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PREFACE

Flexible electronics is an important research ali@athe next generation
consumer electronics and is becoming a part ofdayrtoday life. The assemblage of
electronic components on flexible printed circudgakds is a new way to fabricate
electronic systems in stationary, mobile and autorao applications. Flexible
electronics are increasingly being used in a nunobapplications which benefit from
their low profile, light weight and favorable dietec properties. The potential
applications of flexible electronics are in vari@gietal sectors, including: healthcare;
the automotive industry; human—machine interfacesibile communications and
computing platformThe flexible circuitry would be able to do manynigs that rigid
circuits cannot. Flexible circuits are also makpgtable devices more resilient. The
flexible circuit connectors find applications inredithable thermometers, biomedical
devices and electronic clothing etc. The soft amabery future of electronic industry
needs new materials to satisfy their requiremdsdas.some applications, particularly in
the biomedical field, electronic circuits are to d@nformally wrapped around curved
surfaces. The dielectric materials used for flexiblectronic applications must have
mechanical flexibility, optimum relative permitttyi low dielectric loss, temperature
stability of relative permittivity, low coefficiendvf thermal expansion (CTE) and high
thermal conductivity. It is very difficult to ideify a single material which possesses all
these properties simultaneously. Ceramics with tpghmittivity and low loss are
available but their high processing temperature lanittle nature preclude their single
phase use. At the same time low loss elastomer goibd flexibility and ease of
processing are available but their high CTE, lownpgivity and low thermal
conductivity limits their single phase use. Howewlrough the composite approach
one can improve or tailor the individual propert@sboth elastomer and ceramics. In

such systems, the circuits must be not only flextalt also stretchable.

The thesis entitletdCERAMIC REINFORCED SILICONE ELASTOMER
COMPOSITES FOR FLEXIBLE MICROWAVE APPLICATIONS” s divided

into five chapters. It is the outcome of a detailedestigations carried out on the

XViii



synthesis and characterization of silicone rubbarforced with low, medium and high
permittivity ceramic for flexible substrate, elewmtic packaging and waveguide

applications.

The first chapter of the thesis gives a generalothiction about flexible
electronics, dielectrics, composites and elastoifiee. recent developments in flexible
electronics also discussed in this chapidis chapter also gives a brief discussion on

the selection of silicone elastomer as matrix fier present study and its characteristics.

The synthesis and characterization of silicone ealwomposites filled with low
permittivity ceramics are described in chapter Be Ppreparation and characterization
techniques used for the silicone rubber-ceramicpasites are also described in this
chapter. The low permittivity ceramics used for gresent study are ADs, AIN and
fused SiQ. The dielectric, thermal and mechanical propertieshe composites was
investigated as a function of filler volume fractioThe measured properties suggest
that silicone rubber-ADs, silicone rubber-AIN and silicone rubber-fused SiO
composites are suitable candidates for microwawstsate and electronic packaging

applications.

The chapter 3 deals with the synthesis and chaizatien of silicone rubber-
medium permittivity ceramic composites. The effe€tmedium permittivity ceramic
fillers such as Ba(ZmTap3)Os, Ba(MayaTa3)Oz and LbZnTisOg on dielectric, thermal
and mechanical properties was studi@bde maximum filler loaded composites can find
applications as cladding of flexible dielectric veguide and all other compositions can be used
for microwave substrate and electropackaging application®\ microstrip patch antenna is
fabricated using SRBMsubstrate and is found to be a suitable candidatéexible

microwave antenna substrate application.

The synthesis and characterization of silicone enbhigh permittivity ceramic
composites are discussed in chapter 4. BaT8DTiO; and Ca.Ndi2x3TiO3 are the
high permittivity ceramics used and their effectalectric, thermal and mechanical

properties of the composites are investigated. ddmposites with maximum filler

XiX



loading are suitable candidates for core of flexillelectric waveguide applications
and embedded capacitor applications. The measuopénpies indicate that all the other
compositions of silicone rubber - BaHOsilicone rubber - SrTigand silicone rubber -
Ca1xNdx3) TiIO3 composites can be used for cladding of flexibkdeditric waveguide

and also for microwave substrates applications.

The results of the present investigations are sumgth in Chapter 5. This
chapter also cites the scope for further extensiahe work towards the frontier areas

of flexible electronics and materials science.
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CHAPTER 1

Flexible Electronics

This chapter gives a genera introduction to flexible electronics, microwave
dielectrics and the recent developments in this field. This chapter cites the
importance of elastomer — ceramic composites in today's electronic world.
Various scientific and technological features of elastomer — ceramic composites

for electronic packaging and microwave substrate applications are aso

discussed.




