
energy for crystallization (Eg) could be determined using the Kissinger equation (Eq 60).
According to this equation, a plot of ln(sz/B) versus 1/T, yields a straight line in which the
slope is proportional to the activation energy of crystallization. The plots for the bulk sample
pre-nucleated at 700 °C for 10 hours and without pre-nucleation are almost parallel to each
other which is shown in Figure 69, and consequently the calculated crystallization activation
energy is the same within experimental error, namely from 430 to 440 kJ/mol. The Kissinger
plot for the powder sample has a much steeper slope and consequently higher activation
energy, 790 kJ/mol and 680 kJ/mol for glass with (700 °C for 10 hours) and without

nucleation heat-treatment, respectively.
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Figure 69. Plot of In(p/T, pz) versus 1000/T, from which the crystallization activation energy
is estimated. Comparison between as-solidified and nucleated bulk and powder MBS glass is

shown in the graph. The calculated results are obtained from Figure 67.

We believed that since crystal growth in MBS bulk glass sample occur on a fixed number
of nuclei, the m value is consider to be the same as the n value. With respect to the modified
Kissinger method also known as Matusita method (Eq. 61) we obtained the dimensionality of
growth parameter, m, which is closely related to the Avrami exponent. A Matusita plot
ln(B“/sz) versus /T, yields mEg from 615 to 670 kJ/mol in the temperature range from 849
to 857 °C (Figure 70). Obtained values of activation energy multiplied with m (mEg), divided
by activation energy obtained by Kissinger method yields the value of m = 1.5. This is in

good agreement with the supposed crystallization mechanisms.
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Figure 70. Plot of In(('/T, pz) versus 1000/T, from which the crystallization activation energy
multiplied with m is estimated for the MBS bulk glass nucleated at 700 °C for 10 h. The

calculated results are obtained from Figure 67.

The activation energy could be evaluated with several other methods such as Ozawa-Chen
and Satava method. The values of E = (m/n)Eg for bulk MBS glass were calculated using
Ozawa-Chen method (Eq 63) for the o in the range from 10 to 90 % (Figure 71). According
to previous findings that n = m, the slope of the Inf versus 1000/T correspond to E = m/nEg.

The activation energy for crystallization of bulk MBS glass obtained by this method was in
the range from 412 to 442 kJ/mol.
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Figure 71. Ozawa—Chen plot of In [ versus 1/T, for determination of E = (m/n)E¢. Activation
energy is calculated at different o for the MBS bulk glass nucleated at 700 °C for 10 h.

Although Satawa method shown in Figure 72 is regarded as the least accurate method it
was (Eq. 64) also used to evaluate the values of activation energy and mEg. The
thermoanalytical data, which were analyzed, were obtained at heating rates of 5, 10, 15 and 20
°C/min and a = 10-90 %. Taking into account that m = 1.5 the values of activation energy
determined from the slope In(-In(1-a) versus 1000/T were in the range 450-500 kJ/mol (mEg
= 640-720). Wide span could be expected due to less accuracy of the method.
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Figure 72. Determination of mE¢ according to the Satava method by plotting In[-In(1-)]
versus 1/Tp at different heating rates for the MBS bulk glass nucleated at 700 °C for 10 h.

Comparison of the results obtained by various methods for bulk MBS glass with variation
of nucleation heat treatment time helps us to understand the crystallization mechanism. All
applied analytical methods led to very similar values of activation energy for crystallization of
bulk MBS glass (Table 15). Nucleation heat-treatment was also found to have no significant
influence on determined values of n (1.4-1.6) and activation energy (390-450 kJ/mol). This
additionally proves that bulk crystallization occurred at constant number of nuclei, with the
diffusion controlled crystal growth, and proportional to t*. The similar methods as for bulk
MBS glass were used for the study of crystallization kinetics of MBS glass powders. In spite
of small particle size (< 50 um) the bulk crystallization was still the prevailing crystallization
mechanism (n = 1.4-1.7). Also in case of powders the nucleation heat-treatment did not
significantly influence the determined values of activation energy, which are higher compared
to those of bulk MBS glass (Table 15). The higher values of activation energy for powdered
samples in comparison with bulk were observed also for lithium disilicate glass, where the
values differed more than 2-times.[131] Despite the bulk crystallization was determined on
the prevailing crystallization mechanisms in powders, surface crystallization is also expected
to occur since the particle size was < 50 um. Due to the mixed crystallization mechanisms in
powders, the activation energy obtained from the kinetic study of powders has less
meaningful value than that obtained for bulk glass, where the surface crystallization is

negligible.
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Table 15. Comparison of activation energies calculated from different analytical methods for

both bulk and powder sample.

