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Preface

In recent years, wireless communication using oweaves has been
emerged as the prominent way of information exchamyjelectric materials have
played a pivotal role in universalizing the micras@acommunication systems by
making them more efficient, miniaturized and cheap&he continuing
developments in wireless technology demand low aosterials with good
microwave dielectric properties. In microwave madyl low loss dielectric
materials function as oscillators, filters, antenand substrates. The relative
permittivity (€;) and loss factor determines the function of aediegic in microwave
electronics. Microwave dielectric resonators shdwdgle highe, for miniaturization.
For substrate applications, on the other handeglaa/essential to decrease the signal
propagation delay. New high performance electrosigstems for wireless
communication, automotive, industrial, medical, itafy and space applications
insist on higher circuit densities. This challengendates the use of unique
packaging techniques such as multi-chip modules NigCthat must not only
provide the increased circuit density but alsortiiability, thermal, mechanical and
electrical performance. Low temperature co-firedangc (LTCC) technology is
competent to address the requirements. The indeedijpowth of consumer
electronics market stimulated the manufacturersdek out ways to make their
products cheaper. Consequently, except in highopaegnce applications ceramic
substrates have been largely replaced with chgagemer based substrates having
reasonably good performance. Polymer-ceramic coitgsoare capable to deliver
balanced mechanical, thermal and dielectric progsedt very low cost. The present
thesis is divided into 6 chapters based on theowariapplications of dielectric

materials.

The first chapter gives a general introductionwatibe dielectric materials
for microwave applications. The chapter also déssrithe important characteristics
of dielectric materials required for various apations. A detailed description of

various preparation and characterization technigongsoyed is given in Chapter 2.

Third chapter discusses the preparation and cleization of a series of
rare earth based apatites;GREg.x(SiOs)s-<(POi)xO2 [RE= La, Pr, Nd, Sm, Eu, Gd

XVil



and Tb] (x= 0, 2, 4 and 6). The structure, micrasire and microwave dielectric
properties of the different compositions have bsamied. Among the various
compositions synthesized, fLag(SiO)4(POy).0, shows the best microwave
dielectric properties. Effect of various isovalesubstitutions on the microwave
dielectric properties of Ghag(SiOs)4(POy).0, has also investigated. The partial
substitution of PY for La®* is found to be effective in improving the temparat

coefficient of resonant frequency)(

Chapter 4 describes the development of some losy fass free phosphate
ceramics for LTCC applications. Detailed investigaton the microwave dielectric
properties of the series LiNigyZnPOs has been carried out. The ceramics show
low € and high quality factor. Thg of the ceramics has been tuned to a practically
acceptable range by Ti(addition. The excellent microwave dielectric pnajes
and the glass-free nature make compositions cotivyeetvith the commercially
available LTCC substrates. The tape casting of @inde developed composition,
LiMgPO,4 has been accomplished which is one of the criteatnological issues in

practical applications.

Fifth chapter deals with the preparation and chiaremation of polymer
matrix ~composites for microwave applications. Lowosd ceramic
CaylLag(Si04)4(POy).0, (CLSP) developed as part of the present studybaes used
as filler. High Density Polyethylene (HDPE) withAtldoss and good processability
has been chosen as one of the polymer matrix. Rgpa and characterization of
mechanically flexible composites for microwave amdions with butyl rubber
(BR) as matrix and CLSP as filler has also beenezhiout. The results of present
investigation are summarized in Chapter 6. Thiptdraalso proposes the scope for

some future work.

XVili



Chapter 1

Microwave dielectrics

This chapter discusses the role of dielectrics in
microwave electronics. A genera introduction about the
dielectric ceramics for microwave applications is given. The
fundamental physical aspects, working principle and some of the
practical applications of dielectric resonators are briefly
discussed. The various scientific and technological features of
ceramic as well as polymer-ceramic composites for electronic
packaging applications are also discussed. The chapter also cites
the important characteristics of Low Temperature Co-fired

Ceramics (LTCCs) and mechanically flexible substrates for

L

microwave applications.




CHAPTER 1

1.1 Introduction

Communication by any means is imperative in theetlgyment of a society.
From radio and television broadcasting to cellulsglephone, wireless
communication has reformed the world. Wireless comigation has become an
omnipresent part of the modern civilization. Amaihg various wireless systems,
cellular phone systems have shown an explosive thrower the last decade. The
number of mobile cellular subscriptions worldwideshreached almost 6 billion with
around 900 million in India. Wireless technologgds a wide range of applications
which includes radio and television broadcastingllu@r telephone systems,
Satellite communication, Wireless Local Area Netkgor(WLANSs), Global
Positioning Systems (GPS), Radio Frequency Ideatibn (RFID) systems,
Intelligent Transport Systems (ITS), Wireless Senstetworks (WSNSs) etc.
(Schwartz, 2005).

The evolution of present wireless communicatiortesys has its roots in the
theoretical prediction by J. C. Maxwell about thdstence of Electromagnetic
Waves and its experimental verification by H. He(Bozar, 2008). Marconi’'s
demonstration of wireless transmission of radimalg became a real breakthrough
in the development of modern wireless communica{i@Goldsmith, 2005). The
advent of using microwaves for wireless connegtiwdrastically improved the
information exchange capabilities. Past two decdumse witnessed remarkable
developments in wireless technology. The developragWireless Fidelity (Wi-Fi)
enabled fast and easy networking of computers aher odevices. Bluetooth
technology facilitated efficient short range commneation between electronic
devices (Khichaet al., 2010). Wireless sensor networks are found toxeemely
useful in many industrial and consumer applicatilikes industrial process control,
personal health monitoring etc. (Khicheaal., 2010).

Today, most of the wireless systems operate atomwewve frequencies. The
spectrum crowding and the requirement of highea dates were the driving forces
behind the migration towards the microwave freqiesic for wireless
communication. Microwaves span from 0.3 GHz to &Mz of the electromagnetic
spectrum with the wavelengths ranging from 100 ok tnm. Microwaves having
frequencies greater than 30 GHz are more spedyficaferred to as millimeter
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CHAPTER 1

waves. The microwave region is divided into diffarebands as per the

recommendations of Institute of Electrical and Elmuics Engineers (IEEE) and the

band designations are listed in Table 1.1 (Siseidsh, 2001).

Table 1.1 Microwave frequency bands (Sisodizal., 2001)

Frequency range (GHz) Designation
03-1 UHF
1-2 L band
2-4 S band
4-8 C band
8 —-12 S band
12 - 18 Ku band
18 - 26 K band
26 — 40 Ka band
40 — 300 Millimeter
Hz iy 0.3 |
‘ Im l&—— Military Search Radar
6 AM 0.6 —
10 = i l— UHF Broadcast TV
Shortwave 0.7 s - )} .
Radio - et Cellular Phones
1 GHz l— ATC Transponder Space Telemetry
108— VHF TV 2T —
M o - l“ cm —— Microwave Oven
Microwaves 4 M—  Airport Search Radar
]O”'_ ; . b T l¢— Satellite Communication
nirare B
—jg— STL Microwave Relay
13 Visible 8 —
10 . e— Airbom F C Radar
& 10 GHz e—  Microwave Relay
| 0]'— oy 20 M= Satellite Communicationdown
X-Rs — pe— Police Radar
18 G I cm Satellite Communication up
10 ™ * S Systems
100 GHz e Missile Secker
21 Gamma
10— o ; | mm
300  co—

Figure 1.1 The electromagnetic spectrum and various microvegyications.

Major applications of microwaves are summarizedrig. 1.1. The use of

microwaves for wireless communication has severdVaatages.

Primarily,

microwaves offer higher bandwidth (information gamg capacity). For faster data
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CHAPTER 1

transmission greater bandwidth is needed. Microvggeals travel by line of sight
which allows effective frequency reuse. Since thiromwave signals are not
refracted off the ionosphere, like many low frequemsignals do, they are more
suitable for satellite communication (Pozar, 2008jireless connectivity using

microwaves offer high speed voice, video and detass anywhere at any time.

1.2 Didlectrics

Ideally, dielectrics are materials that can stdmat not conduct electrical
energy. When a dielectric is introduced between tharges, the force between
them will be reduced compared to its value in vacutihis effect is allowed for in
calculations by introducing a property of the dotlie called permittivity §) or
equivalently relative permittivity which is the m@atof permittivity of the material to
the permittivity of free space (= €/€,). When a dielectric is placed in an external
electric field, the atoms or molecules within itllvget polarized resulting in a net
dipole moment of the material. In an ideal dielectthere will be no electrical
energy loss under the action of an alternatinglfisince the energy absorbed in
moving the bound charges during one half cycle bellrecovered in the subsequent
reverse half cycle. Thus in an ideal dielectriayrent and voltage will be 9®ut of
phase with each other. However, in actual dielesttosses occur. Losses are of two
kinds, (a) ohmic losses: resistivity of the diet&cis finite, although high and hence
there will be a net current in phase with the \gdtand (b) absorptive losses: due to
the friction associated with the motion of electtitarges in applied electric field
(Waye, 1967). In real dielectrics, the phase afigiebetween total current (I) and
voltage (V) will be 908, whered is called loss angle (Fig. 1.2).

IcA

2}

Y o>
Y

(-~
~
<

Figure 1.2 Vector diagram of charging, loss and total cusénta dielectric
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CHAPTER 1

.. . Power dissipated as heat
Dissipation factor = D (1.2)
Total power
V. IR .
=—=Cc0s@=sind
V.1 ¢
=tand sinced is very small

Alternately the real dielectric possessing enetgyage and loss processes can be
(1.2)

represented using the complex permittivity,
g — js"

*

& =

or using complex relative permittivity
(1.3)

.
& = & — )&

If an alternating voltag&/ = V,e/®t is applied to a capacitor containing the
(1.4)

dielectric, the charge stored
q=CV =¢gC,V

Where C and gare the capacitances of the capacitor containietgeatric and

vacuum respectively.

Total current,
d
1= 4
dt
(1.5)

= jwelC,V + weC,V

The first term on the right hand side of equatidn5) represents the
electrical energy storage and the second termrtbegg dissipatione;. is called the

relative permittivity and; is called relative loss factor (Henehal., 1990).

Then the dissipation factor or loss tangent is g
(1.6)

&
tand = =+
er
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CHAPTER 1

The inverse of loss tangent is called quality fa¢t@ = 1/ tand) and is used as a
figure of merit in high frequency applications. @eaily for dielectric ceramics, tan
0 increases with frequency. However, the productiudlity factor and frequency
(Qxf) remains almost a constant. Hence it is cuatyro report the quality factor as
Qxf (Sebastian, 2008).

1.2.1 Different polarization mechanisms

There are four different polarization mechanismsctvicontribute towards
the relative permittivity of a dielectric: (1) infacial (or space charge) polarization,
(2) orientation (or dipolar) polarization, (3) ienpolarization and (4) electronic
polarization. In a dielectric subjected to an al&ting electric field, with each
direction reversal of the field the dipoles tryremrient with the field direction. For
each type of polarization, there exists a minimewrientation time. The reciprocal
of this reorientation time gives a relaxation freqay. If the frequency of applied
electric field exceeds the relaxation frequency af particular polarization
mechanism, that mechanism will no more contributevards the relative
permittivity. The loss tangent will show a peak thais frequency due to the
anharmonicity in the interaction between the dipaled electric field. At low
frequencies, all the four mechanisms will be acanel as the frequency increases,
they weaken one by one as shown in Fig.1.3.

(1) Interfacial polarization: This kind of polarizatiooccurs due to the charge
accumulation at the interfaces or grain boundatigs.also known as Maxwell-
Wagner polarization. At higher frequencies, inteida polarization cannot
follow the field variations and hence disappeatse Iterfacial polarization will
be active up to around i6iz.

(2) Dipolar polarization: It involves the rotation ofpdles under the action of an
electric field. When an electric field is applied & polar substance, the
permanent dipoles within the materials will tendaayn in the direction of
applied field developing a net dipole moment in thaterial. The relaxation
frequency of this mechanism is ~ *0Hz. In linear dielectrics, dipolar

polarization occurs due to the motion of ions bemvaterstitial positions in the
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CHAPTER 1

lattice. In such cases, the dipolar contributiolaxes out at around $Hz.
Thermal disorder opposes dipolar polarization.

(3) lonic polarization: The relative displacement okpioe and negative ions in the
material under the influence of an electric fieddcalled ionic polarization. This
mechanism contributes to the relative permittivip/to ~ 18° Hz.

(4) Electronic polarization: It arises from the disgaeent of the charge centre of
electron cloud relative to the nucleus. Electropalarization follows the
variation of electric field almost instantaneouslye to the lighter mass of
electrons. Above I8 Hz electronic polarization solely defines the eéstic

properties (Hencht al., 1990).

Interfacial polarization

Dipole polarization

l (low freq.) (high frequency)
Atomic (or ionic)
| polarization
|
! Electronic
polarization
81’
4
L
L n L L . | L . .
107 10! 10 10° 10° 107 10° 1" 10"” 10"
Log frequency
[Ze]
=
o]
—

L s f " ., . N
10 107! 10 10? 10° 107 10° 10" 10" 10"
Log frequency

Figure 1.3 Frequency dependencesgpfand tand (Henchet al., 1990)

Both the ionic and electronic polarizations ar&jsct to a counter-active
restoring force and show resonance absorption @tasacteristic frequency (Fig.
1.3) (Maexa et al., 2003). At microwave frequencies ionic and eleato

polarization are the mechanisms responsible fdecliec properties of the material.
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CHAPTER 1

1.2.2 Resonance absor ption and relaxation absor ption

There are two different types of mechanisms whisle gise to frequency

dependent behavior of dielectrics: resonance absarand dipole relaxation.
(a) Resonance absor ption

An induced dipole can be imagined to consist obsitijve and a negative
charge bound together by elastic restoring for@é® dipole will have a natural
frequency of oscillationw,. It can follow the variation of an applied alteting
electric field of frequencw only if w < w,. The system is equivalent to mechanical
problem of forced harmonic oscillator (Rosenber§388). If x is the relative

separation of the charges of the dipole, then

d?x  y dx 2 eE, i
_ i - _ -0 jwt
3 + —n + wix —e a.7)

wherey is the damping coefficient, m is the mass, e ttegd and Ethe amplitude

of electric field.

The steady state solution of this equation is

_ —eEy/m
* 7 (w302 +iyw/m)] (1.8)
Now the induced dipole moment,
_ (e?/m)Eqel®t
e = Real (o2 =)t iCram) (1.9)
The coefficient of the electric field is the polability and is given by
. _ (e?/m)
ay = (o= w?) ity (1.10)
The complex relative permittivty,
. Nag
eg=1+ %
2
= 14— NE/m) (1.11)

go[(wZ—w2)+j(yw/m)]
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where N is the number of atoms per unit volumelgRiR001)
(2.11) and (1.3),

e=1+

Ne? w3 -w? ]

me, (wg—m2)2+(ym/m)2

and

_ Ne? [ (yeo/m) ]

E. =
T meo [(03-w?) 4 (yo/m)?

The variation ofe.. ande, near tow, is shown in Fig. 1.4.

Figure 1.4 Resonance absorption

(b) Dielectric relaxation

If a permanent dipole is oriented in an eledietd and is

. Comparing eqn.

(1.12)

(1.13)

then displaced, it

will vibrate about the field direction and eventyatelax back into its original

position. According to Debye, this orientationallgg@zation is

approaching its final value in an exponential manne
P(t) = Py(1 — ™)

where T is the relaxation time. The solution

equations:

! !

Ers—E€
! ! Irs Troo
& = €rwo + 52
1+wT
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1A !
v (ers—greo)wT
& = 2.2
1+w=t

(1.16)

wheree;s ande;,, are the low frequency (static) and very high fretuyevalues o
relative permittivity(Buchanan, 2004)The relaxation behavior representing tr
parameters ishown in Fig. 1.t

The transition from high to lo. occurs atw, = T+ and it tends to be
broader than that for resonance absorptilt is also noteworthy that, unlik
resonanceabsorptiol &, has no maximum and minimum on either side of thg @it

o (Rosenberg, 199).

Figure 1.5 Relaxation absorption

1.2.3 Estimation of relative per mittivity

The relative permittivity of a dielectric is reldtéo the polarizability of th
atoms comprising ifThe value of; can be calculated theoretically using ClaL—

Mossotti equation for cubic or isotropic materi(Frohlics, 1950

a1l _ (47 (%
== (1.17)
Rearranging
__ 3Vp+8map
&r = 3V —4map (1.18)
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where \}, is the molar volume andp is the sum of the dielectric polarizability of
individual ions. The value o, depends on the dielectric polarizability of the
constituent ions and the crystal structure. Accaydio the additivity rule of
molecular polarizability,op of a complex material can be broken up into the

molecular polarizabilities of simpler substancesai@on, 1993). For example

ap(A2BO4) = 20ap(A0) + ap(BO,) (1.19)

where A and B are the cations. It is also posstbleoreak up the molecular
polarizability of complex substance into the sunooff polarizabilities as

a(A-BO.) = 2a(A%) + a(A*) + 40(0%) (1.20)

The dielectric polarizability of several ions haseh reported by Shannon
(Shannon, 1993). The calculated usually agrees well with porosity-corrected
experimental values for well-behaved ceramics.dytibe noted that deviations from
calculated values can occur due to deviations fouiic symmetry, presence of
ionic or electronic conductivity, # or CQ in channels, rattling of ions, porosity,
presence of dipolar impurities or ferroelectric &#@br and also the fact that the
sample is ceramic and not a single crystal (Shanh®83). The deviations in the
reported values of dielectric polarizability anceeva small error in determining the
cell volume can significantly affect the calculatemlue of the relative permittivity
(Sebastian, 2008).

1.2.4 Factors affecting dielectric properties

The dielectric properties rely on several paranse@ssociated with the
material like impurities, processing conditionsapé transitions, defects, porosity
etc (Alfordet al., 1996; Alfordet al., 2001). The dielectric loss can be classified as
intrinsic and extrinsic. The intrinsic loss resuitsm the interaction of alternating
electric field with the phonons (Gureviehal., 1991). The external field alters the
equilibrium of the phonon system and the subsequgitation brings about energy
dissipation (Penmt al., 1997). Extrinsic losses occur due to the impeides like
dislocations, grain boundaries, inclusions and seqahases (Wersing, 1996). The

intrinsic losses set the lower limit of losses urg defect free crystals. In sintered
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ceramics, extrinsic factors dominate in determiniihg loss. There is no existing
theory to predict the microwave loss in dielectteramics. Hence the approach to
find out new dielectric ceramics for microwave aggtions is by trial and error

method involving preparing and testing a large nembf samples (Sebastian,
2008).

1.2.4.1 Effect of porosity

Usually it is very difficult to prepare sintered ramic with 100%
densification and pores will be present in the damiphe presence of porosity may
decrease the relative permittivity since air ltas=s 1. Pennet al. obtained the
following equation for the porosity correction elative permittivity of the ceramics
by considering the ceramic as a composite of twasph (ceramic and porosity) with
different values of; (Pennet al., 1997)

3P( c_l)
E€m = &¢ [1 - Z:Cﬁ] (121)
where g, and g; are the measured and correctgdP is the fractional porosity.

Similarly the correction for dielectric loss tangéas been obtained as

p \2/3
tan 8 = (1 — P)tan 8, + A’P (ﬁ) (1.22)

where tan is the measured value of dielectric loss,dgis the loss tangent of fully

dense material and’ Aa constant (Penei al., 1997).

1.2.4.2 Effect of moisture

The moisture captured within the pores will inceedlse dielectric loss of
sintered ceramics. The ions tightly bound in drgdibon may become free to move
in the presence of moisture and produce an additioss at low frequencies. The
dissociation of water into proton and hydroxyl ioray also produce free charge
carriers (Mollaet al., 1999). The dipole relaxation of water will resintincreased

loss at microwave frequencies also (Xiabgl., 2006).
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1.3 Didlectric ceramics

Ceramics are inorganic, non-metallic materials gahe molded through
high temperature sintering. The word ceramic isivéer from the Greek word
keramos, which translates to “potter’s clayCeramic materials are in general
thermally insulating, have high hardness and maae hary low thermal expansion
coefficients. Their shape is extremely stable duih¢ absence of capacity of plastic
deformation and high modulus of elasticity. Howewey are brittle due to the
inability of plastic deformation. Ceramics are osion and wear resistant (Murray
et al., 2008). They show diverse electrical behavior.réhare ceramic insulators,
dielectrics, semiconductors, conductors, supercciods, varistors, thermistors,

ferroelectrics, piezoelectrics etc. (Richerson,800
1.4 Microwave applications of dielectric ceramics

The use of ceramics in electronic equipments isvorg rapidly as a result of
their superior physical properties. Dielectric eeies play a vital role in microwave
communication. Microwave dielectrics are used asli@ectric resonators in filters,
oscillators and antennas, (b) microwave substratek (c) Low Temperature Co-
fired Ceramic (LTCC) for multilayer modules. Thdateve permittivity determines
the suitability of a low loss ceramic for each béde applications. High relative
permittivity (€, > 20) ceramics are required for microwave resasaito order to
facilitate miniaturization. On the other hand a loslative permittivity € < 15) is
required for microwave substrates and LTCC appboat Remarkable changes are
underway in the computer, telecommunication, autor@o and consumer
electronics industries. The challenging requireméntall these electronics are: (1)
lower cost, (2) light weight and portable, (3) higkerformance and (4) diverse

functionality (Tummalaet al., 1999).

1.4.1 Dielectric Resonator

In 1939 Richtmeyer introduced the concept DielectResonator (DR).
Dielectric Resonator is a component that can sttetromagnetic energy at certain
discrete frequencies. DRs are usually made up mainges having higte, and low

dielectric loss. DRs are smaller in size, weighd anst compared to the traditional
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wave guide cavity resonators. They can be easitprporated to Microwave
Integrated Circuits (MICs). DRs offer temperatutabgity of resonant frequency.
Due to these unique features, DRs have becomelkments in microwave filters

and oscillators (Pozar, 2008).

Figure 1.6 Sketch of multiple total internal reflections in DR

The energy confinement in DRs takes place thrdog internal reflection
of electromagnetic (EM) waves at the high permitgidielectric/air boundary (Fig.
1.6). If the transverse dimensions of the diele@re comparable to the wavelength
of the EM wave, then certain field distributionsmodes will satisfy the boundary
conditions for Maxwell's equations. As the relatipermittivity of the dielectric
increases, the impedance offered by the boundaoyiatreases which allows better
confinement of EM energy within the dielectric. Theflection coefficient
approaches unity when the relative permittivity maghes infinity. The trapped
electromagnetic waves will form standing waves teneyate resonance. For
resonance to occur, dimensions of the dielectngpéa must be in the same order of
wavelength EM wavelg) inside the dielectric. Sinc@y is related to the free space

wavelength X,) as

Ag = 22 (1.23)

an increase ig, will decrease the value of; and hence facilitate miniaturization.
For microwaves), is in centimeters and henag inside the dielectric having in

the range 20-100 will be in millimeters. Still largvalues ofe, give higher

Page | 14



CHAPTER 1

confinement of energy and better miniaturizatioowdver, highee, will also result

in higher dielectric losses because of inherenenatproperties (Sebastian, 2008).

The efficiency of a DR in confining EM energy cae éstimated using the

guantity called Quality factor (Q) defined as

Total energy stored per cycle
Q=2n &Y PP (1.24)

Average energy dissipated per cycle

Practically, the Q — factor is determined from tesonance peak, when the
DR is connected in the transmission mode, iEfthe resonant frequency antlis
the -3 dB band width of the resonant peak,
fo

Q=2 (1.25)

Q factor is a measure of the power loss of a miax@ system. The Q-factor

of a DR loaded in a circuit is termed as loadedityuiactor (Q) given as

L1,
T- o + o (1.26)

where Q is the unloaded quality factor of the system andigQexternal quality
factor. In practice, external losses (d/@rise due to coupling. If the coupling is low

then the unloaded Q-factor is approximately equ#éhé loaded Q-factor.

The unloaded quality factor is given by
— ==+ — (1.27)

where 1/Q is the dielectric loss (tad), 1/Q is the conductor loss, and 1/ the

radiation loss.

If all conduction, radiation and external losses regligible, then the loaded

Q-factor depends only on the dielectric lossesi@resonant structure
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. 1
l.e. Q= p—

(1.28)

However, the reciprocal of @Qr even Q will not be exactly equal to the loss
tangent. This is due to the fact that total eleotmergy in the resonant structure is

stored partly in the dielectric and partly in &epastian, 2008).

The temperature coefficient of resonant frequdmgyof the DR determines

the frequency stability.

1 Af
Tf = —

=t (1.29)

where Af is the difference in resonant frequency corresjoun to a temperature
difference ofAT. The temperature coefficient of resonant freqyaaaelated to the
temperature coefficient of relative permittivitse through the relation

Tf = —? — 0 (130)
whereq; is the coefficient of linear thermal expansioneTalue oft; should be
near to zero for practical applications. Howeveradue in the range -10 to + 10
ppm/PC is preferred to compensate for the slight chamgeke circuit design and

device construction materials. The microwave dielecproperties of some

important DRs are given in Table 1.2.

Table 1.2 Important microwave ceramics for DR applicatiogefsing, 1996).

Quality factor (Qy)

Ceramic £ T

(ppm/°C) At2GHz At20GHz
BayTigOz0 40 2 15000 2000
Zr08TiSMo-0, 38 0 15000 3000
BaTiJ(NixZn)usTad1.0s 30 3t0 +3 26000 5000
Ba[Sn(Mgy/sT 812)1,O5 25 0 > 40000 10000
Nd,05-BaO-TiO-B,05 ~90 0 3000 -
BiNbO, ~40 30 4000 -
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1.4.1.1 Modesin DR

Figure 1.7 Electric field distribution of Ths mode in equatorial plane (Kajfetzal., 1998)

Figure 1.8 Magnetic field distribution of Tksin the meridian plane (Kajfez al., 1998)

A microwave resonator possesses an infinite nunaberesonant modes.
Each mode has a particular resonant frequency @hvihe stored electric energy is
equal to the magnetic one. The possible resonadesican be classified into three:
Transverse Electric (TE) having only magnetic fieldmponent (k) along z-
direction, Transverse Magnetic (TM) having only otfie field component (B
along z-direction and Hybrid having non zero valt@sboth H and E. The fields
for TE and TM modes are axisymmetric whereas hybmates are azimuthally
dependent. Hybrid modes are designated as HE orb&¢d on the relative
contributions of E and H. The TE, TM, HE and EH modes are classified as
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TEnmp+s, TMnmp+s, HEnmp+s, and EHimpss, respectively. The first index denotes the
number of field variations in azimuthal directiadhe index m (m =1, 2, 3 ..... )
denotes the order of the field variations alongrddial direction and the index p+
(Pp=0,1,2.... ) that of the field variation aloniget z-direction (Snitzer, 1961;
Kobayashiet al., 1980). Practically a part of the field in the izedtion will decay
exponentially outwards the surface of the DR andersned as evanescent field.
Hence it is customary to denote the fraction of liadf cycle variation in the z-
direction withd (Chenet al., 2004; Pozar, 2008).

The resonant mode most often used in shielded m&vre circuits is Ths.
It is a transverse electrical mode having azimuthahmetry. For a dielectric
resonator with higle,, TEys will be the lowest order mode, provided thickn@ss
of the DR less than the diameter (D) (Krupka al., 1998). Typical field
distributions of Tlg;s mode in a cylindrical dielectric resonator arewghan Figs.
1.7 and 1.8 respectively (Kajfezal., 1998). For practical applications the design of
the resonators is done in such a way that thear@ismum separation of modes. The
DR aspect ratio (D/L) of around 2 is required tmidvthe interference of spurious
modes (Sebastian, 2008).