Chapter 1

1.1 Introduction

Wireless communication is one of the greatest dmurtibns among technologies
to the mankindThe wireless communication term was introducechim 19" century
and the technology has developed over the followjagrs. In this technology, the
information can be transmitted through the air withrequiring any cable or wires or
other electronic conductors, by using electromagneaves like IR, RF, etc. The first
experimental set up to transmit and receive elawgnetic signals was done by
Marconi [Smith, 1997]. This invention was a breafitigh to the communication
system and following this the electromagnetic wawese used for data transfer from
one end to other. Data traffic in wireless commaticn systems has increased
dramatically over the last decades. Present daynuomtation system including
military and civil accommodate microwave frequescieThe advent of using
microwaves for wireless connectivity drasticallypimaved the information exchange
capabilities. Microwaves found applications in $agcommunications, radar, mobile
phone and global positioning system (GPS) etc. Tomads wireless communication
provides: higher throughput, more flexibility, lesgergy.A lot of systems rely on
microwaves to transmit data and it is still ondhed most viable technologies for a lot
of industries.

Nowadays most of the wireless systems operate atowave frequencies
because they offer wide bandwidths. Spectrum crogvdind the need for higher data
rates are the main reasons for the migration tosvéind microwave frequencies for
wireless communication. In the electromagnetic spet frequencies ranging from
300 MHz to 300 GHz are known as microwaves sineentive length in this region are
measured in microns (wavelengths ranging from 1@0te 1 mm) [Samuel, 2005].
Institute of Electrical and Electronics Engineedr&HE) summarized the entire
microwave spectrum in to different bands and thedbdesignations are listed in Table
1.1 [Sisodieet al., 2001]. Each band has its own specific appbns like L and S band

for satellite communications, X band or Ku bandrulitary applications etc. There are
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Chapter 1

many industrial, scientific, medical and domestjplecations of microwaves. The

cellular networks like GSM, also uses microwavefiencies of range 1.8 to 1.9 GHz
for communication.

Table 1.1 Microwave frequency bands [Sisodia et2801]

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

Some of the devices used for wireless communicatiotoday’s world are
cordless telephones, mobiles, GPS units, wirelessipater parts and satellite
television. Current wireless phones include 3G 4@dnetworks, bluetooth and Wi-Fi
technologies. Major applications of microwaves susmmarized in figure. 1.1. The use
of microwaves for wireless communication has sdvatdvantages. High operating
frequencies allow microwaves to store large amouwftsnformation. Microwaves
operate at very high frequencies so they travelhrfaster and require only smaller
infrastructure to transmitMicrowaves travel better through physical obstadexe
they’re so robustMicrowave communication systems have relatively kmmstruction

costs compared with other forms of data transmisssach as wire-line technologies
[Pozar, 2008].
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Fig.1.1 The electromagnetic spectrum and variouwsawiave applications
[Sebastian, 2008]

The tremendous growth of RF and microwave wiref@sslucts facilitates the
scientists to develop new materials, which canveelimproved performance. The cost
conscious product miniaturization has been onehef lIbong demanding goals of
electronic industries. Flexible and printable alecics have received a great attention
in the past decade mainly for consumer electrosuch as large area flexible displays,
thin film solar panels, flexible and conformal amta arrays, RFID tags, flexible
batteries, electronic circuits fabricated in clathi biomedical device and smart

prosthesis, to name a few.
1.2 What are flexible Electronics?

Flexible electronics is a technology of assembétagtronic circuits and devices
on flexible substrates, which are significantlyl@iver cost, lighter and more compact,

as compared to the conventional electronic de\i€ans et al., 2008]. It is also known
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Chapter 1

as flex circuitsFlexible electronics are emerging into the maieatn market. Flexible
electronics products allow for many new energy eoswn and biomedical
applications, because the electronics are attacbedubstrates that are bendable,
conformal, lightweight, unbreakable and often cleeaw manufacture. This would
significantly expand the applications of moderncefenic devices in the areas of
computation, communications, displays, sensingrggnéarvesting and storage. By
thinning single crystal silicon wafer to 1@@n, the first flexible solar cell was made in
1960 which started the development of flexible &tedcs [Crabb et al., 1967; Ray,
1967]. The first TFTs were reported in 1968 by Bradd colleagues [Brody, 1984]. In
1997, polycrystalline silicon thin film transist6fFT) made on plastic substrates was
reported and received lots of attentions becausts giotential applications in flexible
display. Since then, flexible electronics has bederveloped rapidly, and
commercialized products have appeared in our diéélyDuring the 1980s, the liquid-
crystal display (LCD) industry began using amorghaiicon (a-Si:H) active matrix
TFT backplanes for LCD displays [William et al.,@0). Now, among which flexible
displays occupied more than 80 % of the marketlefilfle electronics [Liu et al.,
2013]. With the development of various flexible wes, display, logic, sensor and
memory are expected to be integrated in a multttional system and be fabricated on

a flexible substrate [Jain et al., 2005].