Activation energy, Eq (kJ/mol)
Glass
Methods
Bulk Powder
/ 700°C/2h | 700°C/10h / 700°C/10h
n 1,4-1.6 1,6-1,7 1,5-1,6 1,7-1.8 1,4-1.6
Ozawa
n=m 1.5
Kissinger Eq 410 440 430 680 790
Matusita Eq 390-440 | 430-460 410-450 750-810 600-690
Ozawa-Chen Eq 365-470 | 415-425 410-440 610-720 650-860
5°C/min 450 480 470 790 850
g 10°C/min B 410 430 500 770 720
,ﬁ 15°C/min ¢ 390 440 450 790 760
20°C/min 380 470 460 710 730

4.2.3.3 Phase evolution of the MgO-B,03-SiO; (MBS) glass-ceramic after isothermal

heat-treatment

The XRD patterns of the MBS glass and glass — ceramic sintered at various temperatures from
800 to 1050 °C for 10 hours are shown in Figure 73. Crystallization was not detectable at
temperatures below 800 °C. Magnesium borate (Mg,B,0Os) which has a triclinic crystal

modification with the space group S.G. P1 is the main crystalline phase in the XRD pattern of
the glass-ceramics powder annealed at 800 °C. The broad peaks indicate the small size of the
crystallites. The sharpening and increase of intensity of the majority of diffraction lines
indicates the Mg;B,0s crystallites growth and increase of Mg,B,0Os phase content with
increase in temperature. At the annealing temperatures higher than 950 °C the MgSiOs phase
appeared. The proximity of Mg,B,Os and MgSiO; diffraction lines caused the apparent
broadening of some of the diffraction lines, especially in the 34-36 ° 20 range. The cordierite

expectedly did not form in the glass that was melted in the Pt crucible.
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Figure 73. Summarizes the X — ray powder diffraction results for the glass and glass —
ceramic composition 43 wt.% MgO — 35 wt.% B,03;— 22 wt.% SiO; prepared in platinum
crucible. Denotation of the crystalline phases: © Mg:B,0s - triclinic, X MgSiO53.

4.2.3.4 Microstructural analyses

Figure 74 shows a sequence change of microstructure for the MBS glass sample prepared in
platinum crucible with increasing temperature from 900 to 1050 °C. The samples that were
heat-treated for 10 hours at certain temperature exhibits lumps of spherical growing crystals.
According to the XRD results we suppose that round shaped particles appertain to the major
Mg,B,0s phase. With regard to the chemical etching behavior we assume that the glassy
phase, which is removed by chemical etching, fills the area around the particles, what is
visible as dark grey area in the micrographs. The XRD results indicate that some MgSiO;
should exist in the sample but we couldn‘t distinguish it from the Mg,B,0s phase by SEM
investigations. According to the well known fact that crystallization SiO, is difficult, we
believe that MgSi0; phase is in minority and a majority of SiO; remains in the glassy phase.
As shown in the chemically etched micrographs (Figure 74 a) it seems that crystallization
already started at 800 °C, where the size of the grains were relatively smaller than that in the
specimens sintered at higher temperatures. This could be expected the grain growth increase

with the increase of temperature. There was no remarkable difference in density between the
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MBS samples prepared in different crucibles (corundum and Pt) (Figure 58 and Figure 74).

(c) 1000 °C

Figure 74. FESEM images after chemical etching of 43 wt.% MgO — 35 wt.% B,0;— 22wt.%
Si0; glass — ceramics sintered for 10 hours at: (a) 950 °C, (b) 1000 °C, (c) 1050 °C.

The dielectric properties of glass-ceramics are dependent on the microstructure. Thus, the
less porous specimen could play an important role to degrade the lattice vibration and get the

high Q value.
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4.2.3.5 Microwave dielectric properties

The microwave dielectric properties for the 43 wt.% MgO-35 wt.% B,03;-22 wt.% SiO;
glass—ceramics were examined. Previously, we declare milling conditions and from that
reason the glass, which was prepared in platinum crucible, was crushed and milled 2 hours in
planetarium mill.