1.4.1.2 Applications of DR

Dielectric Resonators have become indispensalsigponents in microwave
communication systems due to their unique featuBds are widely used in
oscillators, filters and antennas. Oscillators pievsignal sources for frequency
conversion and carrier generation. Dielectric Rasaom Oscillators (DROs) are
typically employed in microwave communication sys$e radar systems, navigation
systems and other signal receiving or transmitsiygfems. Microwave filter is used
to control the frequency response by enabling tdw@smission within the pass-band
of the filter and attenuating the signal in thepsb@and. Dielectric Resonator Filters
are a class of stable microwave filters that aeqquently used in radar and
communication systems. Dielectric resonator anten{iZdRAs) are miniaturized
antennas of ceramics for microwave frequencies. ®B#& attractive as alternative

to microstrip antennas in microwave communication.
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1.4.2 Microwave Diglectric Substrate

Microwave substrates provide mechanical supportaagdided medium for
signal transmission. The dielectric properties leé substrate material have large
impact on the performance of the microwave modike signal propagation delay
through the substrate is given by

td = (131)

where | is the line lengtlg; is the relative permittivity of the substrate and the
speed of light. Thus substrates with low relatieenpittivity are required to increase
the speed of the signal (Sebastian, 2008). Theakigross talk between the
conductors can also be reduced by decreasing the wée,. The substrate should
have low dielectric loss (or high quality factoo) minimize the signal attenuation
and power loss. A microwave module experiences rgeaaof steady-state
temperatures, temperature gradients, and thernmmdkshthrough manufacturing,
storage and operation. The substrate material dhdiave low temperature
coefficient of resonant frequency (-101<< +10 ppmiC) to ensure the stability
performance while operation. Several semicondumtarponents will be attached to
the substrate and a large mismatch in their theerphnsion characteristics may
lead to the de-lamination of the components. Coniynased semiconductors in
microwave devices are Si and GaAs which have aneffis of thermal expansions
(CTE) of 3.5 ppnfC and 6.6 ppmMC respectively (Lorenzeet al., 2002; Watanabe
et al., 2004). Hence the ceramic substrates for microvegog@ications should have
low CTE. High thermal conductivity for the subsé&as also desirable for the proper
dissipation of excess heat generated in the moBuddectric substrate materials are

classified into hard substrates and soft substrates
1.4.2.1 Hard substrates

Hard substrates include ceramics and are desifablapplications where
bare die (chips) are used such as in a hybrid neodigramics are preferred due to
their dimension stability and inertness at typidaick-film firing temperatures.
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Ceramics offer very high electrical resistivities the order of 18 Q-cm. The
physical properties of some of the commonly usdukisate materials are given in
Table 1.3.

Table 1.3 Physical properties of selected substrate maseffiédrbert, 1985)

Property Al,O3 BeO AIN Borosilicate
CTE 6.6 7.5 2.7 3.2
(ppmFC)

Thermal conductivity 37 250 155 1.3
(WmK™

& 9.9 6.9 10 4.1
tand 1x10* 2x10% 2x10° 6x10"

Alumina is the most commonly used ceramic subestdaie to its electrical,
mechanical and economical advantages. One disayamf alumina is its higher
sintering temperature. Alumina substrates haveetgibtered at high temperatures
(> 1600°C) in order to achieve adequate density (Bucha?@®4). Berrylia (BeO)
has high thermal conductivity and high strengthclhgives it good thermal shock
resistant. It is used for applications in whichidapeat transfer through the substrate
is required. Its main disadvantages are higher andttoxicity. Aluminium nitride
(AIN) is another possible candidate that can bbzat for substrate applications.
AIN has high thermal conductivity and low coefficteof thermal expansion.
However preparation of substrates requires thersng of AIN powders in nitrogen
atmosphere at high temperature. In the past twad#s several low permittivity
materials like Forsterite (M&iO,), Cordierite (MgAl;SisO1g), Mullite (Al,SiOs),
Wollastonite (CaSig), Willemite (ZnSiO;) and Spinel aluminates (MgA), and
ZnAl,O,) have also been developed for microwave substiécation (Sebastian,
2008).

The increased performance requirements and lingpete availability has
led to the development of multilayer ceramic (MLg2ckaging. In MLC technology
the circuit patterns are fabricated on more tham lager of ceramic tape, the tapes
are then stacked and co-fired to form a single reodith three dimensional wiring.

The origin of MLC technology lies in the developrteat Radio Corporation of
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America (RCA) in the late 1950s. In 1965 RCA patent method of making
multilayer circuits. Thereafter remarkable progresss made in this technology.
Alumina was the ceramic used as substrate. Sineesithtering temperature of
alumina is very high, metals having high meltingnpdke Mo and W were used for
metallization. This multilayer technology is spemdly referred to as High
Temperature Co-fired Ceramic (HTCC) technology1980 IBM commercialized
HTCC circuit boards (Imanaka, 2005). Some of thenmonly used metals for

HTCC technology and their resistivity values aneegiin Table 1.4.

Table 1.4 Elements used as conductors in HTCC (Buchanar})200

Element Resistivity (uQ-cm) Melting point (°C)
Pt 10.5 1769
Pd 10.8 1552
Mo 5.2 2610
W 5.6 3410

Efforts were continued to improve the performaand reduce the size of the
electronic modules. The solution was to use fingmg and thereby increase the
circuit density. However if the line width decresselectrical resistance of the
wiring increases resulting in signal attenuationthis context it was essential to use
metals with low electrical resistivity like Au, Agr Cu. Since these metals have low
melting point (~ 1006C) they cannot be co-fired with alumina which nettased
the replacement of alumina with some other materialith low sintering
temperature. There came the new technology called Temperature Co-fired
Ceramic (LTCC) technology. The process steps iralin LTCC technology are
similar to the HTCC technology except the matenieed. In 1990s commercial use
of LTCC technology was started for the developmehtmultilayer electronic
modules. The excellent microwave performance tagetvith the possible
integration of passives has led to increasing apptin of this technology in

wireless communication systems (Buchanan, 2004n#ke, 2005).
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1.4.2.2 Soft substrates

Traditionally the packaging of integrated circui(§s) has been made using
ceramic substrates. However, the increase in tegnation level of IC chips and the
decrease in semiconductor prices forced the inguetreplace ceramic packages
with cheaper plastic packages or the so-called sdfstrates. Except in the cases
requiring high heat conduction and distribution,tremely high stability and
operation at very high frequencies, soft substratescommon in use (Buchanan,
2004).

Table 1.5 Properties of some low loss polymers (Gwatal., 1995; Koulouridiset al., 2006; Zhou
et al., 2007; Thomast al., 2009; Anjaneet al., 2010; Thomast al., 2011; Josepht al.,

2012)
Polymer & Tan & CTE (ppm/°C) TC (Wm?K™
Polytetrafluoroethylene
(PTFE) 2.0 ~10* 99 0.26
High Density
Polyethylene (HDPE) 2.3 ~10* 250 0.45
Polystyrene 2.1 ~1b 100 0.08
Epoxy 3.0 ~ 16 90 0.12
Butyl rubber 2.4 ~ 18 191 0.8
Silicone rubber 35 ~10 285 0.2

Generally, the polymers or polymer based comp®s#ee used as soft
substrates. Polymers like polytetrafluroethylen@HKPE), polyethylene, polystyrene,
poly-ether-ether-ketone and epoxy shows good dreteproperties (Bur, 1985).
However, their low thermal conductivity and higretimal expansion limits their
application as substrate in electronic modules. fommation of polymer-ceramic
composites by loading particles of hard ceramica polymer matrix is an effective
method in reducing the thermal expansion and impgpthe thermal conductivity.
For some applications, electronic circuits are & donformally wrapped around
curved surfaces. In such cases, either hard stdsta the conventional soft
substrates based on plastics cannot be used. Hgweeehanically flexible soft
substrates based on some elastomer may fulfilethexguirements. The properties of
some of the commonly used polymers for electropglieations are given in Table
1.5.
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1.5 Low Temperature Co-fired Ceramics

The tremendous growth of electronic industry hasedl new and even more
stringent requirements for improved materials amdcgsses. New electronic
systems for wireless communication, automotiveustdal, medical, military and
space applications have and will continue to demamdeased performance
requirements and higher densities at low cost. Thalenge mandates the use of
unigue packaging techniques such as Multi Chip NEglMCMs) that must not
only provide the increased circuit density but algee reliability, thermal,
mechanical and electrical performance. Low tempegato-fired ceramic (LTCC)
technology is competent to address the requireméntsTCC modules the passive
components like resistors, capacitors and induaogsintegrated into a monolithic
package thereby making the valuable circuit suri@ea free to incorporate more

active components.

Via Via Conductor
Blanking punching filling printing

Green
dielectric tape

Post-printing  Trimming
Laminati
I aminating — Co-firing  poc fring  Electrical test Final inspection

W N Y

Figure 1.9 Schematic representation of LTCC tape casting poce
(www.esiee.fr/~vasseurc/images/techno-LTCC.gif)

The process steps of LTCC technology starts withtdpe casting of the
substrate ceramic into thin sheets. The wiringgpast are then screen printed on the
green tapes. Vias for interlayer connection arecpad on the tape and are filled
with the metal paste. The patterned tapes are exfaakd laminated by applying
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pressure and heat. The laminate is then fired alde temperature to form a

monolithic structure (Imanaka, 2005). The overatigesses are shown in Fig. 1.9.
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= —— Contact

i 5, et " 5 area for IC
_f)' ' / /.‘}‘!‘.__\. :.'_:-': ;
4 & clamgr]l

_sa~ f' E 3

i vhal i 2
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Microstrip
‘— Inductor

Filter

— Capacltor

Figure 1.10 A schematic representation of an LTCC multilay@dode (courtesy: www.mshak.am)

The LTCC technology offers significant benefits ovlee other packaging
technologies in the development of MCMs. The speatlvantages include low
processing temperature, single firing step, hightpesolution of conductors, good
dielectric thickness control and unlimited layeunb(Gongora-Rubiet al., 2001).
The low line losses and competitive manufacturingste make the LTCC
technology attractive for microwave and even midter wave applications

(Barnwell et al., 1997; Wolff, 2009) Figure 1.10 shows the schematic of a typical
LTCC multilayer module.

1.5.1 Materials selection and requirements

1.5.1.1 Metal powder and pastefor LTCC

The general requirements for the electrodes aveelectrical resistivity and
good adhesion to the substrate. Table 1.6 givesmiigng point and the resistivity
values of the commonly used metals for wiring inQO modules. Among the
possible candidates, Ag is the best choice duetstolow resistivity and cost
effectiveness. The metallization paste is compasfethetal powder, glass frit or
metal oxide binder and an organic vehicle. The &ind necessary for adhesion to
the substrate. In LTCC modules Ag may be used tm fall the inner conductors

and via fills. However, it will not be used as suoh surface conductors due to its
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poor leach resistance and poor migration resistaawess the surface of the
substrate in the presence of an electric field fanadid atmosphere. The poor leach
resistance Ag (it dissolves rapidly in molten sojdean be improved by making
alloys with platinum (Pt) or palladium (Pd) with mmal effect on conductivity. The
silver migration can be circumvented by eliminatthg possibility of large voltage
differences between adjacent conductors in cirdegign or by encapsulating the
conductor with some glass encapsulant. In the cdseu metallurgy, Cu based
pastes can be used for all the electrical connextiSince Cu can be easily oxidized,
deoxidizing firing atmosphere is necessary for appVhile using Au metallurgy,
all the inner and outer conductors can be formeéagu&u as it has good migration
resistance. However, due to the poor solder leaskstance of gold, conductors
based on Pt/Au or Pt/Pd/Au is used for solderahigeroconductors (Buchanan,
2004; Imanaka, 2005).

Table 1.6 Elements used as conductors in LTCC (Buchanar4)200

Element Resistivity (uQ-cm) Melting point (°C)
Cu 1.7 1083
Au 2.3 1063
Ag 1.6 961

1.5.1.2 Substrate materials

LTCC technology is evolved from HTCC technologytiwthe purpose of
achieving high performance and hence the propersfiesramic substrate should be
so adjusted to fulfill the objective. Several fastwanging from the densification
temperature to production cost are to be taken awoount in the selection of

ceramic substrate for LTCC applications.
1.5.1.2.1 Densification temperature

In LTCC technology, the metal electrodes are tadpéired with the ceramic
substrate and hence the sintering temperatureeatdhamic should be less than the

melting point of the electrode material. In theyioeis section we have seen that Ag
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is the commonly used metal for the wiring in LTC®@dule. The melting point of
Ag is 961°C and hence the ceramic should densify at a teryerbwer than this
value. It is also noteworthy that the densificatiof the ceramic below 80T is
undesirable. If the densification occurs at sudova temperature, it may prevent
complete evaporation of organics used during LTGGcgssing resulting in the
traces of residual carbon in the module. The redidarbon left, if any, will degrade

the dielectric properties (Tummala, 1991).
1.5.1.2.2 Chemical compatibility with electrode material

The ceramic substrate used should not react wétleldctrode material. Fine
strip-line circuitry screen-printed on ceramic gresheets, must maintain its
structure, even after co-firing. Any reaction tloaturs between the electrode and
the ceramic can destroy the functionality of thedole. In order to achieve high
strength at the interface between conductor anéngheet, it is essential to
consider the compatibility of the resinous constitis used in the conductor and
those in the green sheet (Imanaka, 2005). The diffiaulties in the development
of new LTCC materials are not related to theirebgic properties; instead, they are
related to their sintering behavior, thermo-mecbtanproperties, and especially
their chemical compatibility (Valaret al., 2000).

1.5.1.2.3 Dielectric properties
(i) Relative per mittivity

The dielectric materials used in LTCC must haveaage of values for
relative permittivity to permit packaging and intatjon of embedded passive
components. Generally low relative permittivitsy € 4-12) materials are used as

substrates in LTCC modules in order to reduce itpeas propagation delay. High
permittivity materials are used as capacitor lagern® form resonator structures

(ii) Dielectric loss

At low frequencies, conductor loss is more domirthan dielectric loss as
far as signal attenuation is concerned. Howevegvebl GHz, the impact of

dielectric loss becomes significant with the inee@n frequency (Imanaka, 2005).
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The dielectric loss value of LTCC materials areegafly expressed as the product
of Q, value (1/tar®) and the measurement frequency in GHz (ie. @$)Qrhe value
of Quxf should be high (> 1000 GHz) for the dielectribstrate materials used in
LTCC (Sebastiamt al., 2008).

(iii) Temperature stability of dielectric properties

The temperature stability of resonant frequencgsisential for good circuit
performance. A temperature coefficient of resorfeequency value of 10 ppf@
causes a 0.11 % shift of the resonant frequendyiwihe temperature range from -
30 to +80°C, a common operation temperature range for maeilainals. Such a
shift in resonant frequency brings about a simdlange in relative permittivty since
both are proportional to each other (egn. 1.30ygéa; values are unfavorable,
because temperature compensation requires additropahanical structures or
electrical circuits. The value ak close to zero is greatly appreciable for LTCC

applications (Sebastian, 2008).

1.5.1.2.4 Thermal properties

The substrates undergo repeated cycles of therredssduring assembly
processes, reliability tests and device operafidrus in addition to the dielectric
properties, the thermal properties of the LTCC mial® must also be considered.
The important thermal properties under considemasice thermal conductivity and

coefficient of thermal expansion.
(&) Thermal expansion

The thermal expansion characteristics of a mateaalbe expresses in terms
of its coefficient of thermal expansion (CTE). C@izes the characteristic change in
dimension of the material for each degree changemmperature, as the material is

uniformly heated or cooled. Thus, linear CTE cambiéen as:

AL
o —_L AT (132)
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where AL represents the change in length over a temperapanAT and L the
initial length. For most of the ceramics a neaedin variation in length can be
observed in the temperature rangé@500°C. Several semiconductor components
will be attached to the substrate and a large nidmen their thermal expansion
characteristics may lead to the de-lamination ef ¢tbmponents. Hence the LTCC
substrates for microwave applications should have CTE matching with these

values.

(b) Thermal conductivity

The semiconductor chips will get heated duringrtbperation. The removal
of heat from the chip is very important in ordern@intain the chip temperature
below 100°C for its efficient operation. In recent years ddesable attention has
been devoted to the heat removal because of thegemwing need to fabricate high
density and high power devices that can operatéggatspeed. There are methods to
remove the heat from the back of the chip diretblya heat sink without going
through the ceramic (Schwartz, 1984; Tummala, 199bjvever it is desirable that
the ceramic substrate has high thermal conductsatthat the heat generated can be
easily dissipated especially in high power LTCC mnided. Special thermal
conduction paths called thermal vias are often &atnm the LTCC for the efficient
heat dissipation. In this case, high thermal cotidilg metals with excellent heat

transference are required as conductive materials.

1.5.2 Development of LTCC substrate

Most of the conventional ceramics with good micreevdielectric properties
have very high sintering temperature which is utadle for LTCC applications. In
general, there are three methods to develop lovpeesture fireable ceramics such
as (a) using glass-ceramic compositions (b) stantuith fine powders prepared
through chemical processing as precursors andsfoglceramics with inherently
low sintering temperature (glass free LTCC).

(a) Glass-ceramic compositions

There are three ways to prepare glass-ceramic @sitigns suitable for

LTCC applications. The first approach called thesgtceramic route starts with fine
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powder of a suitable glass composition that sitdethe full density in the glassy
state and then crystallizes. The devitrificatiorglafss greatly increases the viscosity
of the system during firing, making it stable agaifurther heat treatments. During
the sintering, the glass devitrifies to low losgstalline phases. Thus during the heat
treatment complete densification as well as sufiti crystallization will be
achieved. Typical example is MgO-Alks-SiO, glass system having cordierite as the
major crystalline phase (Knickerbocletral., 1993).

In the second approach, the glass-ceramic congp@sia mixture of glass
and ceramic powder in nearly equal proportion. Wéiaetered at a temperature near
to 900 °C the composition becomes a continuous vitreousvorét with the
crystalline phases dispersed in it. The densificaticcurs due to the viscous flow of
the glass. In most case reaction takes place bettheeglass and ceramic producing
new crystalline phases. Such reaction productsllysugprove the properties. For
example when the composition containing 55 wt. #maha and 45 wt.% lead
borosilicate glass is sintered at 9, anorthite crystallization takes place, due to
the chemical relation between alumina and leaddiorate glass. Anorthite is phase
with low & and low CTE (Shimadet al., 1983; Shimada&t al., 1990; Buchanan,
2004).

In the third approach (glass + ceramic) very sraalbunt of a low softening
point glass will be added to the ceramic to dendifyDuring heating, the glass
becomes liquid phase and fills the capillary porammels between the ceramic
grains. The subsequent liquid phase assisted isigtatensifies the ceramic
(Kemethmuelleet al., 2007). The amount of glass required to achievesifieation
decreases with increasing the particle size rataéen ceramic filler and glass. The
selection of glass materials is very important e sintering process. The main
requirement is that the glass in liquid phase shewdt the grains of the ceramics.
The use of glasses is found to be an effective twalecrease the firing temperature
and most of the LTCC materials developed so farghaies-ceramic compositions
(Sebastiaret al., 2008).

(b) Wet chemical processing

It has been observed that use of nano-sized ptmlepared through wet

chemical processing lowers the sintering tempeeafuranget al., 2003; Sanogt
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al., 2009; Vidyaet al., 2012). However in most cases this method is fiettve in
reducing the sintering temperature to such an éxtext the ceramic can be safely
co-fired with the low resistivity metals. Also tikbemical processing is complicated
and costly. Hence chemical synthesis is not comynoséd in the development of
LTCC.

(c) GlassfreeLTCC

The commonly used way to produce LTCC is the useylas-ceramic
compositions. However there are several disadvastég this method. Usually the
dielectric loss of glass phases is large compardhet crystalline phases. Hence it is
necessary to minimize the amount of glass in th€CTcomposition to get good
microwave dielectric properties. The developmeritglass-ceramic compositions
require initial glass preparation. The glass prafpan involves melting of the
mixture of raw materials in the temperature ran@@-2500°C, quenching and
pulverization. The high temperature treatment mayse the volatilization of the
constituents like BOs, B,O3;, PbO and LiO resulting in the unexpected variations
in the properties of the final LTCC compositionr(tianenet al., 2000). After firing,

a typical glass-ceramic LTCC consists of crystallphases, residual glass and phase
for the modification of the dielectric propertiedik¢ SrTiO;, TiO, etc.).
Unfortunately, the presence of several phases én LIRCC tape increases the
probability of chemical reaction between the suwdistrand the metal electrode
(Valantet al., 2004). In addition, presence of glass phasedarL#CC substrate may
bring about cracks while soldering due to the CTiEnmatch of glass and ceramic if
the amount of glass is greater than 5 wt.% (REiaal., 2005). Considering all these
factors, we can say that the development of newnaier compositions that can be

sintered at low temperature without any glass auldis greatly appreciable.

1.5.3 Other applicationsof L TCC technology

Apart from the electronic packaging applicatiob$CC technology
finds many other applications. This technology m@wnbeing applied for the
production of sensors and actuators due to its geledtrical and mechanical
properties, high reliability and stability as wels possibility of making three

Page | 30



CHAPTER 1

dimensional integrated microstructures (Golonk&)6)0The application of LTCC
to micro-high-performance liquid chromatographyi-HPLC) demonstrates
performance advantages at very high pressuresr¢Beta al., 2005). Nowadays
LTCC technology is widely used in the developmehtnacro-fluidic systems,

miniature fuel cells, Micro Total Analysis SystenisTAS), Polymerase Chain
Reactors (PCR), chemical micro reactors, photorewicds and Micro-Electro
Mechanical Systems (MEMS) packaging (Chebal., 2002; Golonkaet al., 2005).

Another interesting application of LTCC is in thevélopment of three-dimensional

shells used for example in spherical stepper nmtoadar sensor (lat al., 2002).

1.6 Composites

The term ‘composite’ refers to a combination of teno more materials,
differing in form or composition on a macro scal@e constituents do not dissolve
or merge and retain their identity. In modern usaggmposites are made by
dispersing filler such as particles, flakes ordtbin a matrix of polymer, metal or
glass. By combining two or more constituents, passible to create materials with
unique properties that cannot be achieved in anothg. For this, identification of
the important variables controlling the propertissof great importance in the
successful manufacturing of a composite. The cdivigcof the phases in the

composite also plays a crucial role in determirthng properties (Diagt al., 1996).

1.6.1 Composite properties

Generally the physical and chemical propertiesarhgosites are classified
into three.

() Sum properties

Sum properties are those properties in which tlopgnty coefficient of the
composite depends on the corresponding coefficeits constituents. Usually the
property coefficient will be in between those o tonstituent phases. The stiffness

and relative permittivity are the best examplessiam properties.

(b) Combination properties
Combination properties depend on two or more dffercoefficients of the

constituents. For example acoustic velocity depesmdsnodulus of elasticity and
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density of the material and the mixing rules foes@ two properties are often
different. Hence the acoustic velocity of a composan be smaller than those of its
constituent phases. Thus the combination properie®lve more than one
coefficient which average in a different way.

(c) Product properties

Product properties are more complex. The differpraperties of the
constituents combine to yield a new property, alpob property. For example in a
magneto-electric composite, the piezoelectric éffet on phase acts on the
magnetostrictive effect of the second phase toymed composite magneto-electric
effect which is a product property. In such cadég, interaction between the
constituent phases produces unexpected propertidseocomposite. Sometimes,
product properties are found in composites thatemtarely absent in the phases

making up the composite (Newnham, 1986).
1.6.2 Connectivity

Connectivity is a key feature in the developmentaottomposite since
physical properties of the composites rely largely the manner in which
connections are made. The spatial arrangement wipaoents in a multiphase
composite is of considerable importance since mtrabs the mechanical, electrical
and thermal fluxes between the phases. Thus, thelafeament of composites with
required properties involve choosing the constitydrases with the right properties
as well as coupling them in the best possible ma(iaset al., 1996). Each phase
in a composite may be self connected in zero, wv@pr three dimensions. In a two
phase composite there are 10 possible connecsidgsignated as 0-0, 0-1, 0-2, O-
3, 1-1, 1-2, 1-3, 2-2, 2-3 and 3-3 connectivity.e$& connectivity patterns are
illustrated in Fig. 1.11 using cube as buildingdiloIn general for a composite
containing n phases there are (n+3)!/3!n! conndygtipatterns (Newnhanet al.,
1978). The most commonly studied composites area® 1-3 configurations.
Composites with 0-3 connectivity can be easily pred at relatively low cost (Dias
etal., 1996).
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Figure 1.11 Connectivity patterns in a two phase compositeteay¢Diaset al., 1996)

Several methods have been developed for the @mparof two phase
composites like extrusion, tape casting and repiarmethod. Composite with 1-3
connectivity can be prepared through extrusionefamic slip is extruded through a
die to produce a three dimensionally connectecepaiwith one dimensional holes,
which can be filled later with a different materiél 2-2 pattern can be produced by
tape casting and stacking alternate layers of twiterdnt materials. In this
arrangement both the phases are self connectedbilitnensions (x-y directions),
however, not connected in the direction perpendictd the layers (z- direction). In
2-3 pattern one phase is two dimensionally condevtkile the second phase is
connected three dimensionally with each other. Pphitern can be considered as a
modified form of the 2-2 composite. In 2-2 patté@rholes are present in the layers
of one phase, layers of second phase can connettgth the holes to get three

dimensional connectivity (Newnhaehal., 1980).
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1.6.3 Polymer -ceramic composites

Polymer-ceramic composites are one of the impotkasses of composites.
In a polymer-ceramic composite, the physical propgrof the polymer matrix will
be modified with suitable ceramic fillers. Polynmmaramic composites can have
thermoplastic or thermosetting matrices. Thermapasre polymers that melts on
heating and solidify to a rigid state when coolatheut undergoing any chemical
change Polymers that are not cross linked are thermopgkstirhermosetting
polymers on the other hand irreversibly cure togal form. Cross-linked polymers
are thermosets. The curing may be carried out lyirfge or through some chemical
processing. Thermoplastics have the advantagettbpican be reworked by heating
for the purpose of repair, whereas thermosettingrices cannot be reworked
(Chung, 2000). Most thermoplastics are high mokecweight polymers whose
chains associate through weak Van der Waals f¢pmdgethylene); stronger dipole-
dipole interactions and hydrogen bonding (nylom)ewen stacking of aromatic rings
(polystyrene). There are two types of polymers aohous and semicrystalline.
None of the polymer is completely crystalline. Senystalline polymers contain
crystalline and amorphous regions in the polymexirchin crystalline regions the
chain can neatly fold over on it. In amorphous oagj on the other hand chain
folding does not occur. Bulky side groups in thaiohinhibit the folding and

increase the amorphous nature (Murebai., 2008).

1.6.4 Polymer -ceramic composites for electronic applications

Composites are traditionally used as structuralemsds. With the rapid
growth of electronic industry composites are figdimore and more electronic
applications. The importance of polymers in elenttapplications lies in the fact
that, although they are not inherently functioriagy can be made functional and
their soft or flexible nature enables the moldingai variety of different shapes. In
addition they are inexpensive, corrosion resisaack they have low density (Murray
et al., 2008). Polymer matrix composites find a wide mrg applications in
microelectronics like interconnections, substratemcapsulations, interlayer
dielectrics, die attach, electrical contacts, cetors, thermal interface materials,

heat sinks, lids, housings etc. (Chung, 2000). R&gcdhere is an increasing interest
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in polymer ceramic composites for microwave appiices because they enable
inexpensive industrial level realization of microxgadevices and packages with
advanced electric and mechanical properties.