Flexible display screens are expected to beconmrenon feature of consumer
electronics in the next few years and have recelodlgn touted by several top-tier
manufacturers. In the mid 1980s, the active mdiqguid crystal display (AMLCD)
industry started in Japan. Philips demonstratedradotype rollable electrophoretic
display and Samsung announced a 7” flexible liqungktal panel in 2005. In 2006
Universal Display Corporation and the Palo Alto &esh Center presented a prototype
flexible organic light emitting diode (OLED) displawith a poly-Si TFT backplane
made on steel foil [William et al., 2009]. In Janp2013 Samsung officially launched
their flexible OLED displays, calling YOUM displaySamsung announced the world's

Page b



Chapter 1

first flexible OLED display-the Galaxy Round curvedhartphone, in October 2013
[www.oled-info.com/samsung-yolrRecently, Northwestern university scientists énav
developed first stretchable lithium ion battery.viN@ is possible to use stretchable
electronic devices anywhere, even inside the badythey can monitor brain waves to
heart activity where flat, rigid batteries wouldl f&Xu et al., 2013].A new generation of
flexible circuit connectors could produce a newsslaf electronic applications, such as
stretchable thermometers, biomedical devices adrehic clothing, all possessing the main
advantage of being flexible and washablan Vanfleteren et al. have developed a
stretchable thermometer which can wrap around migidorehead like a headband
[http://news.softpedia.com/news/Flexible-WashabéstEbnics-Made-With-Elastic-
Circuit-Connectors-59633.shtinl

Two basic approaches have been employed to matibléeslectronics:

v Transfer and bonding of completed circuits to aifike substrate

v’ Fabrication of the circuits directly on the flex@dubstrate

First method has the advantage of providing higHfopmance devices on flexible
substrate whereas the second method is the mastative and most direct method to
fabricate large area electronics [William et a009].

A generic large area electronic structure is coragax

B Substrate — Flexible substrates that are to send¥ap in replacement for plate
glass substrate. They must meet many requiremékds optical property,
surface roughness, thermal and thermo mechanibaknical, electrical and
magnetic properties etc.

B Back plane electronics - It provides or collectsvyppand signal from or to front
plane. An ideal flexible active matrix backplaneosld be rugged, rollable
bendable and should lend itself to low cost martufatg.
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B Front plane - It carry the specific optoelectroafplication. Front plane might
also be an X-ray sensor, image sensor, a chemecelos or an actuator etc.
Front plane materials of display include

1. Liquid Crystal Displays for transmissive display
2. Electrophoretic Displays for reflective display
3. Organic Light-Emitting Displays for emissive dispta

B Encapsulation - Polymeric substrates needed aebaon the substrate side
(passivation) and on top (encapsulation) of theiageto ensure long life. Thin
film encapsulation has been researched and apgbeddecades. Today
metalized plastic foil is widely used for packagimgt only food but also for the

medical and sensitive electronic components.

Mechanical flexibility in electronic devices wouldnable new applications
which are incompatible with conventionally integ@htrigid circuits. Today, the next
generation of flexible electronics is driven by wadde electronic systems such as step
counters, heart rate monitors, human vision integaand other personal fithess or
social interaction or wellness tools. Elasticaliyechable electronics can undergo large

and reversible deformation which is suitable fmmbedical applications.

Flexible and stretchable electronics is a hotbegarch process. Currently, it
has been estimated that there are about 1500 widddmesearch units working on
various aspects of flexible electronics. The magtificant contribution to flexible and
stretchable electronics was made by Roger’s grdaugnaversity of lllinois, Urbana
Champaign who proposed fully integrated stretchablectronics. They made
stretchable and foldable silicon integrated cisudn wavy silicon ribbons in
polydimethyl siloxane (PDMS) and have demonstrapgealing devices including
electronic eye sensor, smart gloves, implanted caédievices and wearable ergonomic
biomedical sensors [Roger,2008]. For stretchabéetednic applications, the carrier
substrate is an elastic or viscoelastic polymag,, ailicones or polyurethanes. Cheng

and co workers reported that PDMS and siliconet@tasr are frequently used as
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stretchable substrates, scaffolds or transfer mididlexible and stretchable devices
[Cheng et al., 2012].