The dielectric properties are thought to be affected by a combination of second phases,
microstructural defects, specimen density, impurities and lattice defects.[134] In our study, no
additives were used and no microstructural defects e.g. voids and micro-cracks were observed
by SEM. Thus, dielectric properties of samples primarily result from specimen density,
impurities and lattice defects. However, porosity has large impact on the dielectric constant.
Figure 75 show how dielectric constant slightly decreased with increasing temperature. The &;
value decreased from 6.2 to 5.8 with increasing the sintering temperature from 800 to 1050
°C. It implies that the decrease for & of MBS ceramics with sintering temperature is due to the
increase of porosity and reduced density. The low dielectric constant provides an attractive
feature for minimizing cross-talk and increasing signal transmission speeds.

The dielectric loss is caused by two reasons, i.e., intrinsic contribution: such as lattice
vibrational modes and ion occupation; extrinsic contribution: such as pores and secondary
phases. Porosity plays an important role in affecting the dielectric loss. In general, the large
grain size of well — sintered ceramics resulted in low dielectric loss. It is assumed that for
materials of density less than 90 % theoretical, the decrease in Q value, due to increasing
porosity may be attributed to the effects of polarization at the pore surface.[135] Such as
dielectric constant also the Qxf values of MBS glass — ceramics is shown as a function of
sintering temperatures in Figure 76. Qxf values increase from 4410 to 11 330 GHz with
increase of sintering temperature. This improvement of the Qxf values could be attributed to

better crystallization.
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Figure 75. Dielectric constant of the 43 wt.% MgO — 35 wt.% B,O3;— 22 wt.% SiO; glass —

ceramic prepared in platinum crucible as a function of sintering temperature.
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Figure 76. Quality values of the 43 wt.% MgO — 35 wt.% B,03;— 22 wt.% SiO, glass —

ceramic prepared in platinum crucible as a function of sintering temperature.
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It can be concluded that each constituent in the glass composition is crucial to the
crystallization, densification, and thus microwave dielectric properties. However, their effects
are intercorrelated and, sometimes, unable to distinguish the contribution from an individual
constituent. Cordierite phase, which was undesired product, was avoided with exchanging the
corundum with platinum crucible. Regarding the dielectric properties, the glass-ceramic
prepared in platinum crucible still exhibited high Qxf values after sintering at 1050 °C
whereas the dielectric properties of glass-ceramic from Al,O; were determined already at

1000 °C.

4.2.3.6 Nucleation in MBS glass with the addition of nucleating agent, TiO,

Controlled crystallization usually involves a two-stage heat treatment, namely a nucleation
stage and a crystallization stage. In the nucleation stage, small nuclei are formed within the
parent glass. After the formation of stable nuclei, crystallization proceeds by growth of a new
crystalline phase. It is well-known that the crystallization is facilitated by addition of
nucleating agents. These additives act as heterogeneous sites at which the nucleation of
desired crystalline phases may take place and therefore by adjusting the type and
concentration of the nucleating agent used, it is possible to control the crystallization process.
TiO, is commonly used nucleating agent for SiO, based glasses.[136] The effect of TiO, on
the crystallization exotherm of bulk MBS glass is presented in Figure 77. The amount of
added TiO; in concentration higher than 5 wt.% obviously influenced the shape, position and
intensity of crystallization peak. With the increasing amount of TiO,, the crystallization peaks
evidently became narrower and their intensity increased, while Tx and T, were decreased. On
the contrary, Tg was only slightly shifted to lower temperatures. The increase of the
crystallization peak intensity with TiO, content results from a larger number of nuclei, the
formation of which is stimulated by the presence of the TiO,. The narrowing of the peak

width indicates that the TiO, enhances the bulk crystallization.
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Figure 77. DSC curves of MBS glass bulk with addition of 0, 5, 7, 10, 12 and 15 wt.% of
TiO;.

Detailed crystallization study was performed for MBS glass with 10 wt.% of TiO,.
Determination of the Avrami exponent (n) using the Ozawa method (Eq. 62) revealed that
TiO, change the crystallization mechanism. For the TiO;-added MBS glass without
nucleation heat treatment n was close to 4, indicating bulk crystallization with increasing
number of nuclei (Figure 78). According to known crystallization mechanisms (Table 17), the

dimensionality factor m is 3, considering the relation m = n-1.
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Figure 78. Determination of n by plotting of In[-In(1-@)] versus Inf for MBS glass bulk with
addition of 10 wt.% of TiO,. The Ozawa method was obtained in the temperature range from
836 to 843 °C.