Generally polymers have low processing temperancemany of them have
good microwave dielectric properties. However, lilve thermal conductivity and
high coefficient of thermal expansion of polymene ainfavorable.Ceramic—
polymer composites with 0—3 connectivity are attv@c materials for producing
microelectronic packages that combine the eledtpoaperties of ceramics and the
mechanical flexibility, chemical stability, and pessing possibilities of polymers.
Recently, a large number of polymer-ceramic contpediave been introduced for
telecommunication and microelectronic applicatiofise composites with a three-
dimensionally connected polymer matrix loaded wigblated ceramic particles
called composites of 0-3 connectivity is attractife practical applications.
Composites of 0-3 connectivity enable flexible ferand very different shapes with
very inexpensive fabrication methods like simpleximg and molding. Polymer-
ceramic composites used in microelectronic packpgave to simultaneously fulfill
diverse requirements such as low dielectric losn @), moderate relative
permittivity (g;), low temperature coefficient of relative pernvitly (t.), low
moisture absorption, low coefficient of thermal arpion and high dimensional
stability and mechanical stiffness. The processitggign aspects and requirements
for polymer-ceramic composites for microwave amilans are discussed in the
recent review “Polymer—Ceramic Composites of O0—3wtgativity for Circuits in
Electronics: A Review” authored by Sebastian anduleen (Sebastiagt al., 2010).

1.6.5 Mechanically flexible composites

Mechanically flexible electronic systems find apptions in various fields
including communication, automotive, biomedical aa&fospace. In a near future
flexible electronics will replace several conventb electronic circuits. The
development of technologies based on organic nadgenprinted polymers, inkjet
print chemicals, carbon nanotubes and thin filmisenductors contributed to the
evolution of flexible electronics. The progressliese areas have generated several

new applications like flexible displays, flexiblachconformal antenna arrays, solar
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cell arrays, radio-frequency identification (RFIRgs, flexible batteries, electronic
clothing and biomedical devices (Patlkal., 2008; Siegeét al., 2010).

Electronic circuit printed on a flexible dielectrsubstrate constitutes the
base of flexible electronics. Such electronic assr® should have good flexibility
and stretchability, so that they can take the shadpe object in which they are
integrated giving more comfort. Examples for sugstems are implants, intelligent
textiles, portable electronic equipments like melphones and navigation systems,
robotics etc. (De Geytegt al., 2008).In addition to being readily bendable, the
flexible substrate must have good dielectric areirtfal properties. Unfortunately,
there is no single phase flexible material meegiththese requirements. Some of the
elastomers show exceptional dielectric propertiesvall as flexibility. But they
have large coefficient of thermal expansion and poermal conductivity which are
undesirable for substrate applications. On theerobtand, dielectric ceramics are
well known for their good dielectric properties,wmothermal expansion and
moderatelyhigh thermal conductivity. But their inherent Hetiess precludes them
from direct use. Hence neither elastomers nor desaoan be used as such for the
flexible substrate applications. The most convenigay to get all the requisite
properties together is by the formation of elastooeamic composites (Thomeis
al., 2011).
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Synthesis and char acterization

Detailed description of various steps involved in the
preparation of dielectric ceramics, LTCC tapes and polymer-
ceramic composites for microwave applications is given in this
chapter. Various characterization techniques used to study the

structure, microstructure, microwave dielectric properties,

7

thermal and mechanical properties are also discussed
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2.1 Ceramic processing

Most of the earth’s solid surface is composed atural ceramics and the
earliest human beings used these materials foowsapurposes. Ceramic processing
has very ancient history when someone found thaat cbuld be hardened by fire
and since that time pottery making has developeshast. Remarkable progress in
synthetic chemistry and related fields has madestmhesis of various ceramic
materials possible. The preparation of these asdlfi materials required the
development of ceramic processing from an art sgiance. This development has
supported the basis of so-called ‘fine or advaraedmics’. The functions of these
materials depend on their morphology, over whichtid has been gained through
advances in production processes. Ceramic falwitadithe combination of various
process technologies to produce monolithic or caitpaeramic components with
a given shape, size and microstructure for a gognposition. The microstructure
governs the properties of ceramics to a large &xed the manufacturing process

strongly influences the microstructure (Norton, Q93aito, 1985; Richerson, 2006).

Ceramics are prepared by powder metallurgicalgeees. The processing of
ceramics into useful products involves alloying ti@vdered raw materials with
additives, pressing followed by sintering and fmigy. The final properties of a
ceramic component rely on the nature of the rawnermrads used. The synthesis of
specific powders with better control over the cheahiand physical characteristics
allows obtaining improved and reproducible progertiThe are several methods for
ceramic powder synthesis which can be broadly dledsinto (a) mechanical
methods (b) solid state reaction methods and (ejnatal methods (Arai, 1996). In
the mechanical methods, fine particles are prodfroed larger ones by mechanical
forces, a process referred to as comminution. Thegss involves operations such
as crushing, grinding and milling. Mechanical treant of ceramic powders can
reduce particle size and enables to obtain eveon-stactured powders. Powders
of traditional ceramics are usually prepared by me@al methods from naturally
occurring raw materials. The most commonly usedhogktfor the preparation of
ceramic powders in bulk is by solid-state reactidae to its simplicity and cost
effectiveness. Several chemical methods like etrgel, molten salt, co-
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precipitation, sol-gel, hydrothermal and polymeeqursor methods are available to
prepare very fine ceramic powder (Johnson, 1985iruifal et al., 2001).
Nevertheless the sinterability of bulk ceramicspared using chemically derived
powders is found to be very poor and hence nortbesfe techniques could give a
higher quality factor for dielectric ceramics comgzh to those prepared through
solid state route. Moreover the stringent operatocmmditions involved in the
reaction sequence as well as the high cost of peulimit the usage of chemical
methods for the industrial fabrication of DRs antnawave substrates. Hence in
the present study we employed the conventionall stéite synthesis of ceramics for

the fabrication of dielectric ceramics.
2.2 Solid state synthesis

The solid state ceramic route is the conventiomatl easiest way of
synthesizing complex oxide materials. The methatlires basically four steps (a)
intimate mixing of the raw powders in stoichiometratio, (b) high temperature
firing/calcination (c) intermediate grinding and) (sintering. On heating at high
temperatures, the new phase will be formed to redioe free energy, at the points
of contact through solid state diffusion (Fig. 2.Ihis new product layer (of a few
Z\) subsequently acts as a potential barrier betileztwo grains and thus impeding
further material transport. This demands the nefedew point of contacts to be
introduced which is usually achieved through gmgdior ball milling (Kingery,
1960; West, 1984). The process steps involved il state route is discussed in

detail below.

Figure 2.1 Schematic representation of reaction product l&yenation (Kingery, 1960).

Page | 39



CHAPTER 2

2.2.1 Selection and weighing of raw materials

The proper selection of raw materials requires @eaiabout the final
material properties stipulated. For example, it lbe@sn observed that increased level
of impurities is detrimental to the microwave dattec properties (Alfordet al.,
1996). Hence it is necessary to use high puritstistamaterials for the synthesis of
microwave ceramics. Mainly oxides of the constitugations are used as precursors
in the solid state method. Sometimes, when theesxate hygroscopic carbonates
will be preferred. For example MgG@ould be used as a source of MgO which is
less hygroscopic than MgO (West, 1984). In the gmestudy, electronic balance
with four decimal place accuracy is used for waighithe raw powders in

stoichiometric ratio.

2.2.2 Mixing of raw materials

The objective of mixing is to increase the point€antact between reactant
oxides, which in turn enhance the product layemtttion. The process of mixing
breaks the agglomerates so that the individualighest can move relative to one
another. During the mixing, defects are introdugdd the grains which enhance
diffusion during the subsequent heat treatmentréibee the mixture of powders is
ground well and thoroughly mixed using distilledteraor ethanol. Ball mills are
used for the mixing purpose. In the present ingasion, the mixture of constituent
powders taken in polythene bottles and ball mifledsufficient duration in ethanol
using Yttria Stabilized Zirconia (YSZ) balls. Inethmilling process, the particles
experience mechanical stresses at their contantspdue to the collisions with the
milling medium, other particles and mill wall. Thate of milling is determined by
the relative size, specific gravity and hardnesthefmedia and particles. The shape
of the milling media (balls) is an important factorball milling as it determines the
final size distribution. Using spherical balls, siee distribution will be broad since
two balls have only one point of contact betweesnmthOn the other hand, using
cylindrical balls with ‘dome ends’ more uniform andarrow particle size
distribution will be obtained (Roset al., 1958). This is due to the fact that
cylindrical balls offer a line of contact betweéem.
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2.2.3 Calcination

Calcination is thénigh temperaturéreatment of the starting raw materials to
allow their reaction towards the desired compou@dlcination promotes the
interaction between the constituents to yield aemmalt that after grinding and
compaction will sinter to a dimensionally, mechaflicand electrically satisfactory
body. The compound may not be fully formed duriadcimation and some further
diffusion of ions may assist sintering (Herbert83P The kinetics of solid state
reactions that occur during calcination may be letd by any one of the three
processes: (i) the reaction at the interface betvlee reactant and the solid product,
(i) heat transfer to the reaction surface or @#s diffusion or permeation from the
reaction surface through the porous product lajiére heating programme of
calcination is to be selected based on the formraactivity of the reactants. If one
or more of the reactants is an oxysalt e.g. MgQ@ke mixture should be first heated
at an appropriate temperature below the calcinggamperature for a few hours so

that decomposition of the reactants occur in arotiati manner (West, 1984).
2.2.4 Grinding

The calcined ceramic powder will contain largeiggand agglomerates. On
sintering, the agglomerates will grow together inémger particles producing
porosity in the microstructure (Barsoum, 2003). éteto achieve a dense defect free
microstructure, the calcined powder should be giourio fine powder before
sintering. The grinding process decreases thecpmasdize, increases specific surface
area and provides surface activation. For grindimgll quantities (< 20 g), agate
mortar with pestle is used. Agate is preferablecesinit is hard, unlikely to
contaminate the powder and with its smooth, nomyp®rsurface, is easy to clean
afterwards. For quantities larger than 20 g, mamgualding is difficult and hence

ball mill is used.
2.2.5 Addition of polymer binder

Binders are added to give enough strength to teengbody while handling
or green machining prior to densification. Theytcoa the ceramic particles and

provide lubrication while pressing and temporaryndiag after pressing. The
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polymeric binders are normally burnt out before sifetation. Some binders leave
carbon residue, especially when fired in reducihgosphere (Richerson, 2006).
The selection of binder must be based on compé#yillith the ceramic and the
purity requirements of the application. In modermrarnic technology, for die
pressing, a narrow range of water-soluble orgamddys, such as poly vinyl alcohol
is most often applied (Onoda al., 1973). The binder concentration required is
about 3 wt% in dry process, 3-17 wt% in wet progcessnd 7-20 wt% in plastic
forming (Lampmaret al., 1991). The commonly used polymers for ceramidlipig
purpose are poly vinyl alcohol (PVA), poly ethyleglgcol (PEG), methyl cellulose
etc. (Alford et al., 2000). The burnout of polymeric binders becommplete by
600 to 700°C in oxidizing atmosphere (Baklou al., 2001).

2.2.6 Uniaxial pressing

The compaction of ceramic powder is an importaagetin the ceramic
processing. A typical compaction process involegd basic steps: (i) filling the
mold or die with powder (ii) pressing the powderat@pecific size and shape and
(ii) ejecting the compact from the die. Uniaxiakpsing is the most commonly used
method for powder compaction. It involves the coatipm of powder into a rigid
die by applying pressure in a single axial dirattibrough a rigid plunger or piston
(Richerson, 2006). Compaction is done slowly toilitate the escape of the
entrapped air. The pressure applied should becgarifi for the pressed compact to
achieve a density of about 60 % of that of theyfdkénsified sample. This can be
normally achieved at a pressure between 100 — 3B, Mepending on the aspect
ratio and other shape factors (Herbert, 1985). Oh¢he major problems with
uniaxial pressing is the nonuniform density of t@mpact. This may lead to
warpage, distortion or cracking during sinteringeTdensity variation occurs due to
friction between the powder and the die wall andwken powder particles,
nonuniform fill of the die and the presence of hagdjlomerates in the powder. The
die wall and particle —particle friction can be wedd by using suitable lubricants
and binders (Richerson, 2006). Stearic acid digsbim Propane 2-ol can be used as
a lubricant to reduce the die wall friction. Higtgglished Tungsten Carbide or steel

are used as the die material, which also helpsaatgleal to reduce the friction.
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2.2.7 Solid state sintering

The word "sinter" comes from the Germ@nter having the meaning “solid
piece of matter remaining after combustion”. Simigris a thermally activated
transition of a powder or porous system to a thelynamically more equilibrium
state through a decrease of free surface energwdlves heat treatment of powder
compacts at elevated temperatures, where diffusimaas transport is appreciable
which results in a dense polycrystalline solid. iDgrthis process removal of pores

occurs combined with growth and strong bonding ketwadjacent particles.

(@) (b)

Figure 2.2 Schematic of (a) densification followed by granewth (b) coarsening (Barsoum, 2003).

For sintering to happen, the following factors s present: (1) a driving
force, (2) a mechanism for material transport &)da(source of energy to activate
and sustain this material transport (Richersong208intering is accompanied by a
decrease in surface area and hence the free eokthg system. The sources that
bring about this lowering of free energy are idigedi as the driving forces for
sintering. Three possible driving forces are (¥ thrvature of the particle surfaces,
(2) an externally applied pressure and (3) a cham&action. The mechanism of
sintering is through material transport. In crylgtel solids, material transport occurs
predominantly by diffusion. There are several patirough which diffusion can

occur. These paths define the mechanisms of difusand therefore the
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mechanisms of sintering (Rahaman, 1999). Heateigpthmary source of energy, in
conjunction with energy gradients due to particetple contact and surface
tension. There are mainly two types of sinterirajidsstate sintering in which only
solid phases are present during sintering anddigpiase sinteringvhere small
amounts of liquid phase will be present at sintetemperature.

The reduction of the excess energy associated suittaces while sintering
can happen in two ways (1) reduction of the totaefexe area by an increase in the
average size of the patrticles, which leads to evang (Fig. 2.2a), and/or (2) the
elimination of solid/vapor interfaces and the damatof grain boundary area,
followed by grain growth, which leads to densifioat(Fig. 2.2b) (Barsoum, 2003).
There are several competing paths for the matéraalsport to the neck area
between two particles in contact. Some of these lealensification which requires
the centers of particles approach each other. &haining transport mechanisms
lead to coarsening in which growth of neck occumsreéby reducing the specific
surface area without shrinkage. The various pasghbths for material transport in
the initial stage of sintering are given in Tabld 2nd are depicted in Fig. 2.3.
Evaporation-condensation and surface diffusioncagsening mechanisms. On the
other hand grain boundary diffusion and latticefudiion are densification

mechanisms.

Table 2.1 Alternate paths for material transport duringesiimg (Chiangget al., 1997).

M echanism number Transport path Source of matter ~ Sink of matter
1 Surface diffusion Surface Neck
2 Lattice diffusion Surface Neck
3 Evaporation- Surface Neck
condensation
(Vapor transport)
Boundary diffusion Grain boundary Neck
Lattice diffusion Grain boundary Neck
Lattice diffusion Dislocations Neck

The various stages involved in the solid statwesng are shown in Fig. 2.4

below.
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Figure 2.3 Different paths for material transport during sitrig (Chianggt al., 1997).

(a) Initial stage of sintering:

It involves rearrangement of particles and initredck formation at the
contact point between each particle. The rearraegéronsists of slight movement
or rotation of adjacent particles to increase tliner of points of contact. After the
initial stage, the densification of the sinterimargponent increases by ~10% and it is
reached very quickly after exposing powder to heghperature because of the large
surface area and the high driving force for singi(iKingeryet al., 1955).

(b) Intermediate stage of sintering:

The second stage of sintering is referred to &ernmediate sintering. The
physical changes that occur at this stage aresite of the necks between the
particles grow, porosity decreases and the cemtetbe original particles move
closer together. The grain boundaries begin to nsovhat one grain begins to grow

while the adjacent grain is consumed. This allove®ngetry changes that are
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necessary to accommodate further neck growth andoval of porosity.
Intermediate sintering continues as long as poanmdls are interconnected and
ends when pores become isolated. Most of the shgmlduring sintering occurs
during this stage. During this stage the relatiemsity increases to about 95%
(Gupta, 1978).

Figure 2.4 (a) & (b) Initial stage, (c) Intermediate stage gdplFinal stage of sintering (Lampmein
al., 1991).

(c) Final stage of sintering:

It involves the final removal of porosity by vacgrdiffusion along the grain
boundaries. Therefore the pores must remain closd grain boundaries. Pore
removal and vacancy diffusion are aided by the nmmam@ of grain boundaries and
controlled grain growth. However, if grain growghtoo rapid, the grain boundaries
can move faster than the pores and leave thentasoiaside the grain. Therefore,
grain growth must be controlled to achieve maximwemoval of porosity
(Barsoum, 2003).
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2.3 Casting of LTCC tapes

The first step in the production of multilayer a@ia modules is the casting
of ceramic into thin tapes. In tape casting, alaled the doctor-blade process,
ceramic slurry is spread over a surface using efaldy controlled blade referred to
as doctor blade (Rahaman, 1999). This method wexdinced for ceramic materials
for the first time by Glenn Howatt in 1947 (Howatttal., 1947) and ever since it has
been used to produce multilayer capacitors, ceramiostrates, High Temperature
Co-fired Ceramic (HTCC) and Low Temperature Codir€eramic (LTCC)
applications. The tape casting method is able tmlywe flexible, self-supporting
green ceramic sheets with a wide thickness ran@eu(t—1 mm). The tapes also
have smooth surfaces suitable for accurate prinbrfigrm e.g. conductive patterns
(Mistler et al., 2000). The process flow chart for tape castirgh®wn in Fig. 2.5.

Ceramic powder
preparation

Characterization

‘ Dispersant H Milling }4—{ Solvents ‘
‘ Binder }—P‘ Mixing ‘4—{ Plasticizer ‘

Viscosity control

‘ De-airing ‘
[

‘ Tape casting ‘
[

‘ Drying ‘

Shaping
|
| lamination |

I
| Binder burnout |
|

Sintering

Figure 2.5 Process flow chart for tape casting.
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Table 2.2 Composition of tape casting slurry (Buchanan, 2004

Component Function

Part 1

Ceramic powder Provide the desired material ptogser

Solvent Solvate polymer binders, and functionatlitikes; disperse powder
particles

Dispersant Disperse powder particles; controkibgree of particle agglomeration

Part 2

Binder Interconnect powder particles; provide gréape strength; guarantee
laminate formation

Plasticizer Give flexibility to the green tape

Homogenizer Makes the system uniform throughoutesgents skin formation

Tape casting involves the preparation of ceramicrglwith good flow
properties and casting the slurry into thin taple Tape casting slurry will be
prepared by dispersing the ceramic powder in aalslaéit solvent using some
dispersant followed by the addition of binder atakspcizer to increase the strength
and flexibility of the final tape. Tape casting da@ accomplished through aqueous
or non-aqueous route. In aqueous route, water esl @s the solvent for slurry
preparation and in non-aqueous route some orgaierg will be used. Non-
agueous systems offer the advantage of fast anddegisg of the cast tapes. The
solvent used must dissolve the dispersant and bibideially binary solvent systems
are used due to their increased ability to dissdlifferent organic additives, greater
control over the slurry rheology and drying speddkture of ethanol and xylene is
one of the commonly used binary system for tapéirgasConventionally fish oil
has been used as the dispersant for tape castihgvaks with most of the ceramic
powder. The higher deflocculating ability of fish is due to the presence of a large
variety of long chain fatty acids in it. Polymerinder provides strength to the
green tape by holding the ceramic particles togetRelyvinyl butyral (PVB) is a
binder extensively used in tape casting systenastitizers impart flexibility to the
ceramic green tape. Plasticizers are classifieflype | and Type Il depending on
how they work to provide flexibility. Type | plastzer softens the polymer chains
of the binder and make the tape more stretchahileowt fracture. Butyl benzyl
phthalate is suitable Type | plasticizer compatiiigh PVB. Type Il plasticizer
lubricates the tape matrix, thus providing flextlil It also provides good flow
properties to the slurry during casting. A homogenimay also be added in the tape
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casting slurry to avoid the skin formation whileyidg the tape (Moreno, 1992;
Mistler et al., 2000; Imanaka, 2005). The generally used ingréslief tape casting
slurry and the function of each component are giuefable 2.2.

I@I _____ _
_______________________________________________ |
< - . support table - o
L= [r w '7 w =4

Figure 2.6 The tape casting process (courtesy: Britannicy&lapedia).

The tape casting slurry will be prepared in a twage process. In the first
part the ceramic powder will be ball milled for 2urs with the solvent and
dispersant. In the second part Type | plasticidzgmpe |l plasticizer, binder and
homogenizer will be added and ball milled for amotB4 hours (Table 2.2). The
slurry prepared should have low settling rate s ithwill be stable until the casting
is complete. The rate of settling increases with phrticle size and density of the
ceramic powder. Usually air bubbles will get enpag within the slurry while
milling and it may cause defects in the tape castiyct. Air bubbles may produce
pinholes in the tape which can lead to cracks ujrging. Hence the entrained air
must be removed from the slip before casting. This be done by de-airing the slip
using low vacuum. The viscosity of the slip is alsde considered while de-airing.
High viscosity slips are difficult to de-air andjrere more time and agitation during
the process (Mistleat al., 2000).
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In tape casting there are four primary variables slip viscosity, carrier
speed, blade gap and reservoir heduich control the tape thickness. The viscosity
of the slip determines the extent of fluid flowdhgh the blade gap due to the forces
acting on it. A low viscosity slip will flow freelyhrough the gap under the pressure
of the reservoir. The viscosity of most of the t&jasting slips is in the range 0.5 to
6 Pa.s at low shear rates. The speed of carrieclomshould remain constant until
the casting is complete to avoid the thicknessatiamn. Increasing carrier speed with
all other variables held constant will decrease tdqickness. The distance between
the carrier and the bottom of the doctor bladeddlgap) is the most important
variable in determining the tape thickness. Anyngfeain the blade gap will bring
about proportional changes in the slip velocity dimags affect the tape thickness.
The pressure on the slip increases with the heajhthe slip in the reservoir
(reservoir height) which in turn increases the shjocity. A change in one of these
four variables can be offset by an opposite changene or more of the other
variables. Usually, reservoir height and castingespare held constant while the
blade gap is varied to account for the changes istosity thereby yielding
repeatable tape thickness (Mistbeal., 2000).

Figure 2.7 Photographs of (a) tape casting machine and @i)L3aCC tape.

The tape casting machine (Keko equipment, Sloyeunsed and the
LTCC tape developed in the present study are shmowfkig. 2.7 (a) and (b)
respectively. Once the tape is cast, it will bewaéld to dry either naturally or using
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some hot air circulation depending on the solversisd in the tape casting slurry.

The dried tapes will be used for further charaztgron.

2.4 Preparation of polymer-ceramic composites

Figure 2.8 Photographs of Kneading machine (a), hot pressai) polymer-ceramic composite
samples (c, d).

Polymer-ceramic composites are prepared throughmasidplending. The
polymer and ceramic are mixed thoroughly in a kimgadhachine (sigma mixing).
The kneading machine is a variable speed mixemigatwvo counter rotating sigma
blades with a gear ratio of 1:1.2 and heating itgcilp to 300°C (Fig. 2.8). The
counter rotating sigma blades ensure fine mixingymylying high shear force on the
mixture. In the present study, composites basedHmh Density Polyethylene
(HDPE) and butyl rubber has been prepared. Fomptheparation of HDPE based
composites, desired amount of polymer (normally g)5is taken in Kneading
machine and slowly the temperature is increasedh@semperature increases, the
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polymer starts melting and viscous fluid is formd@dhen the required amount of
ceramic is added in small amounts keeping the testyore constant and rotating the
sigma bladesThe preparation temperature is about 280 The mixing of Butyl
rubber and ceramic is carried out in a similar wathout heating. The HDPE-
ceramic composites are then hot pressed af@d0r 30 minutes under a pressure
of 20 MPa. For Butyl rubber-ceramic composites, motding conditions are 2 MPa
pressure at 208C for 90 minutes. The hot press used (Fig. 2.84h})) some of the
samples prepared (Fig. 2.8 (c), (d)) are showngnZ8.

2.5 Structural and microstructural characterization

2.5.1 Powder X-ray diffraction

Sample
(w-axis) 6 I
. =10 || IF
0 A — I 1
2 ) X-ray tube
@ G
Detector (26-axis)

Figure 2.9 Schematic representation of an X-ray diffractom@féasedaet al., 2011).

The experimental technique which has been of tleatgst significance in
revealing the structure of crystals is undoubtetihay diffraction. This technique is
most useful for qualitative, rather than quantiatianalysis (although it can be used
for both). X-rays incident on a sample will either be transeditor scattered by the
electrons of the atoms in the material. In geneita, scattered waves interfere
destructively with each other, with the exceptidnspecial orientations at which
Bragg's law is satisfied. The direction and intgnsif the scattered (diffracted)
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beams depends on the orientation of the crystatdatvith respect to the incident
beam. The crystal lattice consists of parallel r@i@toms separated by a unique
distance (d-spacing), which are capable of diffractX-rays. Intense reflected
beams will be produced when the path differencesvdEn reflections from
successive planes in a family is equal to whole memof wavelength (Hammond,
2009). The powdered sample provides (theoreticallypossible orientations of the
crystal lattice. The powder should be ground exélgniine to a size of 1@um or

less for the accurate reproducibility of relatireslintensities (Cullity, 1978).

The X-ray diffractometer is a precision instrumeiith two axes @ and D)
of independent rotation. This equipment recordsrhensity data of a diffracted X-
ray beam, as a function of angle, so as to saisfgg’s law under the condition of
X-rays of known wavelength. The basic design of difecactometer is shown in
Fig. 2.9. The X-ray source (F) and detector (G)lethe circumference of a circle
centered at the sample holder (S). When the pogitio<-ray source is fixed and the
detector is attached on th®-2xis, the powder sample is usually set ondhaxis
corresponding to the center of the diffractomet&uring the course of
measurements, theb-2xis rotates two times as much as thexis. This is to
maintain the experimental condition that the armgéveen the plane of the sample
and direction of the incident X-ray beam is eqoahtat of direction of the diffracted
beam, with reference to the direction of propagatid the incident X-ray beam
(Wasedeet al., 2011). Diffraction data from many materials héveen recorded in a
computer searchable Powder Diffraction File (PDEQmparing the observed data
with that in the PDF allows the phases in the sanplbe identified. In the present
work powder XRD spectra are recorded using Quidiation (X’Pert PRO MPD
X-ray diffractometer, PANalytical, AlImelo, Nethenlds).

2.5.2 Scanning electron microscopy

In light microscopy, a specimen is viewed througkesies of lenses that
magnify the visible-light image. However, the scagnelectron microscope (SEM)
does not actually view a true image of the specjman rather produces an
electronic map of the specimen. The SEM is a mgops that uses electrons instead

of visible light to form an image. In these micropes the electron beam is focused
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onto a small spot on the sample that is then schaomss the surface to build up a
two dimensional image. The scanning electron maops has many advantages
over traditional microscopes. The SEM has a largpthd of field, which allows

more of a specimen to be in focus at one time (Reih985). The SEM also has
much higher resolution, so closely spaced specintansbe magnified at much

higher levels.