@c 35 20 37 ¥ M w0
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Fig.1.2 Images of flexible thermometer and flexib&tery [Courtesy: Google

images]

Along with the other enabling technologies for fldg electronics, substrates
must be designed to meet the needs of this newlbrainmicroelectronicOne of the
most fundamental difficulties in flexible electronisystems is the substrate.
DuPont™ Kapton® polyimide film has been used inelextronic industry for over 40
years as a dielectric substrate for flexible coppad laminateSubstrates play a key
role in the development and use of electronic d=viddeally, such a material would
present a unique balance of properties that wowlenit suitable for all applications.
Flexible substrates have gained much importance racent years.
polytetrafluoroethylene (PTFE), polystyrene, pddene, liquid crystal polymer,

parylene-N etc. are widely used as flexible subssrirhompson et al., 2004].

Flexible and stretchable electronics is the futafeelectronics. The flexible
electronics market is currently in the initial stagof development. Market analysis
estimates the revenue of flexible electronics each 30 billion USD in 2017 and over
300 billion USD in 2028 [Agnihotri et al., 2013]a&tors responsible for the growth of
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this market are flexible electronics devices’ smallze and low weight

[http://www.futuremarketinsights.com/reports/glofflakible-electronics-markgt

Total printed & flexible electronics market 2013-2020
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Fig.1.3 Market scenario of future flexible electicen[Courtesy:

www.marketsandmarkets.cbm

1.3 Dielectric materials

A dielectric is an insulating but polarisable matkeused either actively or
passively in an electric field. Such materials Ugudind applications as either
capacitors or microwave resonators. Sometimes i@ wielectric and insulator are
often used interchangeably. The dielectric canaacia storage device for electrical
energy through the generation of electric dipoled the ability of the material to store
its electrical energy is determined by dielectonstantWhen a dielectric is placed in
an electric field, electric charges do not flowotlngh the material as in a conductor, but
slightly shift from their equilibrium positions csimg dielectric polarization. The
dielectric polarization, P is equal to the totgdale moment induced in the material by

the electric fieldThus

P= Niui (1.1)
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where Ni is the number of dipoles of type i amdis the average dipole moment
[Tareev., 1979]. When a dielectric is placed betwego plates of a capacitor, the
capacitance of a capacitor will increase by a factdled relative permittivitye). The
capacitance increases because the material e#fctancels part of the applied field
and thus “storing” part of the field or charge. .Flgd shows the parallel plate capacitor
without and with the presence of a dielectric matdretween the plates. The dielectric
properties of the material are defined by a parametlled relative permittivityThe
permittivity is a complex parameter, which depeng®n the materials ability to be
polarized under the application of an electricdil®olarization can be defined as the
charge displacement in a dielectric material tadpo® a net dipole moment under the
presence of an electric field. Different polarizatimechanisms can occur depending on
frequency, temperature and composition. The regl glapermittivity represents the
material’s ability to store electrical charge, wdes the imaginary part implies the
dielectric loss factor of the material. Both relatipermittivity ¢;) and dielectric loss

(tand) factor are dimensionless quantities [JosepR0T1].

Relative permittivity §) and dielectric loss (ta8) are the two most important

dielectric properties of a material used for higlgtiencies [Indulkar et al., 2008].

++++++++ +++++++ +
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Fig.1.4 Parallel plate capacitor model with anchaiit dielectric medium [Courtesy:

http://hyperphysics.phy-astr.gsu.edu/hbase/elddigtec.html]
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1.3.1 Relative permittivity (&)

The relative permittivity of an insulator is reldtéo the polarizability of atoms
comprising it in response to the field and theredguces the total electric field inside
the material. The relative permittivity) is the ratio of permittivity of a substaneg (0

the permittivity of vacuumeg).

& = eleg Wheregg = 8.85x10 F/m. (1.2)

The relative permittivity of a material under giveonditions reflects the extent to
which it concentrates electrostatic lines of flike polarization mechanisms operating
in a dielectric depend on frequency, temperaturd eomposition. Therefore the

permittivity will also be a function of frequenagmperature and composition.

1.3.2 Dielectric loss (tard)

The dielectric loss of a material is quantitativelgfined as the dissipation of
electrical energy due to different physical proesssuch as electrical conduction,
dielectric relaxation, dielectric resonance ands l'sem non-linear processes [Choi et

al., 2006].Relative permittivity can be expressed in complaxT as

c* =g¢g'-

e’ (1.3)

whereg’ is real part which is relative permittivity ard is imaginary part which is the
dielectric loss. The ratio between the dielectossl with the relative permittivity is

guantified as tag ie:
tand =¢"/ ¢ (1.4)

The loss will be minimum, if the relaxation timesmaller or comparable to the rate of
oscillating electric field. However when the rateetectric field oscillates well faster
than the relaxation time, the polarization cannoflotv the oscillating frequency

resulting in the energy absorption and dissipatecheat. It normally occurs in the
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microwave region. The total dielectric loss is twn of intrinsic and extrinsic losses.
The losses due to different types of defects shifferdnt frequency and temperature
dependence [Gurevich et al., 1986].