Figure 79 represents typical DSC curves for TiO,-added MBS glass. With regard to the
n =4, m = 3, the number of nuclei changes during the DSC run. Fewer nucleuses are formed
during fast than slow scanning due to the longer dwell time in the nucleation temperature
range. Besides the heating rate this also influences the T,. Since the number of nuclei is
expected to increase during the DSC run, the Kissinger method gives the incorrect value of

the activation energy.
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Figure 79. Represent typical DSC curves for the MBS glass bulk with the addition of 10 wt.%
of TiO; scanned at different heating rates in the range between 5 and 15 °C/min.

In spite of that this method was used for the calculation of activation energy mainly due to
the comparison with Matusita (Eq. 61) Ozawa-Chen (Eq. 63) and Satava (Eq. 64) methods,
which are expected to give more correct values. (Table 17, Figure 80, Figure 81 and Figure
82). The analysis of the DSC data using the later methods led to very similar values of Eg
around 400 kJ/mol for the TiO,-added MBS glass without nucleation heat treatment (Table
17). This value was only slightly lower than that determined for pure MBS-bulk glass. The
Kissinger method led to lower value of 300 kJ/mol. XRD measurements revealed that the
crystallization exotherm in TiO,-added glass is associated with the crystallization of

Mg,B,0s, what is the same as in pure MBS glass (Chapter 4.2.3.).
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Figure 80. Determination of mEg according to Matusita method for the MBS glass bulk with
addition of 10 wt.% of TiO; by plotting the ln(ﬂ'/sz) versus 1000/T,.
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Figure 81. Ozawa-Chen plot (Inf versus 1/T) for determination of E = (m/n)Eg at o values in
the range from 10 to 90 % for the MBS glass bulk with addition of 10 wt.% of TiO..
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Figure 82. Determination of mE¢ according to the Satava method by plotting the In(3'/T, pz)
versus 1000/T, at heating rates (5, 7, 10, 12 and 15 °C/min) for the MBS glass bulk with
addition of 10 wt.% of TiO..

The analysis of the DSC data is easier and more reliable for glass with constant number of
nuclei. It was expected that the constant number of nuclei in the TiO, added MBS glass could
be achieved by heating the glass at the temperatures of high nucleation rate. The temperature
range, where nucleation took place was determined from the plot 1000/T, versus T,. The
shape of this plot was atypical and thus differed from that of pure MBS glass (Figure 64). The
nucleation rate increased at T > 600 °C, remained fairly constant in the range from 625 to 675
°C and then increased again up to 700 °C (Figure 83). Due to partial crystallization of the bulk
glass nucleated at 700 °C, the lower temperature 688 °C was selected for nucleation heat-

treatment.
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Figure 83. The inverse of the maximum temperature crystallization peak (1/T,) for TiO>-

added MBS glass as a function of nucleating temperature (10 hours).

Figure 84 shows typical DSC curves for the nucleated TiO,-added MBS glass (688 °C)
taken at five different heating rates 7, 10, 12, 15, and 20 °C/min. All the DSC curves revealed
a single very narrow exothermic peaks with the peak temperatures (T,), which differed only
for a few degrees (T, = 783.5 (7 °C/min), 786.4 (10 °C/min), 788.8 (12 °C/min), 792.5 (15
°C/min) and 795.3 °C (20 °C/min)). The exothermal peaks are significantly shifted to higher
temperatures with increasing heating rate, which is in accordance with the presumption about
the thermal activation of the crystallization controlling processes. The shape of these DSC

curves depends on the heating rate.
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Figure 84. 4 plot of the DSC thermograms of MBS glass doped with 10 wt.% of TiO; at five

different heating rates 7, 10, 12, 15 and 20 °C/min. The bulk glass was before DSC

measurements pre-nucleated for 10 hours at 688 °C.

The Avrami exponent (n) for TiO,-added MBS glass heat treated at the nucleation
temperatures of 650 and 688 °C was determined using the Ozawa method (Eq 62). Figure 85
show plots of In[—In(1—a)] against In(p) in which o was obtained at the same temperature
from a number of crystallization exotherms taken at different heating rates () (Figure 84).
The Avrami parameter (n) was determined from the slope of the curves and was estimated to
be between 3.8 and 4.0 at the temperatures ranging from 784 to 790 °C (Table 16).
Considering experimental errors, this value can be taken as n = 4. Very similar value was
obtained for the glass nucleated at 650 °C. Both results revealed that the crystallization in
Ti10,-added MBS glass occurs via bulk crystallization mechanism with increasing number of
nuclei. This means that the constant number of nuclei was not achieved by nucleation heat
treatment at 650 and 688 °C. The reason for such crystallization mechanism is most probably
in the TiO,, which acts in itself as the starting point for crystallization. The source of
heterogeneous nucleation sites could be also small titanium containing crystalline precipitates.
The closest match for m value that should be equal to n-1 is 3, corresponding to three-

dimensional crystal growth
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Figure 85. Plot of In[-In(1-a)] versus In f for MBS bulk-glass with the addition of 10 wt.% of
TiO; nucleated at 688 °C/10h for Bof 7, 10, 12, 15 and 20 °C/min, gives the result of E.