Yacuum
Chamber
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Condenser
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. ; Electron
Condenser ' z Bearm

Lens.
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Lens

Chamioes - | Backseatter

Heay et ' Detector
Detector = ' .
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Figure 2.10 Schematic representation of SEM (courtesy: h#pighce.howstuffworks.com)

The interaction between primary electron beam dred dample produces
secondary electrons, characteristic x-rays, an# beattered electrons. The SEM is
capable of producing high-resolution images of ma surface in its primary use
mode, namely secondary electron imaging (SEI). ids®lution of SEM can fall
somewhere between less than 1 nm and 20 nm. Atrieddly conductive (usually
gold) coating must be applied to electrically irdulg samples. In the present study
Scanning Electron Microscope of JEOL JSM-5600LVkyi@m Japan has been used

for analyzing the microstructure of the samplegpared.
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2.5.3 Atomic for ce microscopy

Atomic force microscopy is a very high resolutioqpé of scanning probe
microscopy used to exploit contact and non conftaices for imaging the surface
topology of materials. The Atomic Force Microscdp&M) consists of a cantilever
with a sharp tip (probe) at its end that is useddan the specimen surface. The
cantilever is typically silicon or silicon nitrideith a tip radius of curvature on the
order of nanometers. When the tip is brought intaxjnity of a sample surface,
forces between the tip and the sample lead to ladfiein of the cantilever. A laser
beam, which is deflected from the backside of thatitever, is directed to a 4-
segment positional photodetector, which is divided segments for measurements
of normal and lateral deflections of the cantilevEne AFM can be operated in a
number of modes, depending on the applicationelmegal, possible imaging modes
are divided into static (also called contact) modesl dynamic (non-contact or
"tapping”) modes where the cantilever is vibratiedtapping mode, the tip of the
cantilever does not come in contact with the samsphéace. Instead it is oscillated
at a frequency slightly above its resonant freqyembe drop in vibration amplitude
of the cantilever when the tip comes into intexactivith a sample is used as a
measure of these interactions (Yabal., 2005). AFM (NTEGRA, NT-MDT,
Russia) operating in tapping mode regime is usddarpresent study to measure the

surface roughness of ceramic green tapes.

2.6 Dielectric characterization
2.6.1 Radio frequency dielectric measurements

The dielectric properties of the samples upto 1Mtz measured using the
parallel plate capacitor method with the aid ofL&R meter (HIOKI 3532-50 LCR
Hi TESTER, Japan). The parallel plate capacitorhmetinvolves sandwiching a
thin sheet of the material between two electrodefotm a capacitor. This is done
by uniformly coating silver paste on both sidesyindrical specimens of diameter
~ 10 mm and thickness ~ 1mm. LCR meter measuresdhmlex impedance by
auto balancing bridge technique from which the capace and loss tangent are

calculated. Then relative permittivity is calculhtesing the equation
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ErE0A

C:d

(2.1)

where C is the capacitan@ande, are the relative permittivity of material and free

space respectively. A and d are the cross sectawealand thickness of the sample.
2.6.2 Measurement of microwave dielectric properties

In general, the methods for the measurement of aw@&ve dielectric
properties fall into two categories: non-resonamthnds and resonant methods.
Non-resonant methods are often used to get a dmmeraledge of electromagnetic
properties over a frequency range. On the othed,h@sonant methods are used to
get accurate knowledge of dielectric propertiea &ingle frequency or at several
discrete frequencies. In non-resonant methods, piloperties of materials are
fundamentally deduced from their impedance and waealecities in the material.
Non-resonant methods mainly  include reflection rmdth and
transmission/reflection methods. In reflection noel$y, electromagnetic waves are
directed to the sample and the properties of thmepka are deduced from the
reflection coefficient. In a transmission/reflectimethod, the material under test is
inserted into a segment of transmission line aedpitoperties of the materials are
deduced on the basis of the reflection from theentand the transmission through
the material. The transmission and reflection me#share used to measure the
dielectric properties of medium and high loss mater(Krupka, 2006; Sebastian,
2008).

Resonant methods usually have higher accuraceseamsitivities than non-
resonant methods, and are most suitable for low-t@nples. Resonant methods
generally include resonator method and resonantipation method. In resonator
method, the test specimen acts as a resonatorim#asurement circuit and the
dielectric properties of the specimen are deterchinem its resonant frequency and
guality factor. In a resonant perturbation methtite sample is inserted into a
resonator, and the properties of the sample amilesdd from the changes of the
resonant frequency and the quality factor of theomator caused by the sample
(Chenet al., 2004).
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2.6.2.1 Network analyzer

Network Analyzer is the major instrument usedhis tinvestigation for the
characterization of low loss microwave materials. rhicrowave engineering,
network analyzers are the basic instrument usednayze a wide variety of
materials, components, circuits and systems. Bysoresy the amplitudes and
phases of transmission and reflection coefficienetywork analyzer reveals all the
network characteristics of the analog circuits (Céeal., 2004). Network Analyzer
is a swept frequency measurement equipment to @&ieipl characterize the
complex network parameters in comparatively les® tiwithout any degradation in
accuracy and precision. Two types of network arekyzare available, scalar and
vector network analyzers. Scalar network analyzeasures only the magnitude of
reflection and transmission coefficients while tleetor network analyzer measures
both the magnitude and phase. Both the magnitudk pdrase behavior of a

component can be critical to the performance adraraunication system.
2.6.2.2 Measurement of relative per mittivity (g;)

The relative permittivity of dielectric ceramics aften measured by
the method developed by Hakki and Coleman (Haklki., 1960) and modified by
Courtney (Courtney, 1970). In this method a circdiac of material whosg to be
measured is inserted between two mathematicallyiief conducting plates, as
shown in Fig. 2.11. If the dielectric material sofropic then the characteristic

equation for this resonant structure operatingy@ g, mode may be written as

Jo(@ _  »Ko(B)
Ji(w) BKl(m (2.2)

where J(a) and J(a) are Bessel functions of the first kind of ordeeso and one
respectively. The K[) and K(() are the modified Bessel functions of the second

kind of order zero and one respectively. The patarea andf3 are given by

=27 e
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1
p=2[(%) -] * (2.4)

0

where | is the number of longitudinal variationstioé field along the axis, L is the
length of the DR, D the diameter of DR adg is theefspace resonant wave
length. The characteristic equation (2.2) is adtandental equation and hence a
graphical solution is necessary. Correspondingaithevalue of3 there is infinite
number ofa, that solves the characteristic equation. Hakki @otéman obtained a

mode chart showing the variationmfvalues as a function @t
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Figure 2.11 Hakki-Coleman method for measuriggby end shorted method and mode chart of
Hakki-Coleman givingx; as functions of (Hakki et al., 1960; Courtney, 1970).

The Thi1 mode is used for the measurements since this rpomEagates
inside the sample but is evanescent outside itteéfbre a large amount of electrical
energy can be stored in the high Q dielectric ragms (Kobayashet al., 1980).
However, in the open space post resonator setyggriaof electrical energy is
radiated out as evanescent field and hence thd exdale number is usually
expressed a8 since it is less than 1 (ie., §E). In the end shorted condition the E
field becomes zero close to the metal wall andteteenergy vanishes in the air gap
(Cohn et al., 1966). Courtney used two horizontally orientedield probes for
coupling microwave to the DR instead of the iriugling used by Hakki and
Coleman. This increased range of frequencies taatbe used for measurement
(Courtney, 1970). Rewriting the equations (2.3) &éad) for Tk, mode we will
get
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6, =1+ LDch]Z (o2 + %) (2.5)

where { is the resonant frequency. The mode chartifas shown in Fig. 2.11.

In the experimental setup, a vector network arealyiz used for taking
measurements at microwave frequencies. The specim@taced approximately
symmetrical with two E-probes. The resonant modewsualized by giving a wide
frequency range in the network analyzer. To selleet Tk;; resonance from the
several modes having non-zerocBmponents, the upper metal plate is slightlydilte
to introduce an air gap. As the plate is tilted éméire TM modes move rapidly to
the higher frequencies while the giEmode remains almost stationary. It is well
known that in exact resonance technique,o;7Es least perturbed by the
surroundings. After identifying the pR mode, span around that resonant peak is
reduced as much as possible to get maximum regolafid the resonant frequency
fo Is recorded. By knowing the diameter ‘D’ and ldngt’ of the samplef is
calculated using equation (2.4). From the modetcltia value ofx; corresponding
to 3; value is determined. Thenpis calculated using eqgn. (2.5). The possible emror

the measurement ef is of the order of 0.3% (Sebastian, 2008).

2.6.2.3 Measurement of quality factor

There are several methods to measure the quatyorf of dielectric
ceramics. However, many of them fail to accounttifier practical effects introduced
by a real measurement system such as noise, dkpgstapling losses, transmission
line delay, and impedance mismatch. Inadequateuatiog of these effects may
lead to significant uncertainty in the Q-factorahed. For a DR, the quality factor
measured by the end shorted method of Hakki andrzam will be very low due to
the conduction and radiation losses (Sebastian8)20a order to reduce these
effects, in the present study the unloaded quédityor (Q,) of the DRs is measured
using a transmission mode cavity proposed by Krugtkal. (Krupkaet al., 1998).
The DR specimen to be characterized is placed enaidylindrical copper cavity
whose inner surface is silver coated to reduceatiaadi loss. The size of cavity is

designed to be 3-5 times the size of the samplba@an, 2008). Samples with
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diameter/length (D/L) ratio of 1.8 - 2.2 are usedyet maximum mode separation.
The DR specimen is kept over a quartz spacer platéde inner bottom surface,
which enables to avoid the conduction loss. Thetgas provided with a tunable
upper lid (Fig. 2.12 (a)). This enables to tune hiegght of air layer in the metallic
cavity and hence to provide more accuracy in therdenation of the resonant

mode and quality factor.

_
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Figure 2.12 (a) resonant cavity for the measurement of Q faatat (b) method of calculating the
half power bandwidth (Anjana, 2008).

Microwaves are fed into the sample by magnetic togpusing two loop
coaxial antennas. The coupling is adjusted to b@nojn. The spectrum of ,$
(return loss) versus frequency can be observedeméetwork analyzer. In principle
the cavity has infinite number of modes, when extitvith microwaves. T
mode will be the fundamental mode with least pédtion when the tunable top lid
is adjusted properly. After identifying the JiEmode, the lid is fine tuned to get
maximum separation between gifE and any nearby cavity modes, to attain
maximum possible accuracy in thg@easurementhe resonant frequency)fand
the half power (-3dB) bandwidti{) of TEq15 can be measured from the resonance
spectrum as shown in Fig. 2.12 (b). Then the loapedity factor can be calculated

using the relation

Q == (2.6)
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If the couplings between the cavity and the twaigraission lines are weak

and equal, the unloaded quality factor)@Qan be calculated using the equation

Q=15 (2.7)

where the coupling coefficient, B = 10(5215/20) (2.8)

with $;; 5 being theS;; value at the resonant frequency. The uncertamtpss

measurements using §i& mode cavity method with optimized enclosures ishef
order of 2x1¢ (Sebastian, 2008). In the microwave frequency eatng quality
factor decreases with frequency. Hence the qutitior of dielectric resonators is

conventionally represented in terms qf XJf, rather than Q

2.6.2.4 M easurement of temper ature coefficient of resonant frequency (T;)

The temperaturetability of resonant frequency of DR is a major cem in
microwave devices. The temperature stability magxsmined using the parameter

17 defined as

o= LA
£ ¢, AT

(2.9)

In order to measurg, DR is kept in a cavity, and the peak corresponding
TEp15 mode is observed in network analyzer. Then theeesét up is heated in the
temperature range of 25 to 70. The shift in the resonant frequency ofyEvith
temperature is noted at regular intervals and &leevofr; is calculated using the
egn. (2.9). The value af is usually expressed in parts per million per degrelsius
(ppmFC).

2.6.2.5 Split Post Dielectric Resonator (SPDR) method

Split Post Dielectric Resonator method is suitdblethe measurement of
dielectric properties of samples in the form ohia tsheet (Krupkat al., 1996). The
SPDR mainly consists of two dielectric discs sefgardy a small air gap in a metal

enclosure (Fig. 2.13). The dielectric discs ara #mnd the height of metal enclosure
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is relatively small, so the evanescent electromtigfield is strong not only in the
air-gap region outside the cavity but also in theity region for radii greater than
the radius of the dielectric resonator. Thereftwe ¢lectromagnetic fields are also
attenuated in the cavity so it is not necessatgke them into account in the air gap.
This simplifies the numerical analysis and redugessible radiation. The SPDR
usually operates in Tods mode. The sample under test is placed in the gapeen
the two parts of the resonator, usually at the golaicmaximum electric field. The
loading of a dielectric sheet sample changes tlsenant properties of a split
resonator, and the dielectric properties of the pdantan be derived from the
resonant properties of the resonator loaded withpga and the dimensions of the
resonator and the sample (Cletil., 2004).

;
Dialectriciresonator

Sample

i |
Dialactric resonator

Coupling loop

Metal enclosure

z

Figure 2.13 Schematic diagram of an SPDR (Sebastian, 2008).

The real part of complex relative permittivity che calculated from the
measured resonant frequency and sample thickneas #srative solution to the

equation

fo—fs

e =1+ hfgK,(erh)

(2.10)

where h is the thickness of the samplg s the resonant frequency of empty SPDR,
fs is the resonant frequency of the resonant fixtuth dielectric sample and Ks a

function ofe, and h K¢ was computed for a number fand h for a given resonant
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fixture and tabulated. Then the relative permityiwaf the test specimen is evaluated
using some iterative procedure (Krup&aal., 2001). The dielectric loss tangent

calculated using the equation

tand = (Qu ' — Qpr — Qc)/Pes (2.11)
with
Pes = he Ky (g, h) (2.12)
Qc = QcoKz (e, h) (2.13)
Qpr = Qpro (i—:) (%) (2.14)

wherepes andpepro are the electric-energy filling factors of thettegecimen and the
empty SPDR respectivelye#k is the electric-energy filling factor of the dietec
split resonator containing the samplep @ the quality factor depending on metal
losses for empty resonant fixturepd is the quality factor depending on dielectric
losses in dielectric posts for empty resonant fext@and Qis the unloaded quality
factor of the resonant fixture containing the ditie sample. The values pépr, Pes
and Qfor a given resonant structure can be calculatetyusumerical techniques.
The sample should be flat and must be positionet hat it extends beyond the
diameter of two cavity sections. The uncertaintyhia measurement @f is about
0.3%. The resolution for loss tangent measuremisnts 2x10° (Krupka et al.,
2001).

2.7 Thermal characterization

Thermal analysis includes the techniques in wiizime physical parameter
of the system is determined and recorded as aifumof temperature. Some of the
thermal characterization methods adopted in theegmteinvestigation are discussed

below.
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2.7.1 Thermo gravimetric analysis (TGA)

On heating, losses in weight of the material maguodue to the burning out
of organic matter and by dissociation or reductbrceramic; gains in weight may
accompany their oxidation. The thermo gravimegchnhique provides a simple and
accurate method of obtaining quantitative datahes¢ aspects of the effect of heat.
This method involves the continuous measurementhefweight of the sample

subjected to a selected firing profile that is digdaear (Pennisi, 1991).
2.7.2 Dilatometry

The shrinkage of ceramic while sintering can besuesd by following the
change of length in a particular direction as acfiom of temperature without any
stress imposed other than the sample’s mass (&adin 1992). The data obtained
includes the shrinkage of a composition and morg@ontantly the onset and
completion of the sintering cycle. The thermal exgan of the samples, which is an
important parameter for electronic packaging ajgpilon of the dielectric materials,
is also studied using the dilatometer. The valudiredar coefficient of thermal
expansion can be calculated using equation (1l82he present study, Dilatometer
DIL 402 PC, NETZSCH (Selb, Germany) is employed both thermal expansion

and shrinkage measurements.
2.7.3 Thermal conductivity

The thermal conductivityA) of the materials can be calculated from the

thermal diffusivity €1), specific heat capacity gCand densityd) using the equation
A = apC, (2.15)

The laser flash method can be used to measur&¢heal diffusivity. The method
involves subjecting one face of the sample to @rldash and monitoring the
transient temperature response of the opposite Tdeethermal diffusivity value is
calculated from the specimen thickness and the tiewgired for the rear face
temperature rise to reach certain percentages shaximum value (Hasselmah

al., 1985). The heat capacity of the sample is alsasored simultaneously by
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comparing the temperature rise in the sample witit in a reference material
(Parker et al., 1961). When the thermal diffusivity of the speemis to be
determined over a temperature range, the measuremsst be repeated at each
temperature of interest. In the present study taenonductivity is measured using
a laser flash thermal properties analyzer (Flaste L2000, Anter corporation,
Pittsburgh, USA).

2.8 Tensile properties

Among the various tests used to evaluate mechamiogkrties of materials,
tensile test in which the sample is pulled to f&lin a relatively short period of
time, is perhaps the most useful. In this tesstmaple is elongated at a constant rate
and the load required to produce a given elongasomeasured as a dependent
variable. A stress-strain curve may be plotted ftbmresults of a tension test which
may reveal the toughness of the material (Haydeh., 1984). In the present study
the tensile properties of the samples are measusiiy a Universal Testing
Machine (Hounsfield, H5K-S UTM, Redhill, UK).
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Microwave dielectric properties of
somerare earth apatites

This chapter deals with the preparation and
characterization of a series of rare earth apatites Cap.xREg
x(S104)6-x(PO4)xO2 [RE= La, Pr, Nd, Sm, Eu, Gd and Th] (x= 0,
2, 4 and 6). The structure and microstructure of the ceramics are
analyzed using the powder X-ray diffraction and SEM
respectively. Caylag(Si04)4(PO4)20, has good microwave
dielectric properties. Effect of isovalent substitutions of Sr*,
Pr¥*, (GeOy)* and (VO,)¥ in the respective divalent, trivalent
cationic and tetravalent, trivalent anionic sites of
CayLas(S104)4(PO4)20; is dso studied. The partial substitution of

Pr3* for La® is found to be effective in tuning the T; without

)

much affecting €; and Q,xf.
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3.1 Introduction

Wireless communication using microwaves opened umew era of
information exchange. Dielectric ceramics have @thya pivotal role in
universalizing the microwave communication systebys making them more
efficient, miniaturized and cheaper. The continuidgvelopments in wireless
technology demand low cost ceramics with excellemcrowave dielectric
properties. Dielectric ceramics function as resonascillators, filters, antennas and
substrates in microwave modules. The relative péwuity (€;) of the ceramic has a
major role in determining the function of a ceramm@& microwave communication
system. Microwave dielectric resonators should Haigh relative permittivity for
miniaturization. For the ceramic to be used ashastsate, it should have a low value
of & (< 15). The carrier frequency for several wirelsystems is approaching
towards the millimeter wave region, as the lowenfrencies are getting congested.
For instance, frequencies above 20 GHz in Localtigint Distribution Service
(LMDS) systems (Kim, 2000), 20/30 GHz in Ka-bantefae systems (Castanet
al., 2002)24 GHz in ultra wide band short range radar (SRR)esns and 77 GHz
in long range radar (LRR) systems for automotiveliaptions(Strohmet al., 2005)
are being used. Millimeter wave frequency bandseroffarge transmission
bandwidths and efficient frequency reuse (Khawajal., 2008).Low permittivity
ceramics are required for the dielectric resonabparating at higher frequencies.
So far, several ceramics with good microwave dtgleqroperties have been
developed (Sebastian, 2008). However, attemptstdreontinuing to develop new
materials with diverse values @f and a better balance between the requisite

properties.

Generally aluminates and silicates are found tehaw relative permittivity
suitable for substrate applications (Tsunoekal., 2003; Surendraet al., 2004,
Surendraret al., 2005; Sebastian, 2008; Josegtal., 2010). The phosphates also
show relatively low permittivity. However, only lited exploration of the
microwave dielectric properties of phosphates hasenb reported. The
pyrophosphates #,0; (A = Ca, Sr, Ba; Mg, Zn, Mn) have good microwave
dielectric properties witlg, varying from 6.1 to 8.4, &f varying from 12300 to
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53500 GHz andt; from -23 to -746 ppmMC (Bian et al., 2004). Rare earth
orthophosphates ReR@rm another class of microwave dielectrics wathn the
range 7.8-11.1 (Chet al., 2009). The composition YbRMas the highest &f of
71650 GHz and DyPPhas the lowest; of -17 ppm/C. BaTizP.O:5 has been
observed to possess good microwave dielectric ptiepes; = 20.7, Qxf = 42200
GHz andts = + 37 ppmIC (Zhouet al., 2010). The ceramics in the series BaNb
»TaP2011 (X = 0 to 2) are also found to have good microwasdectric properties
(e, = 12.9 to 25.3, xf = 5300 to 28900 GHz and = +46 to -29 ppniC) (Thomas
etal., 2012).

3.2 Phosphates

Phosphates are the compounds in which each phaspatom is surrounded
by four oxygen atoms to form R@etrahedron. Phosphorus exhibité dmnding in
the phosphates. By sharing oxygen atoms betweetetitahedra, chains, rings and
branched polymers of interconnected ,P@®trahedra can be produced (Wazer,
1958). Crystalline phosphates can be classified i) linear phosphates and
polyphosphates (b) cyclic phosphates and (c) ulaphates. The linear
polyphosphates contain {s+1)™"?" anion, where n is the number of tetrahedra.
They include: (1) orthophosphates containing 4fOion (2) pyrophosphates
containing (RO;)* ion and (3) triphosphates containing@)° ion (Sneeckt al.,
1956).

H 1
o— ' —0 O_—-rlih—- S— | —0
0 o 0
Orthophosphate Pyrophosphate
o O o 0 ]

l | I |l I I
R Y
o o o] o o . O

Triphosphate Polyphosphate

Figure 3.1Linear polyphosphate ions (Rashehal., 2000).
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It is also possible for the R@etrahedra to link together to form cyclic aniavisich
results in cyclic phosphates (Sneeidal., 1956). The general formula for their
anions is (ROsn)™ and the cyclic phosphates are known for n = §, 4, 8, 9, 10,
and 12 (Durif, 2005). In ultraphosphates, at lesashe of the POtetrahedra share
three oxygen atoms to form cages, sheets or thmeendional structures (Rashahi
al., 2000). The phosphorus containing minerals ar@ophosphates containing
isolated PQtetrahedra (Wazer, 1958).

3.3 Apatites

Apatites have long been studied for their catalg@ativity, luminescent
properties and biological applications (Wanmaleral., 1971; Monma, 1982;
Hench, 1991). They form a large family of compounwith general formula
M1o(ROs)6X2> with M being a monovalent to trivalent cation (N&*, C&*, SF*,
La®*, PP, etc.), (RQ) a trivalent or tetravalent anion ((B®, (VO,)*, (SiOy)* etc.)
and X a monovalent or divalent anion (QHF, CI, O etc.). Apatites have
hexagonal structure and belongR6s/m space group (Serret al., 2000; Ardanova
et al., 2010). The structure consists of isolated,R€rahedra arranged in such a
way to form two distinct channels running along thedirection. The smaller
channel is occupied by the M cations. On the otiaerd the larger channel contains
a ring of M cations with the X anion occupying thesitions in the channel centre
(Fig. 3.2). Thus the M cation has two possiblessitd(l) with 9-fold coordination
(4f) and M(Il) with 7-fold coordination (® (Serretet al., 2000; Tolcharcet al.,
2005). The average covalency of M(ll) site is higtan that of M(l) site (Boyest
al., 2000). Large number of possible substitutionsthair sites makes apatites
attractive class of materials for functional apalions.

The distribution of cations between the two noniegjent M sites has been
addressed in several studies (Schroetlar., 1978; Hughest al., 1991(a); Hughes
et al., 1991(b)). In the rare earth oxy-apatitesRH#;(Si0,)s0. (M = Mg, Ca, Sr, Ba)
Felsche suggested that Mg and Ca ions can occufly sités whilst larger Sr and
Ba ions occupy only the M(l) site (Felsche, 1972)ater Blasse predicted that
alkaline-earth ions reside in M(l) site except wiiee RE" ions are large (eg. £§

and M* ions are small (eg. M) where M* ions may be accommodated in M(Il)
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also (Blasse, 1975). The structural refinemenCal ag(SiO,)sO, has shown that
M(ll) sites are solely occupied by t's@ons, whereas M(l) sites are occupied equally
by La®* and C&" ions (Schroedeet al., 1978). Similar results have been obtained
for (SKLRE,)(REs)(Si0)60: (RE = La, Pr, Th, and Y) apatites also (letal., 2011).

It has been reported that in Cay(POy)sO2 apatite LA™ ions occupy only the M(ll)
position whereas Gaions occupy both M(l) and M(ll) sites (Sergt@l., 2000).

Figure 3.2The apatite structure MRO,)sX, (Kendricket al., 2007).

3.4 Microwave dielectric properties of Ca.REg«(SiO4)s-x(P0O4)x02 [RE= La,
Pr, Nd, Sm, Eu, Gd and Tb] (x=0, 2, 4 and 6) apdés

The present work is focused on the developmenbuotesrare earth bearing

oxyapatites for microwave applications.

3.4.1 Experimental

CaREs«(SiOg)sx(POy)O2 (x=0, 2, 4 and 6) ceramics were prepared by
the solid state ceramic route. High purity CaC®®+ %, Sigma-Aldrich, St. Louis,
MO, USA), PgO1;, EwOs, GA0Os, ThOs; (99%, Treibacher, Althofen, Austria),
La,O3 (99%, Indian Rare Earths Ltd., Kerala, India),,8¢ (99.9%, Indian Rare
Earths), Sn0O; (99%, Indian Rare Earths), Si(99.6%, Sigma-Aldrich) and
NH4H.PO, (98+ %, Sigma-Aldrich) were weighed as per theckiometric ratio
required and ball milled in ethanol for 24 hourshayittria stabilized zirconia balls.
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The slurry was then dried in hot air oven and peatbd at 1008C. The powder
was then ground and calcined in the temperaturgerar250-1450°C. Calcined
powder was ground into fine powder. It was then edixwith 4 wt% PVA
(molecular weight 22000, BDH Lab suppliers, Podle,K.) and again dried and
ground well. Cylindrical disks of 11 mm diameted&i6 mm height were produced
in a uniaxial press by applying a pressure of 10®aMThe compacts were then
sintered at temperatures in the range 1375-X676r 4 hours with an intermediate
soaking at 606C to expel the binder (PVA).

The densities of the sintered samples were medsyrédrchimedes method.
The crystal structure of the sintered and powdsesdples was studied by recording
the X-ray diffraction (XRD) pattern using Cuakadiation (X'Pert PRO MPD X-ray
diffractometer, PANalytical, Almelo, Netherland3he surface morphology of the
thermally etched samples was analyzed using a 8wariflectron Microscope
(SEM) (JOEL-JSM 5600 LV, Tokyo, Japan). The microealielectric properties
were measured using Vector Network Analyzer (Moblel: E8362B, Agilent
Technologies, Santa Clara CA, US) in the frequenaoge 8-15 GHz as described in
chapter 2.