1.3.3 Different polarization mechanisms in dielecics

Basically there are four different polarization magisms which contribute
towards the relative permittivity of a dielectriezzy (1) interfacial (or space charge)
polarization, (2) orientation (or dipolar) polarien, (3) ionic polarization and (4)
electronic polarization; occurs in dielectrics whaibjected to electromagnetic fields.
The net polarization of a dielectric material i® um of the contributions from each
mechanism.

P= I%Iectronic"' I:)lonic + I:)molecular"' I:)mterfacial (1-5)

The dielectric properties are mainly contributedttyy polarization mechanisms arising
from the electrical response of individual molesulef a medium. Each dielectric
mechanism has a characteristic ‘cut off frequen&g.frequency increases, the slow
mechanisms drop out in turn, leaving the fasteisdoecontribute t@,. The loss factor

(tand) will correspondingly peak at each critical freqag.
(a) Interfacial / space chare polarization

This kind of polarization occurs due to the chasgeumulation at the interfaces or
grain boundaries, i.e. they contain dipoles whickyrbecome oriented to some degree
in an external field and thus contribute to theapahtion of the materiallhis type
involves a longer-range ion movement and may exterdd® Hz. This type gives rise to

a high relative permittivity.
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(b) Orientation / dipolar polarization

This type of polarization occurs only in polar siapges. In thermal equilibrium, the
dipoles will be randomly oriented and thus carrynet polarization. When the external
field aligns these dipoles to some extent and thdigces a polarization of the material.
This is called orientational polarization. The dgopolarization contributes to the
relative permittivity in the sub-infrared range fofquencies. Two mechanisms can be
operative in this case; (1) In linear dielectrigpatiar polarization occurs due to the
motion of ions between interstitial positions i attice. In such cases, the mechanism
is active in the 1910° Hz range (2) Molecules having permanent dipole ewmmay

be rotated about an equilibrium position against edasstic restoring position. Its

frequency of relaxation is very high of the ordéra0"! Hz.
(c) lonic polarization

The relative displacement of positive and negafwes in the material under the
influence of an electric field is called ionic pofation. The mechanism contributes to

the relative permittivity at infrared frequency gen(~13%10" Hz).

(d) Electronic polarization

The electronic polarization arises from the disptaent of the charge centre of electron
cloud relative to the nucleus. It follows the véoa of electric field almost
instantaneously due to the lighter mass of elestrdéthoccurs at high frequencies of
about 16° Hz. Electronic polarization is present in all mias and, it does not
contribute to conductivity or dielectric loss in stalielectrics. The relative permittivity
at optical frequencies arises almost entirely ftbm electronic polarizability [Henabt
al., 1990].

At low frequencies all the four polarizations wié active. Dipole orientation

and ionic conduction interact strongly at microwdneguencies. Atomic and electronic
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mechanisms are relatively weak and usually constaetr the microwave region.
Orientation polarization is temperature dependerter@as electronic and ionic
polarizations are temperature independent and wmetibns of molecular structure
[West, 1984].
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Fig.1.5 Frequency dependence of polarization aneffects oz’ ande” [Courtesy:

WWW.Crops.org

Figure 1.5 shows the frequency dependence of gatawn and its effects osi
and ¢”. At optical frequencies only electronic polarimat is operative. Dipolar and
ionic contributions are small at high frequenciesduse of the inertia of the molecules
and ions. The frequency dependent response isodoray factors. For electronic and
atomic polarization, the inertia of orbiting elexts must be considered. Far below the
resonant frequency little contribution gband ¢” is given from these mechanisms. At
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the resonant frequency a peakeirwill occur and a dispersion will occur il [West,
1984; Herbert, 1985]. At microwave frequencies ¢oand electronic polarization are
the mechanisms responsible for dielectric properté the materialThere are two
different types of mechanisms which give rise tegtrency dependent behavior of

dielectrics: resonance absorption and dipole réiaxa
1.4 Microwave application of dielectric materials

The development of microelectronic industry nedessi the high speed and
high frequency devices at microwave frequencieselkctronic industry, dielectric
materials are being used as electronic packagéstrates, wave guides, capacitors,
resonators, microstrip antennas, filters etc. Theumcy of microwave electronic

devices depends upon the material properties ddppéed substrate.
1.4.1 Electronic packaging