Taking into account the crystallization mechanism, which was studied with Matusita and
Ozawa-Chen methods are expected to give the most reliable values of the activation energy
for the crystallization of TiO,-added MBS glass. For the comparison the activation energy
was determined also by Kissinger and Satava method. However, according to the Matusita
and Sakka[107] who claimed that Kissinger model is valid only when crystal growth occurs
on a fixed number of nuclei we evaluate the activation energy with modified Kissinger model
optimized by Matusita and Sakka (Eq 61). Taking into account the crystallization mechanism
(n =4, m = 3) the activation energy of 976 + 26 kJ/mol was determined using Matusita-Sakka

method from the slopes of ln(ocn/sz) versus 1000/T,, plots (Table 16).
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Figure 86. The Matusita-Sakka plots (In(d'/T, pz ) versus 1000/T,) for the MBS glass bulk with
the addition of 10 wt.% of TiO; nucleated at 688 °C for 10 hours.

Table 16. The kinetic crystallization parameters for the MBS glass bulk with 10 wt.% of
added TiO; nucleated at 688 °C for 10 hours. Activation energy was calculated at different
temperature with the help of known n and m values obtained from Ozawa and Matusita

method, respectively.

TEL) n m mE,, (kJ/mol) E (kJ/mol)
784 375 295 2680.3 973.1
785 3.88 2.88 2771.0 961.9
786 3.99 2.99 2846.1 9534
787 4.04 3.04 2885.9 949.2
788 4.04 3.04 2885.0 9492
789 3.99 2.99 2971.5 994.1
790 3.89 2.89 2899.2 1002.4
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In the Ozawa-Chen method presented in equation 63, the calculation of the activation
energy is mainly based on the heating rate (3) and the peak crystallization temperature (Tj).
For a set of exotherms taken at all heating rates () and at a fixed value of the crystallized
fraction at the range of a from 10 to 90 %, value of Eg can be deduced from the slopes of the
best fit of the linear relations, when Inf} is plotted against (1/T,) as shown in Figure 87. From
the slops of these plots the activation energy was determined with respect of n and m values.

The average value of the activation energy for crystallization, considering result for all a

values, is Eg = 787 £+ 50 kJ/mol (Table 17).
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Figure 87. Ozawa-Chen plot (Inf versus 1/T,) for determination of Eq = (n/m)E at values of

a ranging from 0.1 to 0.9.

According to Satava method (Eq. 64) the activation energy at a constant heating rate was
derived from the linear slope presented in Figure 88. The slope of the obtained linear
dependence of In[-In(1-a)] as a function of 1000/T, exhibit mEg. The activation energy
depending on the volume fraction of crystals (o) in the area of 10 — 90 % is in the range from
671 to 895 klJ/mol. These values were determined at different heating rates from 7 to 20
°C/min. Comparison between the activation energy values determined from different non-

isothermal methods are listed in Table 17.
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Figure 88. Determination of mE¢ according to the Satava method by plotting In[-In(1-2)]

versus 1/T, at several heating rates () ranging from 7 to 20 °C.

Table 17. Crystallization with and without pre-nucleation at 688 °C 10h parameters of MBS
glass with the addition of 10 wt.% of TiO,.

Activation energy, Eg (kJ/mol)
Methods Bulk-Glass
/ 688°C/10h
_ n 4 4
Ozawa
n-1 =m 3 3
Matusita Eq 365-395 950-1000
Ozawa-Chen Eg; 380-405 730-835
5°C/min 000
7°C/min 650 765
10°C/min 575 895
- ; Eg - N
o 12°C/min 580 885
;zf 15°C/min 520 880
20°C/min 670
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Although there were some scattering in the results, all methods revealed that the activation
energy for crystallization of TiO,-added MBS glass with previous nucleation heat treatment
was higher compared to that without nucleation heat treatment, which exhibited the same
activation energy as pure MBS-glass. The reason for this lies in the additional magnesium

titanate phase which crystallizes in addition to Mg;B,0s from the nucleated glass.