3.4.2 Results and discussion

The sintering temperatures of the ceramics aremipdd for maximum
densification and best microwave dielectric prapert Figure 3.3 shows the
variation of bulk density and microwave dielectqroperties with sintering
temperature of a representative materig@4{PO,)sO,. From Fig. 3.3 (a) it can be
observed that the density first increases withesing temperature, reaches the
maximum value at 1425C and then decreases with the increase in sintering
temperature. The initial increase in density is tiuthe grain growth and removal of
porosity. The decrease in density above 1925may be due to the exaggerated
grain growth (Lalet al.,, 1989). The variation ire;, and Qxf with sintering
temperature follows the same trend as that of #msity (Fig. 3.3 (b)). Both the

values ofg; and Qxf are directly related to the densification of theelectric
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ceramic (Sebastian, 2008). The maximum valug ahd Qxf obtained are 11.6 and
12700 GHz respectively when sintered at 1425

120
379 —a—g L 14000

11.5 =

—C— quf
3.6 4 ] - 12000
1104

35 - 1 = 10000

10.5 =

Density (g.cm‘ﬁ}
€
Q xf(GHz)

344 1 - 8000
10.0 <

(a) - ®) [ o

1 » ) i 1 v ) 9.5 1 . T i 1 ' 1
1375 1400 1425 1450 1375 1400 1425 1450

Sintering temperature ( "C) Sintering temperature ( C)

Figure 3.3Variation of (a) density and (la) and Qxf with the sintering temperature

Figures 3.4, 35 and 3.6 show the powder XRD paterof
Cap+xREs(SiO4)s-x(POy)xO, ceramics. The major peaks are indexed for the end
members of each rare earth series using the sthd@&® DS files (file no: 29-0337,
33-0287, 29-0362, 33-0298, 28-0228, 32-0175, 2%B03®-0320, 33-0275, 28-
0212, 32-0163, 29-0386, 38-0256). The XRD patterndagSnmy(POy)sO- (Fig. 3.5
(b)) is not indexable using the corresponding JCRI@Sfile no: 38-0255). Also no
guality mark has been assigned for this JCPDS Hknce the peaks are indexed
using the JCPDS file for G&mp(SiO,)60; (file no: 29-0365) which is one of the end
members of the Sm series (Fig. 3.5 (b)). Similéky JCPDS file used for indexing
the peaks of GAb,(POy)6O, has no assigned quality mark and some minor peaks
are not indexable using this file (Fig. 3.6 (b)pwever all these peaks can be well
indexed using the JCPDS file for Jas(Si0,)sO, which is the other end member of
Tb series (Fig. 3.6 (b)). The ceramics crystalizgéh hexagonal symmetry and
belong toP6s/m space group. From Fig. 3.4, 3.5 and 3.6, it isiaks/ that all the
XRD patterns are similar except for the small stoftvards the higher angles with
the increase in the value of x. It is also notetwpthat the magnitude of peak shift
decreases with the decrease in ionic radius oR#aaon. For smaller RE ions like
Gd and Tb only marginal shift in peak positionshatite value of x can be observed
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(Fig. 3.6 (a) and 3.6 (b)). An unidentified minettensity peak is observed in the
XRD patterns of CaNdo(POy)sO2 (x = 6) and Cebmy(SiOs)2(P0)402 (X = 4)

indicated using asterisks in Fig. 3.5 (a) and Bi§.(b) respectively.
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Figure 3.7 Lattice parameter variation of GgREg_(SiOy)s—(P ;)0 with the value of x

where d is the interplanar spacing, a and c ardatiiee parameters antik{) the
Miller indices. Figure 3.7 shows the variation aftice parameters with the value of
x for all the rare earth series studied. The latparameters ‘a’ and ‘c’ decreases
gradually with x for the series containing largef ®ns (La to Eu). However the
slope of both the lattice parameter variation desee with the decrease in ionic
radius of rare earth ion. Finally for smaller REni¢Tb) the lattice parameter
variation with x becomes marginal. It is also natetlvy that the lattice parameter
‘c’ varies irregularly with x for Ca,Gds-«(SiOs)s-«(PQOs)xO, although the variation
is small. It has been reported earlier that fortisgs lattice parameter variation is
sensitive to the distribution of cations among M@) and M(ll) sites (Felsche,
1972). From Fig. 3.7 it is also obvious that theiateon of lattice parameters for
CaREs«(SiOs)sx(POy)xO2 with the change in RE ion is more pronounced at th
silicate end (x = 0) compared to the phosphate(erd6). The number of RE ions
per unit cell decreases as the value of x increasels hence the effect of RE
substitution on the lattice parameters may beivelgtlow for higher values of x.

The unit cell volume for the GaREs«(SiOs)e-(POy)xO. ceramics is
calculated using the relation (Cullity, 1978)
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V= (3.2)
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Figure 3.8 Variation of unit cell volume with the value of x

Figure 3.8 shows the variation of unit cell voluméh x. The unit cell
volume varies with x in a similar way as does taide parameters. Considerable
lattice contraction occurs with the increase INox €a.xLag«(Si0s)s-x(PO)xOo..
However, the variation of cell volume with x dinshies as La is replaced with

smaller RE ions and the variation becomes negégin Tb series (Fig. 3.8).

The optimized sintering temperatureg)(Trelative density and the linear
coefficient of thermal expansion (CTE) of all thengositions are given in Table
3.1. The optimized sintering temperature varies-lnwarly as the value of x
increases with a maximum at x = 4 for all the REese The compositions in La and
Pr series show good densificatiom 96%) for all the values of x (Table 3.1).
Similarly Nd series shows a densificatian96% upto x = 4. The ceramics in
CauSM«(SiO)sx(PO)O, series show a densification ~ 94%. For
CanEw(SiOs«(POy)O, the relative density varies in between 94.5% and
96.9%. CaGh(POy)s0,, CaThg(Si0,)e0, and CgThy(POy)sO, show relatively
poor densification of around 93%. TheGREs(SiOs)sx(POy)xO2 ceramics show
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low thermal expansion (CTE7 ppmfC) as evident from Table 3.1. From Table 3.1

it is also obvious that the value CTE increasehl witor all the RE series.

Table 3.1Optimized sintering temperature, relative denaitd CTE of Ca,REg_(SiO4)s-x(POy)xO>
ceramics

RE** ion X Ts (°C) Relative density (%)  CTE (ppmFC)
0 1475 96.7 3
2 1475 98.7 5
La
4 1675 97.5 5
6 1425 97.6 7
0 1425 97.1 3
P 2 1400 96.0 4
"
4 1550 96.6 5
6 1475 96.5 7
0 1375 97.1 3
2 1400 96.0 3
Nd
4 1575 97.5 4
6 1475 93.7 6
0 1400 94.2 3
2 1375 94.1 4
Sm
4 1575 94.4 4
6 1475 94.3 6
0 1425 95.0 3
2 1425 94.5 4
Eu
4 1575 95.2 5
6 1475 96.9 6
0 1450 94.8 3
2 1450 94.7 3
Gd
4 1575 96.8 5
6 1500 93.4 6
0 1525 92.8 2
2 1500 94.7 4
Th
4 1575 96.8 5
6 1550 92.9 5
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Figure 3.9 SEM images of GalLag (SiOs)s-(PO)<0, with (a) x = 0 sintered at 14P&/4h, (b) x =
2 sintered at 1478C/4h, (c) x = 4 sintered at 1676/4h and (d) x = 6 sintered at 1425
°Cl4h.

The microstructure of Galag(SiOs)sx(POy)xO2 ceramics is shown in Fig.
3.9. The microstructure of the composition with ¥ £Fig. 3.9 (a)) contains grains
of size randomly varying from less than 1 um togn8. For x = 2 (Fig. 3.9 (b)) also
the grain distribution follows somewhat similarndewith largest grain size being
10 um. The SEM image of the surface of the ceramtit x = 4 (Fig. 3.9 (c)) shows
still larger grains of size greater than 10 pum.ikaf size larger than 15 pm can be
observed in the surface morphology of the compmsitvith x = 6 (Fig. 3.9 (d)).
From Fig. 3.9, it is obvious that the average gisize increases with increasing

value of x.

Figure 3.10 shows the SEM images of, LRz «(SiOs)sx(PD)xO2 (X = 2
and 6) (Fig. 3.10 (a), (b)), @aSms«(SiO)sx(PO)xO2 (X = 2 and 6) (Fig.3.10 (c),
(d)) and CaxThs(SiOs)ex(POw)xO, (x = 2 and 6) (Fig. 3.10 (e), (f)). The
compositions with x = 2 contain smaller grains canegl to those with x = 6. The
surface morphology of GBI5(Si04)4(POy)202 (Fig. 3.10 (@)
CaSny(SiOy)4(POy)20, (Fig. 3.10 (c)) and Gabg(SiOs)4(POy).0, (Fig. 3.10 (e))
reveals the presence rod shaped grains simildrosetobserved in Fig. 3.9 (a), (b)
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and (c). For Cgr(PQOy)sO, (Fig. 3.10 (b)), Cs&nmpy(POy)sO, (Fig. 3.10 (d)) and
CasTh(POy)s0O2 (Fig. 3.10 (f)) the grain morphology changes tdygonal similar
to Calax(POy)sO, (Fig. 3.9 (d)). The Gaby(POy)sO, ceramic has got a poor
microstructure (Fig. 3.10 (d)) with a secondarygfoon some grains. However, no
information about such a secondary phase is avaifabm XRD pattern (Fig. 3.6
(b)). Hence further studies are required to resitlve

Figure 3.10SEM images of CaREg(SiOs)e(POy)O, with (a) RE= Pr, x=2, (b) RE= Pr, x=6, (c)
RE= Sm, x= 2, (d) RE= Sm, x= 6, (¢) RE=Tb, x= 8 &) RE= Tb, x=6.

The relative permittivity of GCaREsx(SiOs)ex(POy)xO. ceramics at
microwave frequencieE{measured are given in Table 3.2. The relative permittivity
depends on porosity within the sample. Hence tHaeegaof relative permittivity

corrected for porosityefcorrected USINg Penn equation (Eqn. 1.21) are also given in

Page | 80



CHAPTER 3

Table 3.2. Table 3.2 also gives the values of ikapermittivity € caiculated

predicted using Clausius-Mosotti equation (Eqn8)Lfar comparison.

Table 3.2Dielectric polarizability, molar volume and relati permittivity of the ceramics

RE ion X ap (R Vi (A% € measured  Er, corrected  Er, calculated
0 102.36 576.86 13.7 14.3 9.7

2 99.74 564.97 13.8 14.0 9.5

-a 4 97.12 552.82 12.3 12.7 9.4
6 94.50 536.85 11.6 12.0 9.4

0 106.36 556.94 14.8 154 13.0

2 102.74 551.02 13.7 14.5 11.7

Pr 4 99.12 543.80 12.5 13.1 10.7
6 95.50 532.00 10.9 114 10.1

0 103.88 551.41 14.2 14.8 12.2

2 100.88 544.71 13.2 14.0 11.4

Nd 4 97.88 538.72 11.9 12.3 10.6
6 94.88 530.14 10.3 11.2 10.0

0 101.72 539.43 13.5 14.7 12.3

2 99.26 536.09 12.2 13.2 11.4

sm 4 96.80 531.67 114 12.3 10.6
6 94.34 523.75 10.3 11.1 10.2

0 100.04 532.86 13.7 14.7 12.0

Eu 2 98.00 531.12 12.5 13.5 11.2
4 95.96 529.35 11.3 12.1 10.5

6 93.92 525.47 10.4 10.8 9.9

0 98.76 529.33 13.1 14.1 11.7

2 97.04 528.70 12.0 12.9 11.0

cd 4 95.32 525.36 11.3 11.8 10.5
6 93.60 522.49 9.7 10.6 10.0

0 97.80 522.56 12.5 13.8 11.9

2 96.32 522.14 12.0 12.9 11.2

b 4 94.84 522.06 11.4 11.9 10.5
6 93.36 522.71 9.2 10.1 9.9
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The porosity corrected value ef decreases gradually with the increase of x. This
may be mainly due to the decrease in number 6f RiEs with relatively large ionic
polarizability (Shannon, 1993) in the unit cell tha® value of x increases. From
Table 3.2, it is obvious that the variation of b@tRorrected @Nd & calculated With X
follows the same trend for all the RE series algiothe numerical values are not
close to each other. It is also noteworthy thatdiffierence ine: corrected@NAEr calculated
decreases when La is replaced with other RE ionalfahe values of x and the
difference is found to be minimum for LA bs(SiOy)sx(POy)xO2. Clausius-
Mosotti equation is strictly valid for the mategakith cubic symmetry (Shannen
al., 1992). Several other factors like conductivityegence of impurities, rattling or
compressed cations, error in the determinatiomaiar volume etc. may also bring
about considerable difference in observed and [kl values as discussed earlier
in Chapter 1.

4 —i—La
35000 —b— Pr

u
A

Q xf (GHz)

Figure 3.11Variation of Qxf with X for Cg.REg_«(SiO4)s—(POy)xO, ceramics

Figure 3.11 depicts the variation of @ as a function of x for
CaruREs(SiO)sx(POw)xO2. For Cawlasg«(SiOn)ex(PO)xO2, Qxf decreases
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gradually from 33100 GHz (at x = 0) to 12700 GHz Xa= 6). Similarly for
CaxThsx(SiOs)sx(POy)O- the quality factor decreases from 20800 GHz (at®)

to 14200 GHz (at x = 6). For @aREg(SiOy)s-x(PO)xO. with RE = Pr, Nd, Sm
and Eu, @Qxf decreases with x, reaches the minimum value=at4xand then
increases for x = 6 (Fig. 3.11). The \variation of xQ for
CaruGas«(SiOs)s«(PO)O, also follows a similar trend showing the minimum
value at x = 2. The variation in & with x is small for the Gd series compared to
the other series. Reasonably good quality factgrf(® 20000 GHz) is obtained for
the compositions GaLag(SiOs)sx(PO)xO2 (X = 0, 2), CaPrg(Si04)40, (X = 0),
CaNdg(Si04)40; (x = 0), CaSm(Si0s)40, (X = 0), CanEus—(SiOs)e-x(POs)xO2 (X
=0, 2 and 6), and Gabg(Si0,)40;, (x = 0). Among the various RE series studied,
the Gd series show relatively poor quality factathwthe maximum value being
10900 GHz for Cg5ds(SiO)40, (x = 0). Earlier Thomas et al. made a similar
observation in SrRISiz013 apatites (Thomast al., 2009). Quality factor of
dielectric ceramics depends on several intrinsicapaters arising from the
anharmonic interaction of electromagnetic field hwihe phonons and extrinsic

parameters like porosity, impurities, defects @ceezeet al., 2009).

20 - —im—La
] —A—Pr
10 = —0—Nd
T ——Sm
e
S ) ——Gd
E -10 = £ _V_Tb
Q -
& 220 -
[
e J
=30 =
40 -
' 1 ' 1 1 7T 7T 1
0 1 2 3 4 5 6

Figure 3.12Variation oft; with X for Cg.xREg_«(SiO4)s—(PO4)xO, ceramics
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The variation ofty with x for the ceramics is shown in Fig. 3.12. e
ceramics except GaPrs«(SiOy)sx(POw)<O2 (x = 0, 2) show negative value of.
For CauxPrz-«(SiOs)s—x(POy)xO> value ofts decreases with x from 5 ppi@/at x = 0
and shows negative value from x = 4 onwards. Frogn F12 it can be observed
that for the ceramics containing La, Nd, Eu and @&agnitude oft; decreases
initially with x up to x = 2 and then increasesrirx = 4 onwards. The value of
decreases linearly  with x  for el bg«(SiO4)ex(POy)xOo. For
CaxSmMs«(SiOy)sx(PO)xO; the 1; shows irregular variation with x (Fig. 3.12). For
SKREg(Si0,)60, apatites, it has been shown earlier that the vafugdepends on
the possible lattice distortion (Leai al., 2011). In the present study, lowest values
of 1t (with the magnitude 15 ppm/C) are obtained for Ghag(SiO,)4(PQy)20> (X =
2), CaxP1(SiO)s«(POu)xO2 (x = 0, 2 and 4), Galde(SiO4)4(PO)202 (x = 2) and
CaxThsx(SiOg)sx(POw)O2 (x = 0, 2 and 4). Among the various compositions
developed, Ciag(Si0O,)4(POy),0:is found to have good densification (98.7%) and
microwave dielectric properties; = 13.8, Qxf = 27900 GHz and; = -11 ppm/C).

Such an inherently low value gfis very attractive for practical applications.

3.5 Effect of isovalent substitutions on the microave dielectric properties of
Ca4La6(SiO4)4(PO4)202 apatite

The present study investigates how the microwaeéediric properties of
Caylag(SiO4)4(POy),0, changes with the isovalent substitutions for tlagioos:
cd”*, La®* and for the anions: (S}, (PQ)*. The compositions studied are (Ca
S5)Lag(SI0:)a(POx)02 (x = 0, 2, 4), CalLasPr)(SI0Ns(PQs):0s (X = 0, 2, 4, 6),
Caylag(SiOs)4(GeQ)x(POy)202 (X = 0, 2, 4) and Chag(SiO4)4(POy)2-x(VO4)xO2 (X
=0,1,2).

3.5.1 Experimental

The ceramics were prepared by the solid statenrgereoute. High purity
carbonates and oxides viz. Cag£©@9+%, Sigma-Aldrich), SrC£(99.9+%, Sigma-
Aldrich), LaOs (99%, Indian Rare Earths Ltd., Kerala, India)s@3i (99%,
Treibacher, Althofen, Austria), S§KX99.6%, Sigma-Aldrich), Gef)(99.98%, Alfa
Aesar, Lancashire, UK), NH,PQ, (98+%, Sigma-Aldrich) and 3Ds (98+%,
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Sigma-Aldrich) were used as precursors. Cylindrszahples of required dimensions
were prepared as described earlier (section 3.#Hg.dimensions of the prepared
samples were: diameter = 11 mm, thickness = 5-6 ifion microwave
measurements) and diameter = 8 mm, thickness 318t (for thermal expansion
measurements). The compacts were then sinterad ah @mperatures in the range
1350-1600°C for 4 hours with an intermediate dwell at 6 for the complete
binder (PVA) burn out. The characterization teches are same as those discussed

in section 3.4.1.

3.5.2 Results and discussion

(a)
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Figure 3.13Powder XRD patterns of (a) (&&r)Las(Si0,)4(POy),0, and
(b) Ca(LagxPr,)(SiO4)4(POy),0, ceramics.
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Figure 3.14Powder XRD patterns of (a) as(SiOs)4x(GeQ)«(POy),0,and
(b) CaLag(Si04)4(POy)2x(VO)xOo.

The powder XRD patterns of the ceramics are showkig. 3.13 and 3.14.
Major peaks are indexed using the standard JCPIBS fbir Calag(SiOy)sO: (file
no: 29-0337) and Ghay(POy)s0O; (file no: 33-0287) with hexagonal symmetry and
belonging toP6s/m space group. An unidentified peak can be obsevef a 27.7
in the XRD patterns of G8rlLas(SiO4)4(POy)20, and SiLag(SiOs)a(POy).0,
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(indicated usingsterisks in Fig. 3.13 (a)). Similarly an extra peak is @neisat ® ~
30° in the XRD pattern of Ghag(SiO4)4(VO4)20. (Fig. 3.14 (b)). Such peaks may
arise due to the ionic ordering within the apdtittice (Cullity, 1978; Paseret al.,
2010) or due to the presence of small amount olimhpphases. However further
studies are required to determine the exact ormfinthese peaks. It is also
noteworthy that all these peaks have very low irdantensity € 4 %). From Fig.
3.13 and 3.14 it is obvious that the XRD patteorsafl the compositions are similar

with an expected shift in peak positions due tcsstudion.

10.0
] —=—(a)
9.8 - —o—(b)
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Figure 3.15Variation of lattice parameters with x for () (Gar)Las(Si04)4(POy),0-,
(b) Ca(LasxPr)(SiOn)a(POy)20,, () Calas(SiOs)sx(Gey)x(POy)0;,and
(d) CalLag(Si0,)4(POy),4(VO4)xO, ceramics.

The lattice parameters are calculated from the XREa using the relation
(3.1). Figure 3.15 shows the variation of latti@@gmeters with the value of x. The
lattice parameters increase gradually with the titutisn of SF*, (GeQ)* and
(VO,)* for C&, (Si0)* and (PO4Y respectively. This is due to the large ionic
radii of the substituent ions compared to the engstons (Shannon, 1976) and the

resulting lattice expansion. On the other handl#tice parameters decrease with
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the substitution of Bf for La®" due to the relatively small ionic radius of*Pr

(Shannon, 1976). For all the substitutions, thdickatparameters show linear
dependence on the value of x (Vegard's law) indigathe formation of solid

solutions (Azdou=zt al., 2010).

Figure 3.16 SEM images of (a) Qrag(SiO,)4(POy),0, (b) CaPrs(SiOy)4(POy),0,,
(c) Calas(GeQ)4(PO,)0; and (d) Calag(Si0,)4(VO4)-0..

The dielectric properties of sintered ceramicsetelpon the microstructure.
A dense, defect free microstructure is essential good microwave dielectric
properties (Parket al., 2001). Figure 3.16 shows the SEM images of the
compositions derived from Glaag(SiOs)4(PQy),0, by fully replacing C&" with SF*
(Fig. 3.16 (a)), L& with PP* (Fig. 3.16 (b)), (Si®* with (GeQ)* (Fig. 3.16 (c))
and (PQ)* with (VO,)* (Fig. 3.16 (d)). The SEM images of the compos&iaith
S and (Ge@* (Fig. 3.16 (a) and 3.16 (c)) reveal dense micuastres with well
packed polygonal grains. For s6a5(SiO4)4(POy).0, the grain size varies from <
1um to ~5um. Calas(GeQy)4(POy).0, shows broader grain size distribution with
the size varying from ~1um to ~15 pum. The microstructure of
CauPrs(SiOs)4(POy)20, (Fig. 3.16 (b)) and Ghas(SiOs)a(VO4)20; (Fig. 3.16(d))
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shows rather elongated grains with the maximumngs&e of ~5um and ~8um

respectively.

Table 3.3Sintering temperature, relative density, CTE amadiwabsorption of the ceramics

Material X (;Ié) (?((: rLzﬁlt\;/e glgi 1°C) Z\éast(()arrption

(%) (wt. %)

(CaySry)Lag(SiOy)4(POy)0, 0 1475 98.7 5 0.00
2 1575 98.4 4 0.00

4 1600 98.0 4 0.01

Cay(Lae<Pr)(SiO4)4(POy)-0, 0 1475 98.7 5 0.00
2 1400 97.9 4 0.02

4 1375 97.2 4 0.02

6 1400 96.0 4 0.02
Callag(SiOy)s(GeQ)(POy),0, 0 1475 98.7 5 0.00
2 1550 94.9 4 0.39

4 1550 98.2 4 0.01

Callag(SiOn)a(POy)2(VO4)0O, 0 1475 98.7 5 0.00
1 1375 97.9 4 0.01

2 1350 98.5 4 0.00

Table 3.3 gives the optimized sintering tempera(lig, relative density,
linear coefficient of thermal expansion (CTE) anctev absorption of all the
compositions studied. The substitution of '&nd (GeQ@)* increases the sintering
temperature. On the other hand, sintering temperakecreases with the substitution
of PF* and (VQ)* . The relative density decreases for all the siisns.
However, the variation in relative density is maadifor Sf* substitution and all the
compositions in this series maintain a densificatt098%. From Table 3.3, it is
obvious that variation of relative density has a finear dependence on the value of
x for (GeQ)* and (VQ)* substitution. The ceramics show only a small tkerm
expansion with the values of CTE in the range $&fC (Table 3.3). The presence
of water content within the sample is detrimental the dielectric properties
(Sebastian, 2008). From Table 3.3 it is clear thlatthe compositions shows

negligible tendency for water absorption with thexception for
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Caylag(SiOy)2(GeQy)2(POy).0, which shows relatively large water absorption 90.3
%). The water absorption characteristics can bestaied with the relative density

of the samples, poor densification leads to higtewabsorption.

Table 3.4Dielectric polarizability, molar volume and relati permittivity of the ceramics

Material X oo (A% Va(R® & measued & comected  Er, calculated
(Ca,St)Las(SiO)a(POy),0, 0 99.74  564.97  13.8 14.0 9.5
2 101.90 577.03 134 13.7 9.5
4 104.06 590.59 12.7 13.0 9.5
Ca(LasPr)(SiON(PQ),0, 0O 99.74 56497  13.8 14.0 9.5
2 100.74 560.55 13.8 14.2 10.1
4 101.74 555.03 13.8 14.3 10.9
6 102.74 551.02 13.7 14.5 11.7
Calag(SiOy)sx(GeQ)(PO),0, 0 99.74  564.97  13.8 14.0 9.5
2 101.26 575.26 13.9 14.9 9.4
4 102.78 586.24 15.2 15.6 9.3
Calag(SiO)s(PO)s(VO)0, O 99.74 56497  13.8 14.0 9.5
1 101.44 572.65 14.2 14.6 9.6
2 103.14 579.68 14.5 14.8 9.8

The experimentally measured values of relative ity (& measurel at
microwave frequencies and tlee corrected for porositygf corected USING Penn
equation (egn. 1.21) are given in Table 3.4. Thiies of relative permittivity
calculated using Clausius-Mosotti equation (eqth8)JLare also given in Table 3.4.
In Table 3.4, V, is the molar volume calculated from the powder XR&ttern
(Vineis et al., 1996) andyp is dielectric polarizability calculated using timelividual
ion dielectric polarizabilities (Shannon, 1993; ¥imet al., 1996). The values of ¥
ap and calculated relative permittvitg; (cacuiated @re also given in Table 3.4. From
Table 3.4 it is obvious that measureddecreases gradually with x for’Ssubstitution.
On the other hane|, measuredncreases with the substitution of (Ggand (VQ)*.
The experimentally measured valuessoflo not show considerable variation with
Pr* substitution. Howevee, corecteaincreases slowly with x for Pr substitution.

From Table 3.4 it is clear that there is a considkr difference in the calculated and
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measured values of; for all the compositions. It is also noteworthyaththe
variation of &, corected@Nd & caculateadoes not follow the same trend for*'Sand
(GeQ)* substitutions. Clausius-Mosotti equation is bestesl for the compounds
with cubic symmetry (Shannoat al., 1992) and any deviation from this may
produce deviations in the estimated values. Furibeg, it has been reported that a
misfit between the calculated and measured valtigscan occur due to the ionic or
electronic conductivity, presence ob® or CQ in channels, dipolar impurities,
presence of rattling or compressed cations et@r(®m, 1993).
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Figure 3.17Dependence of 3f on the value of x for (a) (G&aSr)Lag(SiO4)4(POy).0,
(b) Cay(Lae.Pr)(Si0s)4(PO,)20z, (C) Calag(SiOy)s(GeQ)(PQy)20;
and (d) Calag(SiOg)4(POy)24(VO4)«O, ceramics.

Figure 3.17 shows the variation of quality fact@;Xf) with x for all the
four isovalent substitutions. The quality factordependent on several intrinsic
factors like the anharmonicity in the interactioatieen electric field with the
phonon system of the dielectric and extrinsic fectidke imperfections in crystal
lattice, order-disorder, impurities, porosity, nmiaracks etc. (Sebastian, 2008). The
presence of porosity and the subsequent moistwerptiion will reduce the quality
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factor to a considerable extent. In the preserttystbe variation of relative density
(and hence the porosity) with %rsubstitution is very small (Table 3.3).
Nevertheless, Xf shows a substantial decrease from 27900 GH290Q GHz as
the value of x increases from 0 to 4 (Fig. 3.17.(&lence some other extrinsic
factors might be responsible for such a behaviorapatite structure, the divalent
cation has two possible sites 4f with ninefold coation and 6h with sevenfold
coordination (Chartieet al., 2001). The ordering of the ions among these siiag
have some influence on the dielectric responsé@etystem (Thomaat al., 2009).
From Fig. 3.17 (b), it can be observed thgkiQlecreases from 27900 GHz at x = 0
to 17800 GHz at x = 6 with the Prsubstitution. The gradual decrease ixiQuith
Pr* substitution may presumably due to the correspundiecrease in relative
density (Table 3.3). (Gedd” substitution first decreasesxp from 27900 GHz for x

= 0 to 14700 GHz for x = 2 and then increases #0R0GHz for x = 2 (Fig. 3.17
(c)). Qxf decreases initially with the (V)" substitution and saturates at 22900
GHz from x = 1 onwards (Fig. 3.17 (d)). The norean variation of xf with x for
(GeQ)* and (VQ)* substitutions may be correlated with the non liitgan the
variation of relative density (Table 3.3). It haseb reported earlier that the post-
sinter annealing is effective in several systemddweelop an ordered structure and
thereby an increase in &f (Sebastian, 2008). In the present study, théesed
samples are annealed at a temperature ®D0dess than that of the sintering
temperature for 10 hours and again the microwawdeclric properties are
measured. However no appreciable increase has dieserved in the properties

after annealing.

The variation oft; with the substitutions is shown in Fig. 3.18. The
increases linearly with x for $rand (VQ)* substitution (Fig. 3.18 (a) and 3.18
(d)). On Pf* substitution, the magnitude ufdecreases gradually from — 11 pp@/
at x = 0 and reaches a value of + 2 gi@t x = 6 (Fig. 3.18 (b)). The value Bf
shows slightly non linear variation upon (GgDsubstitution (Fig. 3.18 (c)) with
the values lying between -11 pgi@/and -13 ppmiC. The partial substitution of
PrP* for La®" in Calag(SiOs)4(PQy),0; effectively reduces the; without much

altering the values of;, and Qxf. Among the various compositions developed,
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Cay(LayPr)(SiOy)4(POy)20, shows good microwave dielectric properties veth=
13.8, Qxf = 26000 GHz and; = -7 ppm{C.