Electronic packaging is a major discipline withihet field of electronic
engineering and includes a wide variety of techgie®. It is the area dealing with
assembly and connections of electronic, electroar@chl and electro optical
components in an electronic system. Electronic agicig refers to the packing of
integrated circuit chips (ICs) and makes it a ngdmpact unit. In electronic systems,
packaging materials may serve as electrical coodsiar insulators, create structure
and form, provide thermal paths and protect theuds from environmental factors,
such as moisture, contamination, hostile chemiaats radiation. Electronic packaging
refers to enclosures and protective features bmoiti the product. The electronics
packaging is also the bridge between integratezlite (ICs) and electronic systems.
The major functions of electronic packaging arenaiglistribution, power distribution,
heat dissipation and protection from environmeneldatric properties of packaging
significantly influence the performance of high sgemicroelectronic devices. An
important role of packaging materials is to engheeelectrical insulation of the silicon

chip and of circuit pins [Gonon et al., 2001].
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Packaging materials strongly affect the effectiwsnef an electronic packaging
system regarding reliability, design and cost [Mieh et al., 1998]. Electrical
characteristics of microelectronic devices, suchsamal attenuation, propagation
velocity and cross talk are influenced by the digle properties of the packaging
materials [Garrou et al., 1998]. The electricalgadies in material selection include
relative permittivity, dielectric loss, frequencydatemperature stability of dielectric
properties, dielectric strength and electrical stagty. Ideally, a low conductivity is
needed to avoid current leakage, a low relativenggvity to minimize the capacitive
coupling effects and reduce signal delay and altss factor to reduce electrical loss
[Sun et al.,, 2005]. The relative permittivity mus¢ as low as possible to reduce
propagation delay and must have low loss factoediuce electrical loss for electronic
packaging applications. The actual applicationgnaiterials in electronic packaging
include interconnections, printed circuit boardgbstrates, encapsulations, interlayer
dielectrics, die attach, electrical contacts, cators, thermal interface materials, heat

sinks, solders, brazes, lids, housings and so barj@ et al.,1995].

1.4.2 Substrate application

A substrate is a sheet on which one or more claps attached and
interconnections are drawn, also called a chipierarA substrate can be formed either
by a single layer or by many layers. The dielectubstrate selection plays very vital
role in size reduction and impedance matching. ®i@ve substrates provide
mechanical support and a guided medium for sigrahsmission. The dielectric
properties of the substrate material determine ghgformance of the microwave
module. One important parameter required for satestrapplication is relative
permittivity. The signal propagation delay throubk substrate is given by the equation

tq = Ner (1.6)

C
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where | is the line lengtkg, is the relative permittivity of the substrate amas the
speed of light. Hence the relative permittivity mbg as low as possible to reduce
propagation delay [Pecht et al., 1999]. The su#taklative permittivity values for a
substrate material are in the range of 3-15. Theaticross talk between the conductors
can be reduced by decreasing the valueg,ofThe materials used for substrate
application should have low dielectric loss to miige the signal attenuation and power
loss. The low loss ceramic produce less heat areteltly they protect the
microelectronic devices. The substrate materialilshbave low temperature coefficient
of resonant frequency (-10t<< +10 ppmiC) to ensure the stability performance while
operation. The ceramic substrates for microwavdiegmns should have low CTE.
High thermal conductivity for the substrate is al&sirable for the proper dissipation of
excess heat generated in the module [Sebastiar8].2D@lectric substrates found
application in the fabrication of transmission Imedia including microstrip, strip line,
coax and even waveguide. This is also used fotgafigircuit board, microstrip patch
antenna, monopole antenna etc. Extensive reseanelesbeen invested in developing
high performance substrates with excellent micrevpxoperties. Dielectric substrate

materials are classified into hard substrates aftdsabstrates.
1.4.2.1 Hard substrates

Hard substrates are ceramics such as alumina, ralamnitride and beryllium
oxide which can withstand extreme heat during Wwimading [Chung, 1995]. In recent
years with the development of electronic indudting, market for hard substrate has also
been increased. As hard substrate, ceramics aferngcd due to their dimension
stability and inertness at typical temperaturesO4l BeO, AIN and Borosilicate are
some of the commonly used hard substrates. Amangahous commercially available
substrate materials, alumina has become the mastlyused one due to its high
mechanical strength and low dielectric losseasst two decades have witnessed a

tremendous research on the development of low prityy materials as microwave
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substrates. The search for new materials with ghednal and dielectric properties is

still in progress.

1.4.2.2 Soft substrates

Generally, the polymers or polymer based compesite used as soft substrates
instead of hard substrates. Soft substrates ateinsgpplications where packaged parts
are soldered on the board [Chung, 1995]. Polymkespolytetrafluroethylene (PTFE),
polyethylene, polystyrene, poly-ether-ether-ket@mel epoxy shows good dielectric
properties [Bur, 1985]. But the high thermal expansand low thermal conductivity
limits their application as substrate in electromodules. Polymers reinforced with
hard ceramic particles is the another category utfstsate materials. Through this
composite approach the thermal properties of polgnean be tuned. A detailed
discussion of the composites and their propertresdane in the later section of this
chapter.