4.2.3.7 Dielectric material based on TiO,-added glass-ceramic prepared by isothermal

heat-treatment

The dielectric properties of glass-ceramics strongly depend on the ratio between the amount
of glassy and crystalline phase. It is well known that glassy phase lowers the Qxf values of the
glass-ceramics material. With the addition of small amount of nucleating agent we can
increase the content of crystallization phases and significantly influence the dielectric
properties. TiO, is one of the most commonly used nucleating agents since it can have
twofold effect on the crystallization. Firstly, TiO, may promote a metastable liquid—liquid
phase separation which ought to be the starting point for the internal crystallisation of the
glass volume.[137] This effect is enhanced in glasses possessing an increased Ti®~ content as
obtained by melting the glasses under reducing conditions.[137] Secondly, TiO, can form
small primary crystalline precipitates (sometimes containing other components of the host
glasses). Such crystallites can readily act as heterogencous nucleation sites for the
crystallisation of the glass matrix.[138] TiO; used as a nucleating agent in silica-based glasses
is easily miscible in the glassy networks at high temperatures but induces phase separation
during cooling of the melt.[139] We added 1, 3, 5, 7, and 10 wt.% of TiO,. When we add only
1 wt.% of TiO; there is now significant change in the phase formation, comparing to the MBS
glass without nucleating agent prepared in a platinum crucible. Small amount of added TiO, is

clearly not sufficient for XRD detection (Figure 89).
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Figure 89. XRD results for the MBS glass and glass-ceramic with 1 wt.% of TiO; sintered at

different temperatures for 10 hours. Denotation of the crystalline phases: o Mg,B,0s -

triclinic, x MgSiOs.

The XRD patterns of the MBS glass-ceramic with various amount of added TiO, sintered

at 1050 °C for 10 hours are shown in Figure 90. When glass-ceramic contains 1 wt.% of TiO,

only MgSi0O; and Mg;B,0s were present. With increasing amount of nucleating agent, the

additional crystalline phases started to form. Peaks of Warwickite (Mg;TiB,Og) and Rutile

doped with boron (TiBg0240;) were identified for samples with higher content than 1 wt.% of

TiO,. The intensity of the crystal phase peaks increases with the TiO, addition. Due to the

prolonged isothermal heat-treatment (10 h) at selected temperature the phase constitution of

the glass-ceramics differed from that obtained after the single DSC run, which was described

in previous Chapter.
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Figure 90. X-ray diffraction patterns of MBS glass-ceramic with different amount of added
TiO,, sintered at 1050 °C for 10 hours. Denotation of the crystalline phases: o Mg,B,0s -
triclinic, X MgSiO3, Y TiBy 9240: and 8 Mg;TiB,0s.

4.2.3.7.1 Microwave dielectric properties

The variation of dielectric constant and Qxf values of MBS glass-ceramics with different
amount of TiO; (1 to 10 wt.%) against the sintering temperature are shown in Figure 92 and
Figure 93, respectively. The dielectric constant decreased with the sintering temperature.
Density measurements revealed that this decrease was more likely related to the lowering of
density than the change in phase constitution (Figure 91). For the preparation of dense glass-
ceramics the densification must occur before beginning of the crystallization. The
densification of MBS glass was expected to be improved by two stage sintering. The glass
was heated first to temperature slightly above Tg, annealed at this temperature for 10 hours
and then heated to the final temperature, where it was annealed for additional 10 hours. It was
found that the dielectric properties and the density were not improved by this annealing
procedure. MBS glass-ceramics with higher amount of TiO, exhibited higher permittivity.
This is expected because of higher dielectric polarizability of titanium. TiO, posses high
dielectric constant (g, = 105) and high quality factor (Qxf = 40 000 GHz).[140] In contrast to

the permittivity the Qxf-values increased with the sintering temperature. Qxf values also
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increase with the amount of added nucleating agent. The highest Qxf values above 16 500
GHz were measured for the sample with 10 wt.% of added TiO; sintered at 1050 °C for 10
hours. We assume that the higher Qxf values are result of higher degree of crystallization.
According to the knowledge that the presence of crystal phases doubtlessly affects the
dielectric properties, we believed that pre-nucleation of the glass will increase the nuclei and