T, (ppm/ °C)
1

—a— (a)
—o— (b)
- (¢)
== (d)

Figure 3.18Variation oft; with X for (a) (Ca.,Sk)Lag(SiO4)4(POy)20,,
(b) Cay(LasPr)(SiOs)4(PO)202, () Calag(SiOy)s(GeQ)(POy)20;
and (d) Calag(SiOg)4(POy)24(VO,4)O, ceramics

3.6 Conclusions

The CawREs«(SiOy)sx(POy)xO2 [RE = La, Pr, Nd, Sm, Eu, Gd and Thb] (x
=0, 2, 4 and 6) ceramics have been prepared bgdi state ceramic technique.
Sintering temperature has been optimized for mawindensification and good
microwave dielectric properties. The compositionataining larger rare earth ions
show highest densification. The crystal structuréhe ceramics has been analyzed
using powder XRD. The ceramics have hexagonal symnaed belong tdP63/m
space group. The microstructural analysis using Sifldwed an increase in the
average grain size with x. The measured valueglafive permittivity have been
compared with the values calculated using Clausiasetti equation. For majority
of the compositions studied, both>® andt; vary non-linearly with the value of x.

The composition CGhag(SiOy)4(POy)20- is found to have the highest densification
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(98.7%) and good microwave dielectric propertiethwi= 13.8, Qxf = 27900 GHz
andt; = -11 ppmiC.

The isovalent substitutions of %5r PP*, (GeQ)* and (VQ)* in the
respective cationic and anionic sites of 4IGR(SiO,)4(POy)20, have been
accomplished. The ceramics have been preparedgtnrthe solid state ceramic
route. The powder XRD data reveals the completil sslubility of SF*, PF",
(GeQ)* and (VQ)¥ in the respective divalent, trivalent cationic aetravalent,
trivalent anionic sites of Ghag(SiO,)4(POy).0,. Most of the compositions show
good densificatiore 96%. The relative permittivity decreases with*Substitution,
increases with (Geff" and (VQ)* substitutions and remains almost the same on
Pr* substitution. @f is found to be decreasing with all the substitus. Only the
substitution of PY for La®* improves thet;. Cay(LasPr)(SiOs)(POy),0, has got
promising microwave dielectric properties weh= 13.8, Qxf = 26000 GHz and
= -7 ppmfC. The compositions developed exhibit rather lowues of linear

coefficient of thermal expansion in the range 4pf5C.
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Development of Phosphate based dielectric
ceramics and tapesfor L TCC applications

Development of some phosphate based glass free LTCC
compositions and tape is discussed in this chapter. The ceramics
developed are LiMguZnPOs ( x = 0 to 1) with sintering
temperature < 950 °C. The ceramic with x = 0.1
(LiMgo.9Zng1POy) sintered at 925 °C shows the best microwave
dielectric properties (g = 6.7, Quxf = 99700 GHz and 1; = -62
ppm/°C). The slightly large T of the ceramics is adjusted nearly
to zero with the addition of TiO,. The ceramics are found to be
chemically compatible with silver. The tape casting slurry of
LiMgPO, with typical pseudoplastic behavior has been prepared
and cast into thin tapes of thickness 70 um. The thermo-
laminated tape (4 layers) sintered at 950 °C shows good
microwave dielectric properties: € = 6.4 and tan & = 0.0002.




CHAPTER 4

4.1 Introduction

The past two decades have withessed revolutionaanges in wireless
communication which stimulated the development efvntechnologies. Low
Temperature Co-fired Ceramic (LTCC) technology kagerged as the paramount
technology for the production of miniaturized mieave devices at a relatively low
cost. LTCC technology offers high level of passivgegration, performance
stability and reliability. The ceramic system uded LTCC applications should
meet the requirements such as low relative perntitti low dielectric loss,
temperature stability of dielectric properties, lowaefficient of thermal expansion
and high thermal conductivity. Most importantly tberamic should be chemically
compatible with silver and its sintering temperatanust be less than the melting
point of silver (961°C) which is the most commonly used electrode maiteri
(Sebastiaret al., 2008). Low bulk density of the ceramic is alsaidgble for the
production of light weight electronic modules. Tlestringent requirements limit

the number of materials available for practicalleagions.

Most of the conventional ceramics with good micrevadielectric
properties have very high sintering temperaturectwhis unsuitable for LTCC
applications. However, the sintering temperature lwa lowered by the liquid phase
sintering through the addition of glasses with Iowlting point (Sebastiaat al.,
2008). Another method to produce LTCC is througlk tjlass-ceramic route
(Tummala, 1991). In both the above mentioned amhres, presence of amorphous
phase in the system may degrade the microwavecthel@roperties and enhance
the possibility of chemical reaction between thbsttate and metal electrode (Bian
et al., 2011). The presence of glass phase may also gdtiecease of processing
while tape casting. It is also possible to lower $imtering temperature by using fine
powders prepared through wet chemical processingweder, the chemical
synthesis is complicated and expensive d€Lial., 2009). Therefore a glass free
ceramic with good microwave dielectric properties desirable for LTCC

applications.

Several glass free ceramics have been reporteldeiriterature for LTCC

applications. Among them Te and Bi based ceramiesf@und to have very low
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sintering temperature (< 85Q) (Udovicet al., 2001; Valangt al., 2001; Udovicet
al., 2004; Valangt al., 2004; Kwonet al., 2005; Kwonet al., 2007; Subodlet al.,
2007; Liet al., 2009; Zhouet al., 2009; Zhouet al., 2010). However, most of the
Te-based systems are reactive with silver whiclitditmeir practical applications. It
should also be noted that any densification of oés below 80°C may prevent
the complete evaporation of organics added for tasting and leave out residual
carbon which is detrimental to the microwave diglecproperties (Tummala,
1991). LgNbO, ceramic sintered at 93%C is found to have good microwave
dielectric propertiese= 15.8, Qxf = 55000 GHz and; = - 49 ppmiC). The
ceramic is also found to be chemically compatibléhvgilver (Ag) (Zhouet al.,
2008). Recently, Bian et al. reported the microwalielectric properties of
(Lag.sNag 5)1-x(Lio sNdy 5)x\WO, ceramics. The composition with x=0.3 sinteredCi 8
°C has remarkable dielectric properties= 12.7, Qxf = 23500 GHz and; = -1.4
ppm/°C at microwave frequency. However, the ceramiound to be reactive with
Ag (Bian et al., 2011). Cax(LiosNdos)xWO, scheelites constitute another class of
glass-free LTCC. Ga(Ndoslios)o2WO, has arg; of 11.7, Qxf of 36700 GHz,
andt; of 5.4 ppm/°C and is chemically compatible with @janet al., 2012).

A few glass free phosphates are also reported teuit@ble for LTCC
applications. Bian et al. studied the microwaveladigic properties of AMEO;,
(A=Ca, Sr; M=Zn, Cu) (Biaret al., 2005).The ceramics can be sintered at a low
temperature < 950 °C) and possess low relative permittivitgt € 8). SrCuRO;
sintered at 928C has the highest ®f greater than 100000 GHz and lowesbf -

62 ppm?C. Nevertheless all the compositions react withesil Cho et al. reported
the microwave dielectric properties of BilP®hich has a low sintering temperature
of 950°C. The ceramic has apof 22, Qxf of 32500 GHz and & of -79 ppm{C
(Choet al., 2006).

4.2 Microwave dielectric properties of LiMg1xZNnxPOs (X = 0 to 1) and the
development of new temperature stable glass free IOC

The present work investigates the microwave digteproperties of olivine
type LIMgPQ and the effect of Zi substitution for MG" on its microwave

dielectric properties with an objective to developwn low cost, light weight, glass
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free ceramics having excellent microwave dielectpooperties for LTCC

applications.

4.2.1 Experimental

LiMg 1xZnkPOs ceramics were prepared by the solid state ceraoute.
High purity LiCO; (99+ %, Sigma-Aldrich, St. Louis, MO),
(MgCQ3)4.Mg(OH),.5H,0 (99 %, Sigma-Aldrich), ZnO (99.9%, Sigma-Aldrich)
and NHH.PO, (98+ %, Sigma-Aldrich) were used as raw materiale ceramics
were pre-heated at 50C for 4 hours and then calcined at temperaturéiseémange
700-750°C for 4 hours with intermediate grinding. Calcingowder was ground
into fine powder. The fine powder obtained was mixgith different volume
fractions (M) of TiO, (99.8 %, Sigma-Aldrich) in ethanol using an agatatar and
pestle. Cylindrical disks having 11 mm diameter & mm thickness were
prepared through the same procedure describecrearliChapter 3. The samples
were then sintered at temperatures in the rangé®28 975°C for 4 hours with an
intermediate soaking at 60T for binder (PVA) burn out. In order to study the
chemical compatibility of the ceramic with Ag, theMgPO, + 0.15 V TiO, and
LiMgo.¢Zno PO, + 0.12 \f TiO, composites were further mixed with 20 wt% Ag
powder (< 45 mm, 99.99+ %, Sigma-Aldrich) and siedeat 950C for 6 hours.

The structure, microstructure and dielectric prope of the ceramics were
studied using the methods already described in €ha@ and 3. The shrinkage
characteristics and linear coefficient of therma&pansion of the samples were
determined using a Dilatometer (Netzsch DIL 402 Bélb, Germany).

4.2.2 Results and discussion

The shrinkage characteristics of LilgZnPO, ceramics are shown in Fig.
4.1. For all the compositions the onset of shrirkmgabove 606C. Hence, all the
samples are initially kept at 60€ for 30 min. in the course of sintering for the
complete removal of binder prior to densificatiéinom Fig. 4.1 it is clear that both
the onset of shrinkage and the temperature at wdhcimkage completes decreases
with the value of x. It is also noteworthy that telrinkage of the ceramics

completes at a temperatig®50°C.
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Figure 4.1Shrinkage characteristics of LiMg,Zn:PO, ceramics

Figure 4.2 shows the variation of optimized simgriemperature of LiMg
»ZN POy ceramics with the value of x. The sintering tenapere decreases
gradually from 950°C at x = 0 to 82%C at x = 1. Hence it is clear that the?Zn
substitution for M§" effectively lowers the sintering temperature. idt also
interesting to note that all the compositions carsintered at temperature950°C

without any sintering aid which is favorable for CT applications.
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900 -
875 =
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Figure 4.2 Sintering temperature of LiMg,ZnPO, ceramics as a function of x

Page | 99



CHAPTER 4

Figure 4.3 shows the powder XRD patterns of LiM@nPOs (x = 0 to 1)
ceramics. The peaks corresponding to the compositith x = 0 are indexed using
the standard JCPDS file for LiMgR@ile no: 32-0574) with orthorhombic structure
and belonging to Pmnb space group. Similarly thekpecorresponding to the
composition with x=1.0 can be well indexed using #CPDS file for LiZnPQ(file
no: 84-2136) with monoclinic structure and Cc spgoeup. From Fig. 4.3, it is
obvious that the compositions up to x = 0.2 formlidscsolutions having
orthorhombic structure. However, for the compossgidrom x = 0.3 onwards, a new
peak starts forming at2~ 22 which corresponds to the major intensity peak of
LiZnPO,. As x increases, the peaks of the orthorhombis@heeaken and that of
the monoclinic phase becomes stronger. For x=0.8.8 the ceramics exist as a
mixture of orthorhombic and monoclinic phases arahdform completely to
monoclinic at x=1 (LiZnPg).

~
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Figure 4.3Powder XRD patterns of LiMg,Zn.PO, ceramics

The SEM images of the sintered and thermally etchedaces of the
ceramics with x = 0.0, 0.1, 0.8 and 1.0 are shawhig. 4.4 (a), 4.4 (b), 4.4 (c) and
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4.4 (d) respectively. The images reveal a micrattine containing grains of size
randomly varying from ~Ium to >10pum. From the surface morphology of the
composition with x = 0.8 (Fig. 4.4 (c)) it is obu® that the ceramic is mixture of

two phases.

Figure 4.4 SEM images of LiMg.4Zn:PO, ceramics with (a) x = 0.0, (b) x = 0.1, (c) x 8@nd (d)
x=1.0

The bulk density, linear coefficient of thermalpexsion (CTE) and the
dielectric properties at 1 MHz of the ceramics gireen in Table 4.1. The relative
densities of the compositions from x = 0.3 to x.8 @re not calculated as they are
found to contain more than one phase. From Tallgidis clear that CTE of the
ceramics decreases from 11 pf@nat x = 0 to 5 ppMiC at x = 1. The relative
permittivity at 1 MHz increases gradually from &tlx = 0 to 7.4 at x = 0.2 and
saturates up to x = 0.4, then goes on decreasimg % = 0.6 onwards. The initial
increase irng, may be attributed to the large ionic polarizapilif Zr** (2.04 &)
compared to Mg (1.32 &) (Shannon, 1993) and to the fact that"Zgets partially
substituted for M§ in the orthorhombic lattice. However, as the vahfex
increases further the amount of monoclinic phasthénsample also increases and

causes to reduce the valuespf Lowest value of 5.2 is obtained ferat x = 1.0
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which is purely monoclinic in structure. The cerasnshow very low dielectric loss
(tan ) of the order of 10 at 1 MHz (Table 4.1). It is also noteworthy thhet

compositions with x = 0.1 and 0.2 exhibit lowestldctric loss (tad = 2x107%).

Table 4.1Density, CTE and dielectric properties at 1 MHZ g ;-Zn.PO, ceramics

Bulk density Relative CTE
(g.cn®) density (%)  (ppm/ °C) & Tan 8
0.0 2.825 95.0 11 7.1 7x10
0.1 2.916 94.9 10 7.3 2x10
0.2 2.968 93.9 10 7.4 2x10
0.3 3.075 - 10 7.4 6x10
0.4 3.129 - 10 7.4 7x10
0.6 3.116 - 8 6.1 7x10
0.8 2.986 - 7 5.6 ox1D
1.0 3.050 92.0 5 5.2 7x10

Figure 4.5 depicts the microwave dielectric préiperof LiMgi-0ZnkPOy
ceramics. The values ef and @xf as a function of x are shown in Fig. 4.5 (a)eTh
variation ing, follows somewhat similar trend as that obtainedl BHz. The values
of & obtained at microwave frequencies are slightlydothan that at 1 MHz. This
may be due to the fact that some of the polarirati@chanisms become inactive as
the frequency increases from MHz to GHz range @oseal., 2011). From Fig. 4.5
(a) it can be observed that the quality factop{increases from 79100 GHz at x =
0.0 to 99700 GHz at x = 0.1. Some of the early rspshow such an increase in
Quxf due to ZA" substitution (Yokokt al., 2007; Zhengt al., 2007; Georget al.,
2010). From x = 0.2 onwards &F decreases gradually up to x = 0.8 and then
increases for x = 1.0. The value op®depends largely on the extrinsic factors like
porosity and phase purity (Guwb al., 2006). In the present study, the decrease in
Quxf as the value of x increases from 0.1 to 0.2 rnaydue to the decrease in
relative density (Table 4.1). Further, as the vati increases from 0.2 to 0.8, the
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amount of secondary phase (monoclinic phase) isdngple also increases which is
evident from the XRD patterns as well as SEM ima@geg. 4.3 and Fig. 4.4) and
this may be the reason for the decrease #f @p to x = 0.8. At x = 1.0, the material
becomes purely monoclinic LiZnRGnd hence (Xf increases. Highest &f of
99700 GHz is obtained for x = 0.1 (LiMgZno.1POy) which is highly appreciable for
microwave applications. The variation gf with x is shown in Fig. 4.5 (b). The

value ofts increases steadily from -55 ppg@/for x = 0.0 to -80 ppMiC for x = 1.0.
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Figure 4.5Variation of (a)e, and Qxf and (b)t; of LiMg1.4ZnkP O, ceramics with the value of x
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4.2.2.1 Tuning thet; by TiO, addition

The ceramics developed in the present study hawd microwave dielectric
properties. However, the temperature stabilityedonant frequency is podr;( =
55 ppm?C) for practical applications. The valuewfcan be tuned nearly to zero by
making composite with a suitable ceramic havingédapositivet; like TiO, (T =
+450 ppmiC). In the present study, rutile type Bi3 used for tuning the since it
has been reported more effective in improving therawave dielectric properties
compared to the anatase (Tsuno&kal., 2003). The compositions with x = 0
(LIMgPO,) and x = 0.1 (LiMgZno 1POy) have been selected to study the effect of
TiO, addition.
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Figure 4.6 Powder XRD patterns of (a) LiIMgRO(b) LiMgPQ,+0.15 v TiO,+20 wt% Ag and (c)
LiMg0.eZNng 1PO,+0.12 Vs TiO,+20 wt% Ag sintered at 95T

The powder XRD patterns of LiMgR®0.15 \“ TiO, and
LiMgo.¢Znp1POy+0.12 4 TiO, composites co-fired with 20 wt.% Ag are shown in
Fig. 4.6 (b) and 4.6 (c) respectively. The XRD e@attcorresponding to the parent
composition (LIMgPQ) is also plotted for comparison (Fig. 4.6 (a)).Fig. 4.6 (b)
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and 4.6 (c) peaks corresponding to all the threesgd can be well indexed using
standard JCPDS files (file no: 21-1276 for Fi@nd 04-0783 for Ag) and no
additional peaks are present. If the componentst r@éh each other producing
secondary phase, it may degrade the dielectricepties (Tsunookat al., 2003;
Choet al., 2005).

Figure 4.7 SEM images of (a) LiMgP©-0.15 v TiO,+20 wt% Ag and (b) LiMgeZn, :PO,+0.12 4
TiO,+20 wt% Ag sintered at 95

Figure 4.7 (a) and 4.7 (b) shows the SEM imagdsMgPO,+0.15 V; TiO;
and LiMgoZnoPOi+0.12 ¢ TiO, composites co-fired with 20 wt.% Ag
respectively. In Fig. 4.7 (a) and 4.7 (b) all theee constituent phases can be
separately identified which indicates that no digant reaction occurs between
these phases. From the microstructures it is olkvibat TiQ remain as small
particles. The sintering temperature of Ti® very high (~1500C) and hence no
substantial grain growth occurs for Ti& 950°C.

Table 4.2Microwave dielectric properties of LIMgRE& 10, composites

V; of Ts Relative QuXf Experimental Calculated
TiO, (°C) density (%) & (GHz) 7 (ppm/°C) 7 (ppm/°C)
0.00 950 95.0 6.6 79100 -55 -55
0.10 950 95.0 9.3 45400 -12 -5
0.12 950 95.0 10.0 26900 +1 6
0.15 950 93.0 11.4 21100 +4 21
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The sintering temperature, relative density and rowave dielectric
properties of LIMgP@TiO, composites are summarized in Table 4.2. All the
composites show good densification of about 95%epixéor 0.15 volume fraction
of TiO,, which shows a densification of 93%. Relative p#imty of the
composites increases gradually with the increaseinme fraction of TiQ, since
TiO, has a large value af (=100). A reduction in ¢xf occurs with the increase in
TiO, volume fraction. This may be mainly due to the panatively low Qxf (<
30000) of TiQ (Templetoret al., 2000) and inhomogenity produced by the mixing
of two materials with largely differert values. Non-uniform mixing of phases can
also have detrimental effects onx® The ; is increased from -55 ppi@ to +3
ppm/PC with the addition of 0.15 volume fraction of TLiO'he composite containing
0.12 volume fraction of Ti@shows an excellent value 6f(+1 ppm?C). The value
of 1; for the composites can be calculated using théumaxule (Donget al., 2008),

Tfcomposite = Vi1 T + Ve Tp, (4.1)

where \{; and 4, are the volume fractions of LiMgR@nd TiQ andt:; andty, are
their temperature coefficients of resonant freqyemspectively. The values af
calculated using equation (4.1) are also givenabld@ 4.2. The experimental and
calculatedts are in good agreement upto ¥ 0.12. However, for V= 0.15,
experimental value of; deviates considerably from the theoretical vallibe

variation can be attributed to the relatively pdensification of this sample.

Table 4.3Microwave dielectric properties of LiMg@Zn, ;PO,-TiO, composites

V; of T, Relative QuXf Experimental Calculated
TiO, (C)  density(®%) ¥  (GHz) 7 (ppm°C) T (ppm/°C)
0.00 925 94.9 6.7 99700 -62 -62
0.10 950 95.6 9.5 69500 -15 -11
0.12 950 95.5 10.1 52900 -5 -1
0.15 975 93.3 11.7 49800 +17 +15
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The microwave dielectric properties of LilylgnoPO-TiO, composites are
given in Table 4.3. With the addition of TiQthe sintering temperature increases
slightly due to the high sintering temperature @ The sintering temperature for
the composite with 0.15 (VTiO, is 975 °C which is not suitable for LTCC
applications. On the other hand, composites coinmigiinp to 0.12 Y TiO, can be
well sintered below the melting point of Ag. Thelua of & increases with the
volume fraction of TiQ due to the large relative permittivity of TiO The quality
factor decreases gradually from 99700 GHz for LihNn, 1PO, to 49800 GHz for
the composite with 0.15 \TiO,. The value oft; varies from -62 ppfiC to +17
ppm/PC as the Yof TiO, increases from 0 to 0.15. The calculated values afe
also given in Table 4.3. The experimentally obseévalues oft; are found to be in
agreement with the theoretical ones. LMgn, PO, co-fired with 0.12VY TiO, at
950 °C shows the best microwave dielectric propertieh &i=10.1, Qxf = 52900
GHz andt; = -5 ppm{C. The excellent microwave dielectric propertiesl dhe
glass-free nature make this composition competitwigh the commercially
available LTCC substrates (Sebas#hal., 2008).

Table 4.4 Comparison of newly developed LTCC with commergmbducts (Imanaka, 2005;
Sebastiart al., 2008)

Product/Composition Supplier & Quxf

LiMgPO, (Present work) 6.6 79100
LiMg  Zn PO, (Present work) 6.7 99700
LiMg  Zn PO, (Present work) 6.7 93900
LiMgPO,+0.12 V. TiO, (Present work) 10.0 26900
LiMg Zn, PO+ 0.12 V TiO, (Present work) 10.1 52900
MLS-41(N&,O:—TiO~SIO,) NEC glass 19.0 1200
G55(BSG+SiQ+Al,0Os+cordierite) Kyocera 57 8000
A6-M Ferro 5.9 1500
GC-11 NGK 7.9 600
943 DuPont 7.8 2000
951 DuPont 7.8 900
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Table 4.4 gives a comparison &fand Qxf of the LTCC developed in the
present study with that of some commercially avdégroducts. From Table 4.4 it
is clear that the microwave dielectric propertieshe present materials are superior
to the commercial ones. The glass free nature ofraterials is the main reason for
their very large xf compared to that of the commercially availabledC.

4.3 Casting and characterization of LiMgPQ glass free LTCC tape for
microwave applications

4.3.1 Introduction

Multilayer Ceramic Modules (MCMs) form the core wstiures of high
performance electronic systems especially in tefeoanication. Low Temperature
Cofired Ceramic (LTCC) technology is essential filwe fabrication of high
performance MCMs with high circuit density at lowst. The development of
flexible LTCC green tapes is one of the criticathbeological issues in practical
applications. Most of the materials reported forQd substrate applications are
glass-ceramic composites due to the requirementowf temperature sintering
(Sebastiaret al., 2008). The presence of glass phase in LTCC coitnpas makes
the tape casting process more difficult and maylpce undesired variations in the
final properties (Jantunest al., 2000). The present work investigates the dispersi
and tape casting of LiMgRCeramic with an objective to develop a low loszsgl

free LTCC tape for microwave applications.
4.3.2 Experimental

The LiMgPQ (LMP) ceramic was synthesized through the soliatest
ceramic route. LMP powder calcined at 8% for 4hours was ground into fine
powder. The average particle size of the cerame dedermined by Dynamic Light
Scattering (Zetasizer Nanoseries: ZEN 3600, Malv@vorcestershire, UK). BET
surface area of the powder was measured by nitragsarption using surface area
analyzer (Gemini 2375, Micromeritics, Norcross, USAhe thermal conductivity
was measured using a laser flash thermal propeatiedyzer (Flash Line 2000,
Anter corporation, Pittsburgh, USA) (Alm et al., 2005). For the thermal
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conductivity measurement specific heat capacityetdrence material (alumina) as a

function of temperature was taken from literatubeglaset al., 1956).

Mixture of ethanol and xylene in the ratio 50:58snused as the solvent for
the preparation of tape casting slurry. Initialligpersion studies were carried out
with 37 wt.% ceramic loading and varying wt.% obpmrsant. Fish oil (Arjuna
natural extracts, Kerala, India) was used as tlspedsant and the wt.% was
calculated relative to the weight of the powdere Howder was ball milled in the
solvent with dispersant for 24 hours. The sheasoggy of the slurry was measured
using a rheometer (Brookfield, R/S Plus, Massaditais&SA). For sedimentation
analysis, 10 ml of the slurry was transferred igtaduated measuring cylinder and
allowed to settle. The sediment height (H) was tmeasured at regular intervals of
time and the ratio of sediment height to the ihiieight (H/H)) was calculated. The
tape casting slurry was prepared in a two stageesso In the first stage the LMP
powder was ball milled for 24 hours with the solivéxylene/ethanol) and fish oil.
In the second stage Type | plasticizer, Type Ikftazer, binder and homogenizer
were added and ball milled for another 24 hourstyBoienzyl phthalate (Sigma-
Aldrich), polyethylene glycol (Sigma-Aldrich), palinyl butyral (Butvar B-98,
Sigma-Aldrich) and cyclohexanone (Sigma-Aldrich)reveespectively used as Type
| plasticizer, Type Il plasticizer, binder and hageaizer. The final slurry was then
degassed in a vacuum desiccator for 5 minutesnmve the air bubbles and cast
using a tape casting machine (Keko equipment, Zbeekn Slovenia). The casting
was carried out on a Mylar film using a doctor l@aystem. The cast tape was then

allowed to dry at room temperature.

Tensile strength of the LMP green tape was measusatly a Universal
Testing Machine (Hounsfield, H5K-S UTM, Redhill, Ykt a crosshead speed of 5
mm/min. The specimen gauge length was 40 mm, witimm and thickness 0.07
mm. The surface roughness of the green tape wasumeehusing an Atomic Force
Microscope (AFM) (NTEGRA, NT-MDT, Russia) operatimg the tapping mode
regime. Images were acquired with a scan size qirdx 50um and scan rate of
1.01 Hz. The thermogravimetric analysis (TGA) of the LMPegn tape was
conducted using a thermogravimetric analyzer (P&lkner, Waltham, USA). For
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further characterization, square pieces of area 50 mnf were cut from the green
tape and laminated together. The lamination wasedona uniaxial press by
applying a pressure of 5 MPa and a temperature0ofC7for 30 minutes. The
laminated tape was sintered at 980for 2 hours. While sintering, the laminate was
kept in between two thin platinum plates in ordeavoid warping. The density of
tapes was measured using Archimedes method. Thestriecture of the tapes was
analyzed using SEM. The microwave dielectric propsmwere measured in a Split
Post Dielectric Resonator operating at 5.155 GHh wWie aid of a vector network
analyzer (8753ET, Agilent Technologies, Santa Cl&a) as discussed earlier in
Chapter 2.

4.3.3 Results and discussion

The average particle size and BET surface arelaeof MP powder are given
in Table 4.5 below.