Fig.1.6 Flexible soft substrate [Courtesyww.polytechnichub.cdm
1.4.2.2.1 Microstrip patch antenna

There has been a growing interest in the developofeantennas using flexible
substrates. This gives the advantage of havingocoral antennas being placed and
attached to uneven shaped structures and surfBedmi et al., 2012]. A microstrip

antenna is a type of radio antenna with a low fpfvhich can be mounted on a flat
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surface. It consists of a flat rectangular "patohimetal, mounted over a larger sheet of

metal called a ground plane.

The advantages of microstrip antennas over othenaa are low profile, easy
to fabricate, conformal structures, easy to fortarge array, spaced at half-wavelength
or less and light weight. It also has some disathges like limited bandwidth, low
power handling and efficiency may be lower thanhwather antennas. Efficiency is

limited by conductor and dielectric losses and lnyaxe-wave loss.
1.4.3 Waveguide applications

A waveguide is an electromagnetic feed line used microwave
communications, broadcasting and radar installatidfithin many electronic circles,
waveguides are most commonly used for microwaveigfials and it will only carry or
propagate signals above a certain frequency, krasathe cut-off frequency. Below this
the waveguide is not able to carry the signals. &gaiwdes, as the name indicates are a
guide for electromagnetic waves and this way thegbke them to feed power from one
location to another wWw.radio-electronics.com/info/antennas/waveguideagaide-
basics-tutorial.php A waveguide consists of a rectangular or cylicalrmetal tube or
pipe. An ideal dielectric waveguide would have abBmore consisting of a flexible,
low loss material with large relative permittivityhe cladding would also be flexible
and low in loss and its relative permittivity woldd much smaller than that of the core,
so that the fields of the guided mode would de&eapidly with distance in the
cladding [Bruno et al.,, 1990]. The electromagndiield propagates lengthwise.

Waveguides are most often used with horn antenmaislish antennas.
Types of RF waveguide

Different types of RF waveguide are available andeyt are ww.radio-

electronics.com/info/antennas/waveguide/waveguadaes-tutorial.php
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(a) Rectangular waveguide:This is the most commonly used form of waveguide
and has a rectangular cross section.

(b) Circular waveguide: This is less common than rectangular waveguideyT
have many similarities in their basic approachhalgh signals often use a
different mode of propagation.

(c) Circuit board stripline : This form of waveguide is used on printed circuit
boards as a transmission line for microwave sigralg/pically consists of a
line of a given thickness above an earth plane.thiskness defines the
impedance.

(d) Flexible waveguides These are most widely seen in the rectangulandbr
Flexible waveguide is often used to connect to ramds, etc that may not be

fixed or may be moveable.

Fig.1.7 Images of flexible waveguide [courtegyvw.atmmicrowave.com,

www.ainfoinc.corh
1.5 Composites

Last decade has seen a significant growth in a&gtigoncerned with the
technology of composite materials. A composite matés a material made from two
or more constituent materials with significantlyffeiient physical or chemical
properties. The constituents do not dissolve ogeand retain their identity [Button et
al., 1989]. Composite materials can be tailored dppropriately choosing their

components, proportions, distributions, morpholsgiedegree of crystallinity,
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crystallographic textures as well as the structamel composition of the interface
between components for various applications. In enodisage, composites are made
by dispersing filler such as particles, flakes ibres in a matrix of polymer, metal or
glass. By combining two or more constituents, ipassible to create materials with
unique properties that cannot be achieved in anottay. The connectivity of the
phases in the composite also plays a crucial rolgetermining the properties [Dias
al.,, 1996]. The composite materials find appligasioin various fields such as
electronics, aerospace, automobile, constructioomdédical and in many other
industries.

The composite materials consist of basically thphases’ matrix, reinforcement and
interface [Chung, 2010].

(a) Matrix phase

The primary phase, having a continuous charactecailed matrix. Matrix is
usually more ductile and less hard phase. It hitldsdispersed phase and shares a load
with it. It is made up of metals, ceramics or pofys depending on the type of

composite.
(b) Reinforcing (dispersed) phase

The second phase is embedded in the matrix in @omlimuous form. This
secondary phase is called dispersed phase. Dispehsse is usually stronger than the
matrix, therefore it is sometimes called reinfogciphase. Reinforcing phase can be

particles of any shape and size includmagoparticles as well
(c) Interface

Interfaces are present in a composite material theg tend to govern the
properties of a composite material. Interfaces plgyofound role in the behaviour of

composite materials. The interface between thdamiement and the matrix needs to
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the strong enough in order to allow load transtethie reinforcement [Chung, 2000].
The properties of the composites are the combiredthwior of matrix, reinforcing

element and filler/matrix interface. In simple syst bonding at interface is due to
adhesion between filler and matrix [Guggilla ef 2000]. Understanding the science of
composite interfaces is crucial to the developmamd improvement of composite

materials.