in the continuation of the process increase the quantity of the crystal phases in the system.
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Figure 91. The density as a function of sintering temperature of the MBS glass with 10 wt.%
of added TiO, pre-nucleated at 688 °C for 10 hours.
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Figure 92. Oxf'values of MBS glass-ceramic with addition of 1 to 10 wt.% of TiO; sintered at
temperatures from 800 to 1050 °C for 10 hours.
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Figure 93. Permittivity values of MBS glass-ceramic with addition of 1 to 10 wt.% of TiO,
sintered at temperatures from 800 to 1050 °C for 10 hours.
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Figure 94 shows the variation of dielectric constant for the samples with both the addition
of nucleating agent and pre-nucleation as a function of sintering temperature. In all three cases
permittivity decreases with increasing of the sintering temperature. Dielectric constant for
MBS glass with the addition of TiO; is higher at lower sintering temperature than in MBS
glass without content of TiO,. At 1050 °C the drop of the dielectric constant for the sample
with TiO, is significant that the values become comparable with the values of the samples
without nucleating agent. Pre-nucleation at 688 °C for 10 hours doesn’t significantly effect on

the dielectric constant comparing to the MBS sample with the addition of TiO, without pre-

nucleation.
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Figure 94. The er values of MBS glass with and without addition of TiO, as a function of

sintering temperature.

Figure 95 shows the relation between quality factor (Qxf) and sintering temperature. It was
found that the Qxf reached the maximum value (17 370 GHz) when MBS glass with 10 wt.%
of added TiO, was pre-nucleated at 688 °C and sintered at 1050 °C, both for 10 hours. The
sample without pre-nucleation exhibit slightly lower Qxf values. Additionally, the Qxf values
increased with the sintering temperature of MBS glasses and the values of Qxf in all three

cases are quite comparable up to the 1000 °C. The improvement of the Qxf values due to the

addition of TiO, was noticed at 1050 °C.
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Figure 95. Comparison between the Qxf values of MBS glass with and without addition of

TiO; as a function of sintering temperature.
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5 Conclusions

In recent years, the application range for glass-ceramic materials in electronic industry has
expanded considerably, which stimulated detail research of MgO— B,05—Si10, (MBS) based
glass-ceramic. Furthermore, crystallization of MBS glass and dielectric properties of the
corresponding MBS glass-ceramic has not been reported, yet. The knowledge about the
properties of the individual binary compounds from the MgO-B,0O; system shows an
important role in the interpretation of the ternary MBS based system. Binary compounds of
Mg,B,0s5 and Mg3;B,0¢ are precisely described in the subsections. The main purpose of the
thesis was the investigation of the nucleation and crystallization processes of MBS glass and

their related dielectric properties

5.1 Binary system MgO — B,O3

5.1.1 Mg2B205

Single-phase Mg;B,0s ceramics was prepared with the solid-state reaction technique. The
presence of Mg;B,0¢ in the Mg,B,0s ceramics, prepared from stoichiometric ratio of MgO
and B,0;, indicated the evaporation of B,O3, which was in further synthesis substituted by the
addition of excess B,O; at the beginning of the synthesis. According to the XRD results we
determined that 14 wt.% of excess of B,0O; led to the single phase Mg,B,0s ceramics at 1200
°C and at 1250 °C. The Archimedes’ method measured densities of sintered Mg;B,0s with 14
wt.% B,0Oj; ceramics revealed the values from 94 to 97 %. The permittivity for the ceramics
varied from 6.2 to 7.0 and Qxf values from 18 400 to 32 100 GHz. The t¢ values were in the
range from —18 to —45 ppm/°C. The microstructural investigations of the sintered Mg,B,0s

ceramics revealed the presence of 10-um grains.
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5.1.2 Mg3B206

Single phase Mg3;B,0s was obtained after several pre-reactions and with 11 wt.% of excess
B,03, which was added to the stoichiometric ratio of MgO and B,0O; at the beginning of the
synthesis. The permittivity of the Mg;B,0O¢ ceramics was 6.8—7.4 and t¢ was in the range from
—36 to —45 ppm/°C. The properties of the Mg3;B,0g based ceramics from this study exceed the
already reported Qxf values (150 400 GHz) for this type of ceramic. Our investigations
revealed great variation of the Qxf-values and microstructural characteristics with the
annealing conditions. The highest Qxf values over 220 000 GHz were observed for the
ceramics that were sintered at 1300 °C and cooled slowly from the sintering temperature with
a controlled cooling rate of 2 °C/min. These ceramics consisted of large grains (~1000 pm)
with some closed porosity. According to the density measurements the porosity was about
4-5 %. The ceramics sintered at 1300 °C (10 hours) and cooled rapidly contained areas of
large (500—1000 pm) and small grains (10-50 um) exhibit lower Qxf values up to 150 000
GHz. In the ceramics sintered at 1200 °C the grains were only a few tens of um in size and
the Qxf value was below 60 000 GHz.