Table 4.5Characteristics of LiMgP£powder

Calcination

. . _1
temperature (C) Average particle size gm) BET surface area (nfg™)

800 11 2.7

The variation of thermal conductivity of LMP witkrhperature is shown in
Fig. 4.8. The ceramic shows a thermal conductiwify7.1 Wm'K™ at room
temperature which decreases gradually with theeas® in temperature. In dielectric
materials, primary carriers of thermal energy afeormns and the thermal
conductivity is proportional to the mean free pdtin phonon collisions. For
ceramics, the phonon mean free path decreasesthdtlincrease in temperature
above room temperature resulting in a decreas@esfmial conductivity (Kingery,
1960).
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Figure 4.8 Variation of thermal conductivity of LiMgPQwith temperature

For the successful tape casting well dispersedjlestaeramic slurry is
essential. Hence the amount of dispersant requieedkeep the particles
deflocculated in the slurry has to be optimizedtfiThe viscosity of well dispersed
slurry will be lower due the presence of intergaufate fluid layer which offers
increased mobility to the particles (Mukhergteal., 2001; Leeet al., 2009). Figure
4.9 shows the variation of viscosity with sheareraf the slurries prepared by
loading 37 wt.% LMP powder in the ethanol/xylene ifne ratio 50:50 by weight)
solvent for the amount of dispersant (fish oil)ymag from 1 to 3 wt.%. The fish oil
keeps the ceramic particles deflocculated throughcsstabilization (Calvergt al.,
1986). The viscosity of the slurries decreases withease in shear rate, a behavior
called shear thinning (pseudoplastic). In concéatiauspensions, even after the use
of optimum amount of proper dispersant, some agegtates will be formed
(Mukherjeeet al., 2001). The shear thinning behavior is a resulthaf gradual
breaking of these agglomerates under the sheasstteet al., 2009). From Fig.
4.9, it is obvious that the viscosity (at low shegtes) decreases with the increasing
amount of dispersant. This trend continues up ¥a.2 of dispersant, beyond that

the viscosity increases. Hence the amount of dispérrequired to yield lowest
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viscosity is 2 wt.%. The relatively higher viscgsiof the slurries with lower

dispersant concentration may be due to the insefficamount of dispersant to
completely cover the particle surface and the teguiflocculation. On the other
hand when the amount of dispersant exceeds thenamtivalue, viscosity increases
due to bridging flocculation or depletion floccudat (Palmqvisét al., 2006).

2.5 - —¥— 1.0 Wto/o flSh Oll
—u— 1.5 wt% fish oil
1 —e— 2.0 wt% fish oil
2.0 1 —A—2.5 wt% fish oil
“an J —o— 3.0 wt% fish oil
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Figure 4.9 Variation of viscosity with shear rate at differ@oncentrations of dispersant

Sedimentation analysis is a well known techniquediimate the dispersion
stability and final packing. When ceramic particée dispersed in a solvent and the
suspension is kept undisturbed, the particles stagettle under the influence of
gravitational force. The sedimentation velocitypi®portional to the square of the
particle diameter (Stokes’ law) (Leeal., 2009). Therefore, less dispersed particles
will settle down at a faster rate due to the largiéective diameter. On the other
hand, in well dispersed slurry particles will setdt a slower rate and attain good
packing density. Figure 4.10 shows the relativeinsedt height (H/H) of the
suspensions containing 37 wt.% LMP for varying amsuof dispersant as a
function of time. The suspension containing 2 wti&persant has the lowest rate of

sedimentation and highest final packing. Other aositppns show relatively fast
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sedimentation. The observations can be correlatedhé results of viscosity
measurements. From the viscosity measurementsegtiiohentation analysis, it can
be concluded that 2 wt.% of fish oil is the optimamount required to keep the
LMP particles deflocculated in the solvent systaken.
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Figure 4.10Relative sediment height as a function of timediffierent concentrations of dispersant

The composition of the LMP tape casting slurrgigen in Table 4.6. The
maximum powder loading achieved in the first stegé0 wt.%. However, relative
to the total weight of the final slurry wt.% of LMB 34.87 as given in Table 4.6.
Similarly the amount of fish oil relative to thetabweight is given in the Table 4.6.
The maximum powder loading attainable depends ermémsity and particle size of
the powder and the effectiveness of dispersant.pbivader loading in tape casting

slurry may vary from ~ 20 to 90 wt.% (Mistlerral., 2000). The lower filler loading
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may lead to cracking of the tape while drying du¢hie larger volumetric shrinkage.
However, increasing the amount of binder and Typelasticizer will prevent
cracking by increasing the matrix strength andvehg more plastic deformation
respectively (Mistleet al., 2000). In the present study, wt.% of both thedlbmand
Type |l plasticizer are large (Table 2) comparedni@ny of the previously reported
tape casting slurry compositions (Mistlet al., 2000; Jantuneret al., 2004;
Honkamoet al., 2009; Josepkt al., 2011).

Table 4.6 Composition of LiMgPQtape casting slurry

Component Composition (wt.%) Function
First stage
LiMgPO, 34.87
Fish all 0.70 Dispersant
Xylene 26.16 Solvent
Ethanol 26.16 Solvent
Second stage
Polyvinyl butyral, grade B-98 5.23 Binder
Butyl benzyl phthalate 2.61 Plasticizer (Type I)
Polyethylene glycol 3.92 Plasticizer (Type II)
Cyclohexanone 0.35 Homogenizer
0.6
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Figure 4.11Viscosity of LIMgPQ tape casting slurry as a function of shear rate

Figure 4.11 shows the viscosity of the final sihuas a function of shear rate.

The slurry shows typical pseudoplastic behavion #@ tape casting slurry the
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pseudoplastic behavior is essential so that thepsity will decrease while passing
through the blade gap due to the shear force amrdvibcosity will increase
immediately after the blade preventing the unwarite@ after casting (Moreno,
1992; Bitterlichet al., 2002).

um
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Figure 4.12AFM image of LiMgPQ green tape

The tensile strength and surface roughness of thengtape are the two
parameters of major concern while handling andtimgnthe circuit patterns. The
LMP green tape shows a tensile strength of 0.22 .MP& AFM image of the
surface of the green tape is shown in Fig. 4.12 @reen tape has an average
surface roughness {Sof 0.25um. The lamination pressure for the LMP tape (5
MPa) is found to be low compared to the commonlgdusalue (~ 20 MPa)
(Honkamoet al., 2009; Joseplet al., 2011). This may be due to the increased
amount of polymers present in the LMP green tapéchwlare responsible for
thermo-lamination. It has been reported earliet ¢haressure in the range 3 to 30
MPa may be used for laminating the ceramic tap&gofiski et al., 1999). It is also
noteworthy that a low lamination pressure is adagebus to avoid the deformation
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and sagging of the circuit patterns that will benigd on the tape before lamination
(Khoonget al., 2009).
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Figure 4.13TG curve of LIMgPQ tape
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Figure 4.14Sintering profile for LiMgPQtape
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Figure 4.13 shows the TG curve of thermo-laminadsgu (4 layers) in air.
From Fig. 4.13 it is evident that the burnout pescef organic additives extends
from about 175C to 450°C. Initially there is a rapid weight loss of araub7% up
to 250°C followed by a slow weight loss up to 480. The burnout process is
completed at 456C with a total weight loss of ~ 27%. The weightdast lower
temperatures may be due to the evaporation of laecnlar weight additives like
dispersant and plasticizer. The weight loss atdngbmperatures may be attributed
to the binder burnout (Geffrogt al., 2007; Luftl et al., 2011; Vozdeckyet al.,
2011). In order to get good microwave dielectriogarties after sintering the tape,
the organic additives have to be removed prioraiesdication (Tummala, 1991). If
a fast heating rate is employed, chances are floerthe formation of cracks or
bubbles and the delamination of stacked layershef tape (Zenget al., 2000;
Kinemuchiet al., 2006). Based on these facts and the results &, EGsintering
profile is created as shown in Fig. 4.14. A slovativg rate of 1°C/min. is given
upto 600°C with two intermediate dwells at 368G and 600°C, 30 minutes each for
the complete burnout of organics. Heating rate % 2 employed upto 95 and
the sample is cooled at a rate df2after the dwell at 958C for 2 hours.

Figure 4.15SEM images of the surface of (a) green tape,ifi@red tape and fractured surface of
(c) thermo-laminated stack (4 layers) (magnifiedg® in the inset), (d) sintered stack
(magnified image in the inset)
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Figure 4.15 (a) and (b) shows the SEM images ofstiréace of green and
sintered tapes respectively. Similarly Fig. 4.1pdied (d) shows the SEM images of
the cross section of thermo-laminated stack (4rtybefore and after sintering
respectively. The surface morphology of green t&yeals more or less uniformly
distributed LMP ceramic particles connected throggilymer bridges and some
porosity. Substantial grain growth occurs duringitesing and hence the
microstructure of the sintered tape (Fig. 4.15 @)dpws well packed grains with
fractional porosity. In the SEM image of the cresstion of thermo-laminated stack
(Fig. 4.15 (c)), no interlayer boundary is visibl€his means that under the
conditions of thermo-lamination, the polymer in tmatrix softens and the layers
diffuse one into another making the laminate homeges (Salan&t al., 2000).
From the microstructure of the fractured surfacéhefsintered stack (Fig. 4.15 (d)),

it is clear that the stack densify to form a singledule.

Table 4.7Microwave dielectric properties of LiMgR®@ape

Dielectric properties

: Number  Thickness Relative at 5 GHz
Material of layers (um) density (%)
& tan &
Green tape 1 70 56.0 3.2 0.0688
Laminated stack 4 240 66.7 4.1 0.0680
Sintered stack 4 190 97.4 6.4 0.0002

The microwave dielectric properties of the greemvalt as sintered tapes are
given in Table 4.7. The green tape shows low redagpermittivity and high
dielectric loss due to the presence of consideratvleunt of organic additives. The
relative permittivity of the tape increases slighdfter thrmo-lamination with a
marginal decrease in t&nThis may be due to the increaseetative density due to
thermo-lamination. During thermo-lamination, thdymaer present in the green tape
softens and under the pressure applied the lamsfaieks bringing the ceramic
particles close to each other which make the lataidanser. The laminate of LMP
sintered at 950C/2h shows good densification of 97.4 % due torggabwth and
the subsequent removal of porosity. The sinteredinate also shows good
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microwave dielectric properties with @aph= 6.4 and tar® = 0.0002 at 5GHz. The
improvement in microwave dielectric properties artesing may be ascribed to the

removal of organics and the increase in densiboati

Table 4.8Comparison of fired properties of LMP tape withttbf commercial LTCC tapes

Property LiMgPO, DuPont™ 951 DuPont™ 9K7 Ceramtape GC
Density (g.cnm’) 2.75 3.10 3.10 2.92

£ 6.4 7.8 7.1 7.9

Tan & 2x10° 1.4x107 1x10° < 2x10°

CTE (ppm/°C) 11 5.8 4.4 5.3

TC (Wm™K™ 7.1 3.3 4.6 2.2

Table 4.8 compares the fired properties of LMP tap# that of some
commercial LTCC tapes. From Table 4.8, it is clbat the properties of LMP tape

are comparable to that of the commercial products.
4.4 Conclusions

The microwave dielectric properties of LiMgZnPOs (x = 0.0 to 1.0)
ceramics have been investigated. The ceramicsiritaiorthorhombic structure up
to x = 0.2. The compositions with> 0.3 exist as a mixture of orthorhombic and
monoclinic phases. As the value of x increases,atheunt of monoclinic phase
increases. At x = 1.0, the structure is completepsformed from orthorhombic to
monoclinic. LiMg ¢ZNn 1POy shows the highest &f of 99700 GHz. The ceramics
show slightly large negative (= -55 ppm{C). For the compositions LiMgPGand
LiMg0.¢Zno.1POy the 1+ has been tuned nearly to zero through ;T&ddition. The
LiMgPO,-TiO, composite with 0.12 volume fraction of TiGase, = 10, Qxf = 26900 GHz
andt; = +1 ppm?C. LiMgo.¢Zne POy + 0.12 M TiO, has also got good microwave
dielectric properties witlg, = 10.1, Qxf = 52900 GHz and; = -5 ppmf{C. The
analysis of XRD pattern and microstructure revehks chemical compatibility
between the composites and the commonly used @tiectmaterial Ag. The good
microwave dielectric properties, glass free nat@md low bulk density makes the

ceramics more attractive for practical applications
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LiMgPO, ceramic prepared by the solid state ceramic roasebeen used for
the preparation of tape casting slurry. The LiMgROwder has an average particle
size of 1.1um and BET surface area of 2.7gn. Dispersion studies based on the
viscosity measurements and sedimentation analgsealed that 2 wt.% of fish oil
is the optimum amount of dispersant required. Pggladtic slurry of LIMgPQ@ has
been prepared with the addition of suitable orgaadditives. Tapes of 7(m
thickness have been fabricated by the doctor bladenique. The cast green tape
shows a tensile strength of 0.22 MPa and averagacsuroughness of 0.25m.
The green tape has a&pof 3.2 and tam of 0.0688 at 5 GHz. The microwave
dielectric properties have been improved afteresing). The stack (4 layers) of
LiMgPO, tapes has got good microwave dielectric propemidis €, = 6.4 and tad
= 0.0002 when sintered at 95C/2h. The ceramic has a coefficient of thermal
expansion of 10.5 ppfi€ and thermal conductivity of 7.1 WH{™. The glass-free
nature and the good microwave dielectric propertbtained for the final tape
makes the newly developed tape casting formulataitractive for LTCC

applications.
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Polymer matrix composites for microwave
substrate applications

Preparation and characterization of some polymer-
ceramic composites is discussed in this chapter. High density
polyethylene (HDPE) and mechanically flexible butyl rubber
(BR) have been selected as polymer matrices.
Cayla(S104)4(PO4)20, (CLSP) ceramic has been used as filler.
The HDPE-CLSP composite with highest filler loading of 0.4
volume fraction shows an & of 5.1 and tan & of 2.3x10° a 5
GHz. Similarly BR+0.4 V¢ CLSP composite has & = 5.1 and
tan & = 1.6x10°. Experimentally observed values of relative
permittivity of the composites have been compared with the
values calculated using various theoretica models. The
coefficient of linear thermal expansion of the composites has
been observed to decrease with filler loading. The BR-CLSP

composites show good flexibility even at higher filler loading.
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CHAPTER 5

5.1 Introduction

In recent years, wireless communication using mvenees has been
emerged the prominent way of information exchanfee widespread use of
wireless communication transformed the microwavectebnics market into a
consumer driven one. This necessitated the edtaidist of a balance between
performance and cost of the product (Bhattachetrgh, 2001). Consequently, high
performance dielectric ceramics used as substimtescrowave modules have been
largely replaced with cheaper polymer based sulestrhaving reasonably good
performance (Buchanan, 2004). Many of the polynsatssfy the criteria of low
relative permittivity €) and low dielectric loss (ta®) essential for substrate
applications (Sebastiaat al., 2010). In addition they are light weight, flexebhnd
easily machinable as compared to ceramics. Howewdike ceramics polymers
exhibit high thermal expansion and low thermal amtdity which are not
favorable for substrate applications (Rimdweitl., 2000; Sebastiaat al., 2010).
Polymer-ceramic composites are capable to deliadainged mechanical, thermal
and dielectric properties at a relatively low coBbe ability to tune the physical
properties of polymer-ceramic composites by varygegamic filler loading is also

advantageous for practical applications.

5.2 HDPE matrix composites filled with CalLag(SiO4)4(PO,4),0, for microwave
substrate applications

Several polymer-ceramic composites have been daeseldor microwave
substrate applications (Sebasteéal., 2010). Polytetrafluoroethylene (PTFE) is the
mostly studied polymer for microwave applicationgedo its extremely low loss.
However the preparation of PTFE based laminatdgfisult due to its high melting
point and high melt viscosity (Muradt al., 2009; Sebastiaét al., 2010). The other
commonly used polymers for substrate applications @poxy, high density
polyethylene (HDPE), Polystyrene (PS) etc. (Seba#i al., 2010). Among them
HDPE is an easily processable polymer with goodramave dielectric properties
(e, = 2.3, tand = 6x10% (Thomaset al., 2009). HDPE is a non polar, semi-
crystalline polymer composed of (-Gi€H,-) (Bur, 1985). It is a thermoplastic and

hence can be easily remolded into various shagesdévelopment of HDPE based
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microwave dielectric composites has been addresssdme of the earlier works
(Subodhet al., 2009; Thomast al., 2009; Anjanat al., 2010; Georget al., 2010;
Georgeet al., 2010; Sebastiaet al., 2010; Joseplet al., 2012). HDPE matrix
composites loaded with S&i,0; show good dielectric properties; € 2.8-5.3 and
tan 8 = 3.0x10° — 9.1x10%) at 8 GHz (Thomast al., 2009). The composites have
water absorption in the range 0.2 to 0.3 %. The B&SLO; composite
containing maximum filler loading of 0.5 volume déteon (V) has got the lowest
linear coefficient of thermal expansion (CTE) of PmPC and highest thermal
conductivity (TC) of 3 Witk (Thomaset al., 2009). Subodh et al. studied the
dielectric response of HDPE&&Ti;1,035 composites (Subodé al., 2009). The
composites with maximum filler loading of 0.4; \6how rather high relative
permittivity of 12.1 and low dielectric loss (t&F 4x10°) at 8 GHz. HDPE-CeD
composites have in the range 2.8-6.9 and tarn the range 3.6x19-8.5x10° at 7
GHz (Anjanaet al., 2010). HDPE-Ce@composite with maximum filler loading of
0.5 V4 has the lowest CTE of 88.5 ppi@/and tensile strength of 10.2 MPa. Lin et
al. studied the dielectric and magnetic propertédiDPE filled with YsFeO12
(YIG) (Lin et al., 2010). However, most of the HDPE-YIG compositesve large
dielectric loss (tand > 1x10%. The HDPE-LiMgSiO, composites have been
reported to be suitable for microwave substratdiegipns (Georgeet al., 2010).
For 0.4 V of Li,MgSiO, filler loading the composite shows good microwave
dielectric propertiese{ = 3.5 and ta® = 3.2x10° at 5 GHz). The Ca[(LisNbys):-
«Tix]Os.5 ceramic reinforced HDPE composites with= 3-9 and tard = 1.2x10°*
5.0x10° form another class of polymer-ceramic compositétkle for microwave
applications (Georget al., 2010). Recently, Joseph et al. reported the efiéc
SrZnSKLOy filler loading on the mechanical, thermal and digie properties of
HDPE (Joseplet al., 2012). HDPE filled with 0.5 Mof SKZnSkOy filler showsg, =
4.6 and tad = 3.6x10° at 5.1 GHz. The composite also has a CTE of 7prafic,
TC of around 3 WK™,

The present work is focused on the preparationduadacterization of HDPE
matrix composites filled with Ghag(SiO)4(POy).0, (CLSP) ceramic.
CayLag(SiO4)4(POy).0,which is a solid solution of oxyapatites Lag(SiO4)s0, and
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CaLax(P0Oy)s0. has been observed to have good microwave dielgutopertiesd,
=13.8, Qxf = 27900 GHz and; = -11 ppm/C) (Chapter 3).

5.2.1 Experimental

The Calag(SiO4)4(POy)20, (CLSP) ceramic was prepared through solid
state reaction. The powder obtained was pre-hext@@00°C and then calcined at
1400°C for 4 hours with intermediate grinding. Calcingawder was ground into
fine powder and sieved through @6 sieve. Theomposites were prepared by melt
mixing different volume fractions ¥ of CLSP filler with HDPE (Nikunj Industries,
Mumbai, India) in a kneading machine at a tempeeatii 180°C (see Chapter 2).
The uniform mixtures so obtained were then hot ggesat 180C for 30 minutes

under a pressure of 20 MPa.

The phase formation of the ceramic filler was idfead by recording X-ray
diffraction pattern with CulK radiation. The bulk density of the composites was
measured by the Archimedes method. The microstiadéi the composites was
studied wusing Scanning Electron Microscope (SEM).at&v/ absorption
characteristics of the composites were measured) issimples with dimensions 50
mmx50 mnx2 mm. Each of the samples were weighed accurateutodecimal
places and kept immersed in distilled water forhdlrs. The samples were then
taken out and after removing the excess water filoensurface, the weight was
measured again. The water absorption was thenlatduwsing the relation,

Water absorption = % %X 100 (5.1)

where W and W are the weights of the sample before and afteemiatmersion

respectively. The dielectric properties at 1 MHzreveneasured by parallel plate
capacitor method using an LCR meter. Microwave edigic properties were
measured by Split Post Dielectric Resonator (SPDBthod. The linear coefficient
of thermal expansion of the composites was meaguardte temperature range 30-

100°C using a dilatometer. The tensile test of the amsitps was conducted using
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dumb-bell shaped samples of width 4 mm and thickrieS-2 mm in a Universal

Testing Machine.

5.2.2 Results and discussion
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Figure 5.1 Powder XRD pattern of CLSP filler

The powder XRD pattern of Glaag(SiO4)4(POy).0, (CLSP) filler is shown
in Fig. 5.1. The peaks are indexed using standaRDS¥ files for Cg.ag(Si0,)sO2
(file no: 29-0337) and Ghay(POy)eO. (33-0287) with hexagonal structure and
belonging to P6s/m space group. The CLSP ceramic shows good diadectri

properties withe, = 13.8 and ta® = 5x10* when measured at around 5 GHz using

an SPDR.

Figure 5.2 SEM images of fractured surfaces of (a) HDPE-G.ENSP and (b) HDPE-0.4,\CLSP

Figure 5.2 (a) and (b) respectively shows the SiaMges of the cross

sections of composites loaded with 0.2avid 0.4 Y CLSP. In the microstructure of
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PE+0.2 ¥ CLSP composite, most of the filler particles remiiolated from each
other with a polymer layer in between (Fig. 5.2.(&8)owever, for the highest filler
loading of 0.4 VY the inter-particle distance decreases and thex filérticles tend to
agglomerate (Fig. 5.2 (b)). For polymer-ceramimposites there is a maximum
limit of filler loading above which the processibgcomes difficult and also results
in poor mechanical properties (>a al., 2006). In HDPE-CLSP composites, the
maximum filler loading achieved is 0.4.V

Table 5.1Relative density, water absorption and dielegir@mperties at 1 MHz

V- of filler Relative density ~ Water absorption At1l MHz
f (%) (Wt.%) g tan &
0.1 99.0 0.03 3.0 1.8xT0
0.2 98.8 0.03 3.7 2.4xF0
0.3 08.8 0.03 4.5 2.5xF0
0.4 98.3 0.04 5.4 2.5xF0

The relative density, water absorption and dielegroperties at 1 MHz are
given in Table 5.1. The composites have high netatiensity (> 98 %) although the
densification decreases slightly with filler loagin(Table 5.1). In dielectric
materials, moisture absorption will lead to the ralledegradation of dielectric
properties both at radio and microwave frequen@tesd, 1946; Tingaet al., 1973;
Bur, 1985). The absorbed water acts as an interlag®veen the matrix and filler
giving rise to an interfacial loss mechanism (Staenet al., 1991) at low
frequencies. Similarly the dipole relaxation of aifed water may produce
additional loss at microwave frequencies (Xiagtgal., 2006). In addition, the
vaporization of absorbed water owing to the heategsted during soldering may
lead to delamination and cracking of the substi@magai, 2002). Moisture
absorption of less than 0.1 % has been reportée ideal for electronic packaging
(Rajeshet al., 2009). From Table 5.1, it is obvious that HDPESPLcomposites
show negligible tendency for water absorption amel raximum water absorption
being 0.04 wt.% for the composite containing 0;42USP. The relative permittivity
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of HDPE-CLSP composites at 1 MHz increases gragwath filler volume fraction
(Table 5.1) due to relatively largg of the CLSP filler. Tard at 1 MHz increases
from 1.8 x 10’ for 0.1 4 CLSP to 2.5 x 18 for 0.3 \4 CLSP and becomes steady
on further increase in filler concentration. Thergase in tad with filler Vs may be

ascribed to the decreasing homogeneity with fidading (Gemant, 1938).
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Figure 5.3 Dependence of microwave dielectric propertiesilter toncentration

Figure 5.3 shows, and tand of the composites at 5 GHz as a function of
filler volume fraction. The variation of both and tand with V; of filler follows
somewhat similar trend as that observed at 1 MHie domposite with maximum
filler loading of 0.4 \V CLSP hag; = 5.1 and tad = 2.3x10". In polyethylene, the
major contributions towards dielectric loss commairbranching, vinyl unsaturation
and impurity dipolar structures introduced whil@gessing (Curtis, 1962; Conklin,
1964). Several factors including the anharmonieraattion of electric field with the
phonon system, imperfections in crystal latticeleprdisorder and impurities affect
the microwave dielectric loss of ceramic filler f@stian, 2008). When the

composite as a whole is considered, additionalcteffarising from heterogeneity,
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porosity and matrix-filler interphase region magatome into play (Gemant, 1938;
Toddet al., 2003).
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Figure 5.4 Comparison of theoretical and experimental vabfes at 5 GHz

Several theoretical models have been developedstimnate the relative
permittivity of composite structures. Conversehgde models can be used to probe
the degree of filler dispersion and the matrixefillcompatibility by comparing
theoretical and experimental values obtained&forThe following equations are
used to calculate the relative permittivity of HDERESP composites (Sebastiein
al., 2010).

€

. g —€

M —v, o (Maxwell-Garnett Equation) (5.2)
€t T26,, g +2¢,,
log o5 = (1 — Vp)log &, + Vilog &¢ (Lichtenecker Equation) (5.3)

Sm(l_Vf)"'Sfo[ S }|:1+3Vf(8f_8)

& 2, (e +2¢,,) } (Jayasundere- Smith Equation) (5.4)

(1-v,)+ v, { o }[1+3Vf(‘gf_gm)}

g +2¢,, (:5f +28m)

‘geﬁ
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P T — (& = &) (Effective Medium Theory) (5.5)
€m + n(l_ Vf )(gf - 8m)

wherees, & andep are the relative permittivity of the compositdlefi and matrix
respectively. Yis the volume fraction of the filler and n is a padactor determined
empirically. Figure 5.4 shows a comparison of tk&oal and experimental values
of relative permittivity. The values of relativerpattivity obtained using Maxwell-
Garnett, Lichtenecker and Jayasundere-Smith equsasioow considerable deviation
from the experimentally observed values (Fig. 5e4pecially at higher filler
loading. The Maxwell-Garnett mixing rule has beenivked for a composite system
in which the electromagnetic interaction betwedlerfiparticles is weak (Mallet
al., 2005). Hence this model is valid only at lowdillconcentration. Lichtenecker
model assumes the composite as a system of randwiefhted spheroids uniformly
distributed in the matrix (Goncharenla al., 2000). In the present study, the
observed misfit between the theoretical values, afalculated using Lichtenecker
equation and the experimental values may be du¢héo violation of basic
assumptions. Jayasundere- Smith equation has lamed by assuming the filler
particles as spheres with equal radius dispersedthen continuous matrix
(Jayasunderet al., 1993). Moreover, the relative permittivity of thider has been
assumed to be very large compared to that of thgixn®eviation from these
criteria may be the reason for the difference,iobtained experimentally and using
Jayasundere- Smith equation. The values of relgisenittivity obtained using
Effective Medium Theory (EMT) for n = 0.2 are foumd be matching with the
experimental data (Fig. 5.4). In EMT model the cosifes has been considered as
an effective medium with random unit cell (RUC)qarising a core of filler and
shell of matrix, embedded in it (Rabal., 2000). EMT model imposes no restriction
on the shape of filler particles to be used ancctieulation of; accounts for shape
of filler particles through the factor n.

The temperature dependenceepis a characteristic of major concern for
practical applications. Figure 5.5 depicts the ataon of &, at 1 MHz with the
operating temperature for HDPE-CLSP composites. Thelposites show a

decrease ig; as the temperature increases. It is also notewdntt the variation in
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& decreases with filler loading from ~ 8% for 0.1 GLSP to ~ 5% for 0.4 ¥ In
polymers,s, may decrease with temperature due to the incri@aspecific volume
(Raoet al., 2000). Earlier, such an observation has been nmH®PE (Ahmedet
al., 2008). Hence, in HDPE presence of filler paricimay further reduce the

temperature variation @f by hindering the expansion of polymer matrix.

20 30 40 50 60 70 80

Temperature (°C)

Figure 5.5 Temperature variation ef at 1 MHz

Figure 5.6 shows the variation of linear coefinti®of thermal expansion
(CTE) with filler volume fraction. From Fig. 5.6 i$ clear that the CTE decreases
almost linearly from 207 ppA€ to 117 ppnfC as the filler loading increases from
0.1t0 0.4 V. The CTE of HDPE matrix (250 ppf®) (Thomaset al., 2009) is much
higher than that of CLSP filler (5 ppf@) (Chapter 3). Such a difference in CTE of
matrix and filler will produce thermal stress iretkomposite while heating. The
CTE of the matrix will be effectively lowered if ¢hinterfaces between matrix and
filler are capable of transmitting the stress depetl (Hollidayet al., 1973;
Raghava, 1988). In HDPE-CLSP composites, the lidearease in CTE with filler
V: indicates that the matrix-filler adhesion is gaawugh to withstand the thermal

stress.

Page | 130



CHAPTER 5

220 -

200 -

180 —

160 -

CTE (ppm/ °C)

140

120 -

100 -

Filler volume fraction

Figure 5.6 Variation of linear coefficient of thermal expamsi(CTE) with filler loading
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Figure 5.7 Tensile strength as a function of filler concetitna

The variation of tensile strength of the compasitath filler loading is
shown in Fig. 5.7. Tensile strength decreases 2amd MPa to 20.7 MPa as the

filler concentration increases from 0.1 to 0.4 Yhe mechanical strength of HDPE
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is mainly due to its semi-crystalline structure. HIDPE matrix composites, the
presence of filler particles modifies the crystatly and hence the mechanical
strength (Rusuet al., 2001). Moreover, the increase in porosity witkefiloading
may also bring about a decrease in tensile streidytinali et al., 2009).

Table 5.2Comparison of properties of HDPE-CLSP compositiés @ommercial products

Property

Material Supplier Density tan 3 Moisture CTE

(gem?) & (x10% absorption (Wt%) (ppm/°C)
RT/duroid 5870 Rogers corporation 2.2 2.3 1.2 0.02 173
RT/duroid 6002 Rogers corporation 2.1 29 1.2 0.02 24
HDPE+0.1 VCLSP (Present work) 1.3 2.9 0.9 0.03 207
25FR Arlon 1.8 3.6 3.5 0.09 59
HDPE+0.2 \{ CLSP (Present work) 1.7 3.6 2.3 0.03 179
FR4 P+M Services 1.8 4.7 14 0.10 11
HDPE+0.4 \{ CLSP (Present work) 2.4 5.1 2.3 0.04 117

A comparison of properties of HDPE-CLSP compositegh some
commercially available polymer based substratesigasimilar values o€, is given
in Table 5.2.

5.3 Mechanically flexible butyl rubber-CalLag(SiO4)4(PO4).0, composite
dielectrics for microwave substrate applications

Flexible electronics has been emerged as an ditenéor applications
where the conventional electronics is not competefulfill the requirements (Park
et al., 2008). Nowadays, conventional electronic circaits being largely replaced
with flexible modules. The advances in materiald &échnologies accelerate this
transformation. Flexible electronic circuit comgssa flexible dielectric substrate
upon which various electronic components are asleimBuch electronic modules
can be easily integrated to surfaces of any shaftikeuthe conventional circuit
boards (De Geytest al., 2008). In addition to being readily bendable, tlesible
substrate must also be stretchable to some extemtder to deploy it comfortably
over surfaces of irregular geometries (Kieh al., 2008). The other requisite
properties for a flexible microwave substrate ae E;, low tan d, temperature

stability of dielectric properties, low coefficiemf thermal expansion and good
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thermal conductivity. The elastomer-ceramic comjggsican meet all these

requirements to a considerable extent.

The microwave dielectric properties of some medtmly flexible
composites have been reported earlier. Hakim stwdied the microwave dielectric
properties of butyl rubber loaded with the filldikee talc, CaCQ, barites, dolomite,
kaolin and precipitated silica (Hakist al., 1988). They prepared these composites
with rather low filler loading< 50 wt.%) and the maximum obtained is 2.9 at 10
GHz. Koulouridis et al. investigated the effectvafrious fillers on the microwave
dielectric properties of flexible Polydimethylsilaxe (PDMS) with filler loading
varying from 0-0.3 Y(Koulouridiset al., 2006). PDMS-BaTi@composites showed
relatively larges, (up to 20) and tad (1x10%4x10%) at 1 GHz. On the other hand,
PDMS loaded with Mg-Ca-Ti-O (of Trans-Tech Inc.)daBi-Ba-Nd-Titanate (of
Ferro Corporation) has comparatively logy (< 8.5) and tand (< 1x10%)
(Koulouridis et al., 2006). Polyolefin-SrTi@ composites have been reported to be
suitable for flexible wave guide applications (Xgget al., 2007). The composites
have moderately good dielectric properties with aximume; of 10.5 and tam <
8.5x10° at 5 GHz. Butyl rubber-SrTi§composites witfg, varying from 3.5 to 13.2
and tand from 2.2x10° to 2.8x1C° (at 5 GHz) form another class of dielectrics
suitable for flexible substrate as well as wavedguapplications (Thomaet al.,
2011). Similarly, butyl rubber-8€e,TisO;5 composites have got good microwave
dielectric propertiese{ = 3.5 — 11.9 and tad = 1.2x10° — 1.8x10°) suitable for
practical applications (Janardhanah al., 2012). Recently, Chameswary et al.
reported the microwave dielectric properties of ybutubber-Ba/Sr3TiO3
composites suitable for flexible wave guide appiaa(Chameswargt al., 2012).
The composite with maximum filler loading of 0.39 Bay /Srp 3TiO3 hase, = 13.1

and tand = 9x10°.

The present work discusses the development of mexdily flexible butyl
rubber (BR) matrix composites containing jCa(SiOy)4(POy).0, (CLSP filler).
Butyl rubber is a synthetic elastomer. It is a dgper of isobutylene (€Hg) with
isoprene (GHg) (Blow, 1971). Butyl rubber shows low permeabiltty water and

good weathering resistance (Barron, 1949). Thraighprocess of vulcanization
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(i.e. the formation of cross links between the pwdy chains), dimensional stability
and elasticity of butyl rubber can be improved (Bar 1949). Butyl rubber
vulcanized by the conventional way using sulfurveg@ood microwave dielectric
properties § = 2.4 and tad = 1.7x10°) (Thomaset al., 2011).

5.3.1 Experimental

BR-CLSP composites with different volume fractiaofsCLSP filler were
prepared by sigma mixing in a kneading machine¥adid by hot pressing at 260
for 90 minutes. Various additives for the vulcatia of butyl rubber were also
added while mixing. In rubber compounding, it isngentional to use parts per
hundred parts of rubber (phr) to quantify the ingeats used for vulcanization
Hence, the additives used other than ceramic fdled their amounts in phr are
given in Table 5.3 (Barron, 1949; Janardhadaal., 2012). The properties of BR-
CLSP composites were characterized using variougererental techniques
discusses in section 5.2.2 and Chapter 2. In aaletudy the effect of repeated
bending on the microwave dielectric properties BFBLSP composites the samples
were bent manually in such a way that every pathefsample had undergone 180
bending. The bending cycle was repeated for 158giand the microwave dielectric

properties were measured after every 25 cycles.

Table 5.3Additives used for butyl rubber vulcanization

Additive Quantity (phr)
Stearic acid 3

Zinc oxide 5
Tetramethylthiuram disulphide (TMTD) 1

Sulfur 0.5

5.3.2 Results and discussion

Figure 5.8 shows the stress-strain curves obtdnued tensile tests for BR-
CLSP composites containing 0.2 and 040V CLSP filler. Both the composites do
not break up to an elongation of 1000%. The BRMN}.ZLSP composite remains
almost elastic up to an elongation of ~ 50% ansl linit is reduced to ~ 20% at 0.4
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V; of filler loading (Fig. 5.8). BR-CLSP compositestain the required flexibility

even at higher filler loading.

2.0

1.5 4

1.0 4 BR-0.2 V; CLSP

Stress (MPa)

BR-0.4V, CLSP

! ! !
400 600 800 1000

% elongation

Figure 5.8 Stress-strain curves for BR-CLSP composites

The cross-sectional SEM images of the composaatamning 0.2 Yand 0.4
V¢ CLSP are shown in Fig. 5.9 (a) and (b) respectiietom Fig. 5.9 it is obvious
that the tendency for filler agglomeration increasg higher filler loading. The
inter-particle distance decreases with the incr@asiéler volume fraction resulting
in increased connectivity between the filler paesc The filler connectivity is
important as it has significant effect on the eieat, mechanical and thermal
properties of composites (McLachlahal., 1990). The microstructures also reveal

some porosity within the composites (Fig. 5.9).

Figure 5.9 SEM images of cross-sections of (a) BR-0;Z\/SP and (b) BR-0.4MCLSP composites
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The water absorption characteristics and dielegiroperties at 1 MHz of
BR-CLSP composites are compiled in Table 5.4. Th&owof water absorption
varies from 0.03 to 0.04% and the values are withenlimit required for practical
applications (Rajeslet al., 2009). The value of; increases gradually with filler
loading to a maximum of 5.3 for 0.4 ¥f filler loading due to the largg of CLSP
filler compared to the BR matrix. The decreaseistashce between filler particles as
the filler loading increases and the subsequemease in dipole-dipole interaction
may also be favorable for the increase,qDanget al., 2008). The dielectric loss of

the composite also increases slowly with fillerdiwey (Table 5.4).

Table 5.4Water absorption and dielectric properties at 12MiIBR-CLSP composite

; At 1 MHz
V; of filler Water ab(;sorpt|on
(wt.%) & tan &
0.1 0.03 3.0 1.0x1d
0.2 0.03 3.7 1.3x1d
0.3 0.03 4.5 1.4x1d
0.4 0.04 5.3 1.6x1d
6 =
+ 8
¢ - 0.0025
1 —o0—tan
5 -
= 0.0020
- 4 - %)
w - 0.0015 S
~—
3 -
= 0.0010
- T T T T T v T 0.0005
0.1 0.2 0.3 0.4

Filler volume fraction

Figure 5.10Variation ofe; and tand at 5 GHz with filler loading
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Figure 5.10 shows the variation fand tand at 5 GHz of the composites
with filler volume fractiong, increases linearly from 2.9 at 0.1 %4 5.1 at 0.4 Vof
filler. However, tand remains almost constant over the entire rang®wipositions
studied. The BR-CLSP composite with maximum fileading of 0.4 Y shows an
g, of 5.1 and tad of 1.6x10°. The dielectric loss of BR+0.4{\CLSP composite is
small compared to the previously reported flexibtenposites with similar filler
loading (Xianget al., 2007; Thomaset al., 2011; Chameswargt al., 2012;
Janardhanad al., 2012).

—l— Experimental
6 -] —e— Maxwell-Garnett
—A— Lichtenecker
1 =¥ Jayasundere-Smith
s —<—EMmT

0.1 0.2 0.3 0.4

Filler volume fraction

Figure 5.11Theoretical and experimental valuesods a function of filler volume fraction

The variation of theoretically calculated (usinguations (5.2), (5.3), (5.4)
and (5.5)) and experimentally measured valueg wiith filler loading is shown in
Fig. 5.11. From Fig. 5.11 it is evident that Maxi@hrnett, Lichtenecker and
Jayasundere-Smith equations are not suitable falelimy theeg of BR-CLSP
composites similar to that observed in PE-CLSP asitps. The values of;
calculated for BR-CLSP composites using EMT modéhw = 0.24 shows good fit
with the experimental data (Fig. 5.11). The morphglfactor n is believed to be
dependent only on the ceramic filler used (Ré&aal., 2000). Nevertheless, the value
of n obtained for BR-CLSP composites is slightlifetient from that obtained for
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PE-CLSP composites (n = 0.2) although the filleedu$CLSP) is same. Earlier,
Teirikangas et al. reported that n factor of EMTd®lois not independent of the
polymer used in their study on polymer-ceramic cosmes prepared by loading
Bays55S1h.45T11.0103 in cyclic olefin polymer, polyphenylene sulfide carepoxy

matrices (Teirikangast al., 2009). They observed a variation of n from ~ 0.+

0.25 when the polymer matrix is changed for the esdifter and hence concluded
that the modeling using EMT should be consideremhdisidual cases for each pair

of matrix and filler used.

6.0 = +Vf=0.1 —0—Vf=0.3
—0—V. =0.2 —A—V =03
5.5 = f f
5.0 - "N—AN . . . .
L 45
w0
~— & & C O
4.0 -
3.5 O O O O O O o]
309 = = = = = =
2.5
) v ) v ) v ) v ) v I M )
0 25 50 75 100 125 150

No. of cycles of bending

Figure 5.12Effect of repeated bending on relative permityivdt 5 GHz

Figure 5.12 represents at 5 GHz of the composites as a function of
repeated bending; remains constant up to 150 cycles of bendingHercomposites
containing 0.1 and 0.2 ;\of filler. For the composites with 0.3 and 0.4 filler
loadingg; initially shows a small decrease and then becaroastant (Fig. 5.12). In
the composites containing higher volume fractiohsller, a small amount of butyl
rubber will remain trapped within the filler agglenates losing its identity as matrix
(Wardet al., 2003). The repeated bending may release thexaitind within the
agglomerates resulting in a small decrease of efeéller volume fraction (Ward

et al., 2003). This may be the reason for the initialrdase ing; of highly loaded
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composites upon bending (Thomasal., 2011). The variation of tabat 5 GHz of
BR-CLSP composites after repeated bending is showiig. 5.13. Tand of the
composites varies randomly after each 25 cyclelBeofding. It is also noteworthy

that the change in tanafter bending is very small for all the compositerg. 5.13).

0.0020 - —-— Vf =0.1
—0— Vf= 0.2
0.0018 =
bo -
g ._/.\/._.\.
= 0.0016 /\O
(o) O O O
0.0014 -
0.0018 -
0.0016 = A—A—A/\A—A—A
- \_/\'/—0
= 0.0014 -
=
-
0.0012 = —Q—Vf =0.3
—he— Vf =0.4
0.0010 = ————————
0 25 50 75 100 125 150

No. of cycles of bending

Figure 5.13Effect of repeated bending on dielectric loss &tz

The temperature variation gfat 1 MHz for the composites is shown in Fig.
5.14. g, decreases slightly with the increase in operatergperature for all the
composites. The increase in specific volume ofntlagrix and the thermal expansion
mismatch between matrix and filler may cause taebsee, with the increase in
temperature (Raet al., 2000; Hadiket al., 2009). The composite containing 0.4 V
CLSP shows ~ 10% decrease gf with the increase in temperature in the

temperature range 25-7G which reduces to ~ 5% at 0.4 filler loading.
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Figure 5.14Temperature dependencespft 1 MHz
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Figure 5.15CTE of BR-CLSP composites as a function of filletume fraction

Figure 5.15 depicts the variation of CTE of thenposites with filler volume
fraction. The CTE decreases from 142 pi@nfo 96 ppnfIC as the filler loading
increases from 0.1 to 0.4:.VThe observed decrease in CTE is primarily duthéo
small CTE of CLSP filler (5 ppfiC) compared to that of BR matrix (191 p@y

(Thomaset al., 2011). In addition, the filler particles presémtthe composite will
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restrict thermal expansion of polymer chains (Gagadl., 2007) thereby reducing
the CTE of matrix itself.

Table 5.5Comparison of BR-CLSP composites with commerd@&ible substrates

Property
Material Supplier . (iafoé) al\l;l::)srtputirgn (g;-ri/oc)
(Wt%)

fastFilm Taconic 2.7 1.2 0.03 112
Ultralam 3000 Rogers corporation 2.9 2.5 0.04 150
BR+0.1 \; CLSP (present work) 2.9 1.6 0.03 142
Pyralux AX Dupont 3.4 3.0 0.80 25
R/flex 1000 Rogers corporation 3.6 70 2.4 -
BR+0.2 \; CLSP (present work) 3.6 15 0.03 123

Table 5.5 compares the properties of mechaniciidlyible composites
developed in the present study with that of comrmagffexible substrates having

similar values o€,.

5.4 Conclusions

HDPE matrix composites filled with Qlaas(SiO,)4(POy)20, have been
developed for microwave substrate applications. Toenposites show good
densification, low water absorption and good micwee dielectric properties. The
composite with highest filler concentration of ®.dhase, = 5.1 and ta® = 2.3x10
% at 5 GHz. The fitting of various theoretical maiébr €, with the experimental
data is also investigated and only EMT model isntbto be suitable. Considerable
decrease in CTE occurs for the composites witlerfilbading and the composite
containing 0.4 VYfiller has the minimum CTE of 117 ppt@. The tensile strength
of the composite also decreases slightly and rea20& MPa at 0.4 A\of filler.

Mechanically flexible composites with butyl rubbeas matrix and
Caylag(SiOg)4(POy)0, as filler have been prepared. Tensile tests estalile
flexibility of composites. The relative permittiyitat 5 GHz of the composites

increases with filler loading without much variation dielectric loss. Butyl rubber
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loaded with the maximum of 0.4;\6f CLSP hag, = 5.1 and ta® =1.6x10° The
values ofe; calculated using EMT model show good fit with #gerimental data.
The composites show no considerable variation icrawave dielectric properties
after repeated bending. The relative permittivifyttte composites is observed to
decrease slightly with temperature. CTE of the cositps is reduced with filler
loading reaching the minimum value of 96 ppat 0.4 V of filler.

Page | 142



Chapter 6

Conclusions and scope for futurework

This chapter concludes the thesis by summarizing the
results obtained. The chapter also discusses the possible

extensions of the work that may be pursed in future.
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CHAPTER 6

6.1 Conclusion of the Ph. D. thesis

The rapid growth of wireless communication systgr@mpted the search
for new high performance dielectric materials dalgafor microwave applications.
Microwave dielectrics have brought about revolusign changes in wireless
communication.Dielectric ceramics and composites with low relatpermittivity
and loss can function as substrates in microwavdumes. The need for a lowy
value is to maximize the signal propagation speed #® minimize the cross
coupling effect with conductors. Similarly low loss necessary to maintain the
signal integrity. Silicates and aluminates have nbeeported to be promising
materials for microwave substrate applications tuieir low relative permittivity.
Extensive work has been reported on low loss s$#gaand aluminates for
microwave applications. The phosphates also podsess,. However, not much

work has been reported on the microwave dieleptoperties of phosphates.

The present thesis investigates the microwave diée properties of
phosphate based dielectric materials. The synthesis characterization of some
phosphate ceramics and ceramic filled polymer matomposites for various
applications such as microwave substrate, LTCCraechanically flexible substrate

have been addressed. The whole work has been divittethree parts as follows:
Part 1. Synthesis and characterization of rarendagtring apatites for microwave
applications

Part 2: Development of phosphate based low losssdtee dielectric ceramics and

tapes for LTCC applications

Part 3: Fabrication of polymer-ceramic compositeguding mechanically flexible

composites for substrate applications

6.1.1 Part 1: Synthesis and characterization of ra earth apatites

Rare earth apatites with general formulg{FEs«(SiOs)sx(POy)xO2 [RE =
La, Pr, Nd, Sm, Eu, Gd, Tb] (x = 0, 2, 4 and 6)éd&een prepared through solid
state reaction. The ceramics have hexagonal crystaicture. Most of the
compositions with RE = La, Pr and Nd show good deasion > 96%.
CaThg(SiOy)s0O, ceramic has got the relatively poor densificatain92.8%. The
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ceramics have low linear coefficient of thermal axgion (CTE) (2-7 pprC).
SEM images of the compositions with RE = La, Pr,&rd Tb reveal an increase of
average grain size with increasing value of x. Thktive permittivity of the
ceramics varies from 9.2 to 14.8. The valueg,ofias been calculated theoretically
using Clausius-Mosotti equation and the values awmmpared with the
experimentally measured values. The compositionL&€5i0,)s0, shows the
highest @xf of 33100 GHz and G&ds(Si0,)4(P0Oy)20; has the lowest Xf of 5700
GHz. The ceramics have varying from -42 to + 5 ppr’C. Most of the ceramics
show a non linear variation of both X and 1y with the value of x.
CayLag(SiO4)4(POy),0, ceramic has got balanced microwave dielectric @nogs €,
=13.8, Qxf = 27900 GHz and = -11 ppmiC).

Table 6.1Properties of some useful rare earth apatites

Composition Relative g Quxf o CTEO
density (%) (GHz) (ppm/°C)  (ppm/°C)
CaLag(Si0y)4(POy),0; 98.7 13.8 27900 11
CaThe(SiOs)4(POY,0; 94.7 12.0 19000 -10 4
CaylLasPr(SiOy)4(POy),0; 97.9 13.8 26000 -7 4
CaLa,Pry(Si0;)4(PO),0; 97.2 13.8 21800 5 4
CalLas(GeQ)4(P0y),0; 98.2 15.2 20400 11 4

The effect of various isovalent substitutions twe tmicrowave dielectric
properties of Cadag(SiOy)4(POy).0, ceramic has also been studied. The
investigation involves the gradual replacement af*@vith SF*, La®" with Pr",
(SiO)* with (GeQ)* and (PQ* with (VO,)*. The substitutions produce solid
solutions having hexagonal structure. The cerashecsv densification varying from
~95 to ~99%. The substitution of*Sifor C&* decreases; from 13.8 to 12.7¢;
remains more or less same or‘Faubstitution. (Ge@* and (VQ)* substitutions
increaseg,. Qxf decreases for all the substitutions studied wh#h variation being
large for Sf* substitution and small for (V£ substitution. Thet; of
CayLas(SiOs)4(POy),0, ceramic increases in the negative direction with 8nd
(VO,)* substitutions. No considerable change occurs:fon (GeQ)* substitution.

The valuet; increases gradually from -11 to +2 pp@with PF* substitution. Only
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the partial substitution of Prfor La®* in CalLag(SiOs)4(PO),0, improves ther;
without much affectinge, and Qxf. Some of the useful dielectric ceramics

developed in Part 1lof the work and their microwdiadectric properties are given
in Table 6.1.

6.1.2 Part 2: Phosphates for LTCC applications

Microwave dielectric ceramics in the series LiMgZnPO: have been
developed for LTCC applications. The ceramics carsibtered at a temperatute
950 °C without any additives like glass. The composiiamp to x = 0.2 have
orthorhombic structure and start transforming tonombinic structure at x = 0.3.
CTE of the ceramics decreases gradually from 1% pmfC as the value of x
increases. The, of the ceramics is observed to be dependent ordigglectric
polarizability of ions present and crystal struetu@xf of the ceramics varies non-
linearly between 79100 GHz and 99700 GHz dependimgporosity and phase
purity. The ceramics show varying from -55 to -80 pprfC. The large negative
T of LIMgPO, and LiMg oZno 1POy cermics has been tuned nearly to zero through
TiO, addition. For LiMgPQ, addition of 0.12 volume fraction {Vof TiO, reduces
the 1 from -55 ppm?C to +1 ppnfIC. LiMgo.eZng POy + 0.12 M TiO; sintered at
950°C shows the best microwave dielectric properties:10.1, Qxf = 52900 GHz
andt; = -5 ppmfC. The newly developed composites are found todmepatible
with the common electrode material (Ag) in LTCC mtes$. The microwave
dielectric properties of some of the compositioagedoped in the present study are
superior to several commercially available dielectmaterials for LTCC
applications. The major results of the investigatmn the microwave dielectric
properties of LiMg.ZnPOs ceramics and composites are summarized in Table
6.2.

LiMgPO, ceramic has been cast into thin tapes (thickneg8 gm) using
doctor blade technique. The amount of dispersastt (fil) required to prepared well
dispersed, stable tape casting slurry of LiMgHR1@s been optimized by viscosity
measurements and sedimentation analysis. Thetéipal casting slurry with typical

shear thinning behavior has been prepared usirengyéthanol mixture as solvent
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vehicle, polyvinyl butyral as binder and butyl bghphthalate and polyethylene
glycol as plasticizers. The green tape has a wsiength of 0.22 MPa, average
surface roughness of 0.2Bn, relative density of 56% argl= 3.2, tand = 0.0688 at

5 GHz. The relative density and microwave dielegbrioperties of LiMgPQtape is
improved after sintering at 95%C. The sintered tape shows good densification
(97.4%) and microwave dielectric properties£6.4 and tar® =0.0002 at 5 GHz).
LiMgPO, ceramic shows a thermal conductivity of 7.1 Wed at room
temperature. The fired properties of LiMgP@ape are found to be comparable with

commercial LTCC tapes.

Table 6.2Properties of some selected phosphate based atatier LTCC applications

it Sintering Relative Quxf T
Composition tem?oeé;ﬂure density (%) & (GHz) (ppM/°C)
LiMgPO, 950 95.0 6.6 79100 -55
LiMg,, Zn, PO, 925 94.9 6.7 99700 62
LiMg,, Zn, PO, 900 93.9 6.7 93900 66
LiMgPO,+0.12 V TiO, 950 95.0 10.0 26900 +1
LiMg  Zn, PO+ 0.12 V TiO, 950 95.5 10.1 52900 5

6.1.3 Part 3: Polymer-ceramic composites for microave substrate applications

Polymer-ceramic composites with high density ptlykene (HDPE) and
flexible butyl rubber (BR) as matrices have beevettiped. Czlag(SiO4)4(POy),0,
(CLSP) ceramic with good microwave dielectric pntigs has been selected as
filler. The maximum filler loading achieved is OV for both the composites. The
microstructure of the composites has been analyaestudy the extent of filler
dispersion. The filler particles show a tendenayagglomeration at higher loading.
The composites show very low water absorpidh04 wt%. BR-CLSP composites
show required flexibility and stretchability evenhagher filler loading. For HDPE-
CLSP composites, at 5 GHz increases from 2.9 to 5.1 and daimcreases from
1.1x10° to 2.3x10 as the filler volume fraction increases from @Dt4. Similarly
for BR-CLSP composites; increase from 2.9 to 5.1 and tarvaries in between

1.5x10% and 1.6x10. The values of, for the composites have been calculated
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using various theoretical models and compared tih experimentally observed
values at 5 GHz. For both the composites only thi@ Enodel has been observed to
be suitable for modeling the relative permittivityhe € of the composites shows
small temperature dependence. The CTE of the catepatecreases considerably
with the increase in filler volume fraction. Themmum value of CTE obtained is
117 ppmIC for HDPE-CLSP composites and 96 pfiinfor BR-CLSP composites
at the maximum filler loading of 0.4:VThe effect of repeated bending on the
microwave dielectric properties of BR-CLSP flexibd@mposites has also been
studied. The composites show only marginal vamatio microwave dielectric
properties after bending. The properties of the musites developed in the present
study are comparable to that of similar commerp@ymer based substrates. The
properties of some of the selected composites dpedlas a part of this work are
given in Table 6.3.

Table 6.3Properties of newly developed polymer-ceramic cositps

Material & (txalno?) abso'\:lp())tlisgrLlj r((\e/vt%) (ggnEPC)
HDPE+0.2 \/ CLSP 3.6 23 0.03 179
HDPE+0.4 \/ CLSP 5.1 23 0.04 117
BR+0.2 \f CLSP 3.6 15 0.03 123
BR+0.4 \f CLSP 5.1 16 0.04 96

6.2 Scope for future work

A detailed structural investigation of SGAREg«(SiOy)sx(POy)xO2 ceramics
may be done to understand the observed non lirsgation in microwave dielectric
properties. The fabrication of microwave circuitng the LiMgPQ LTCC tape in
order to study and overcome the challenges in igedctipplications is another
interesting topic to be pursued. LTCC tapes of LiMyg + 0.12 \f TiO, composites
with typical microwave dielectric properties maydeveloped and utilized in future
microwave modules. The development of Cu clad lates of the new polymer-

ceramic composites is of significant technologicaportance. Such laminates,
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especially those with mechanical flexibility haveeat significance in future

microwave devices.
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