Detailed microstructural and dielectric characterization of MgiB,Og ceramics was
performed in order to understand the reasons for exaggerated grain growth and to clarify the
conditions for preparation of Mg;B,0O¢ ceramics with extremely high Qxf-values. The reasons
for exaggerated grain growth were attributed to the liquid phase that formed from the
admixture of the glassy or Mg,B,0s phases. The presence of an amorphous phase at the grain
boundaries was confirmed by TEM. The effect of Mg;B,0s on the grain growth was studied
by its intentional addition (0-5 wt.%) to the Mg;B,0O¢ before sintering. The fastest grain
growth was observed for Mg;B,O¢ ceramics with 5 wt.% of Mg,B,0s. Regardless of the
amount of added Mg,B,0s, the exaggeratedly grown grains were anisotropic with a twin
boundary that extends along the anisotropic direction. EBSD, which was used for an
examination of the anisotropic grains, revealed a (011) twin plane. The Qxf values increased
with the prolongation of the annealing, while the permittivity remained constant at 7. The
highest Qxf value of 240 000 GHz was measured for coarse-grained Mg;B,0O4 ceramics with
5 wt.% of Mg;B,0s. In contrast, Mgi;B,O¢ ceramics with 10 times smaller grains exhibited
only a slightly lower Qxf value of 200 000 GHz. The decrease of the amorphous phase during

the annealing could be one of the reasons for this improvement of the Qxf values.
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5.2 Ternary system MgO — B,0; — SiO,

The glass composition 43 wt.% MgO-35 wt.% B,03;—22 wt.% SiO,, chosen on the basis of
the preliminary studies, was synthesized in both corundum and platinum crucible. The
diffusion of aluminium, from corundum crucible to the melt, during melting process resulted
in the formation of cordierite phase. The presence of cordierite phase in the glass-ceramics
significantly affects the microwave dielectric properties. The maximum Qxf values were
obtained for ceramics sintered at 950 °C, while with further increase of temperature to
1000 °C, the Qxf-values significantly decreased. XRD analysis shows that amount of
cordierite phase was considerably reduced at this temperature. For the glass-ceramics
prepared in Pt- crucible the increase of Qxf-values up to 11 330 GHz was observed. The
decrease of permittivity with increase of sintering temperature was observed for both types of
glass-ceramics. The range of permittivity for the glass-ceramic, which contained cordierite,
was larger (6.5-4.7) than that the glass-ceramic where glass was prepared in platinum crucible
(6.2-5.8). Since the amount of cordierite could not be controlled the further research was
performed for the MBS glass melted in platinum crucible.

In order to understand the nucleation and crystallization processes in the MBS glass the
nucleation and crystallization kinetics was investigated by means of non-isothermal DSC
techniques. In the MBS glass nucleation occurs in the range from 600 to 750 °C and the
maximum nucleation rate is reached at 700 °C. Avrami exponent n = 1.5, obtained by Ozawa
method for both powder and bulk sample indicates three-dimensional bulk crystallization.
Diffusion controlled crystal growth occurred at constant number of nuclei n = m. Activation
energy of non-nucleated and nucleated bulk samples (2 and 10 h) show comparable values of
420 kJ/mol. In the case of nucleated and non-nucleated powder samples, the activation energy
achieves higher values up to 810 kJ/mol. Due to the surface crystallization that takes place in
powders along prevailing bulk crystallization; this value of activation energy is expected to
have less physical meaning than that obtained for bulk MBS glass.

In order to promote the crystallization of MBS glass different amount of TiO; (1-10 wt.%)
was added. Mg;B,0s as a main phase crystallize at =~ 800 °C, while MgSiO; appeared at
950 °C. Warwickite (Mgs;TiB,0g) and rutile doped with boron (TiBg 0240,) were additionally
found and identified for samples with more than 1 wt.% of TiO, at temperatures higher than
1000 °C. With the addition of TiO, the crystallization mechanism changes to bulk
crystallization with an increasing number of nuclei (n = 4, m = 3). The permittivities and Qxf
values was found to increase with the TiO, content. The improvement of the Qxf-values was
attributed to the enhanced crystallization. The highest Qxf value of 17 370 GHz was measured
for the MBS glass-ceramics with 10 wt.% of TiO,, which were pre-nucleated at 688 °C and
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sintered at 1050 °C, both for 10 hours. The MBS based glass-ceramics sintered in the range
from 850 to 950 °C exhibited somewhat lower Qxf-values of 5000-8000 GHz and € = 6.1-6.9.
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