1.6 Composite properties

Generally the physical and chemical propertiesaofgosites are classified into
three [Anthony Kelly, 1994]. They are,

(a) Sum properties

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

relative permittivity are the best examples for qunoperties.
(b) Combination properties

Combination properties of a composite lie betweleos¢ of its constituent
phases, but combination properties involve two orarcoefficients which may average
in a different way. For example acoustic velocigpednds on modulus of elasticity and
density of the material and the mixing rules faesh two properties are often different.
Hence the acoustic velocity of a composite canrballer than those of its constituent

phases.
(c) Product properties

Product properties are more complex. The differgmbperties of the
constituents combine to yield a new property, alpob property. The combination of

different properties of two or more constituentsnetimes yields surprisingly large
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product properties. Sometimes product propertiesfannd in composites that were
entirely absent in the phases that make up the ositep For example in a magneto-
electric composite, the piezoelectric effect of mimase acts on the magnetostrictive
effect of the second phase to produce a compostgato-electric effect which is a
product property. In such cases, the interactidwéen the constituent phases produces
unexpected properties of the composite. Sometimexsjuct properties are found in
composites that are entirely absent in the phasgsnign up the composite [Newnham,
1986].

1.7 Classification of composites

There are two classification systems of compositgenals. One of them is
based on the matrix material (metal, ceramic arlgnper) and the second is based on

reinforcing material structure.
1.7.1 Classification |

On the basis of matrix phase, composites can lssifikd into metal matrix
composites (MMCs), ceramic matrix composites (CMGs)d polymer matrix

composites (PMCs).
(a) Metal Matrix Composites (MMC)

Metal Matrix Composites are composed of a metathatrix (aluminum,
magnesium, iron, cobalt, copper) and a dispersehte (oxides, carbides) or metallic
(lead, tungsten, molybdenum) phase. MMCs are maudgd in the automotive
industry. These materials use a metal as the matrik reinforce it with fiberdHigh
strength, fracture toughness and stiffness argeauffy metal matrices. Most metals

and alloys make good matrices.

Page P3



Chapter 1

(b) Ceramic Matrix Composites (CMC)

Ceramic Matrix Composites are composed of ceransictree matrix and
reinforce it with short fibers or whiskers suchthese made from silicon carbide and

boron nitride. Used in very high temperature envinents.
(c) Polymer matrix composites (PMC)

Polymer Matrix Composites are composed of a matmm thermoset or
thermoplastic and embedded glass, carbon, ste&ewvlar fibers (dispersed phase).
Most commercially produced composites use polynseematrix material. PMCs are
very popular due to their low cost and simple fedion methods. The factors affecting
the properties of PMCs are interfacial adhesiompshand orientation of dispersed
phase inclusions, properties of the matrix etc. Tien advantages of polymers as
matrix are low cost, easy processability, good dhahresistance and low specific
gravity. The main disadvantages of PMCs are lowrntlaé resistance and high
coefficient of thermal expansion. PMCs are used foanufacturing electrical,
biomedical, aerospace structures, marine, automagports goods etc [Guggilla et al.,
2000].

1.7.2 Classification Il

The classifications according to types of reinfogcimaterial structure are
particulate composites (composed of particlesjptie composites (composed of fibers)

and laminate composites (composed of laminatesydiHa et al., 2000].
(a) Particulate Composites

Particulate Composites consist of a matrix reirddroy a dispersed phase in

form of particlesThese are the cheapest and most widely used.
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(1) Composites with random orientation of particles

(2) Composites with preferred orientation of particieBispersed phase of these
materials consists of two-dimensional flat platelglakes), laid parallel to each
other.

(b) Fibrous Composites

In many applications, like in aircraft parts, thesea need for high strength per
unit weight (specific strength). This can be achikby composites consisting of a low-
density (and soft) matrix reinforced with stiff éis. The strength depends on the fiber
length and its orientation with respect to the sstrdirection. The efficiency of load

transfer between matrix and fiber depends on ttegfacial bond. They are of two types

(1) Short-fiber reinforcedcomposites Short-fiber reinforced composites consist of
a matrix reinforced by a dispersed phase in fordis¢ontinuous fibers (length
< 100*diameter).
(2) Long-fiber reinforcedcomposites Long-fiber reinforced composites consist of
a matrix reinforced by a dispersed phase in formootinuous fibers.
(c) Laminate Composites
Laminates are composite material where differeygrs of materials give them
the specific character of a composite material fg\a specific function to perform.
Sheets (panels) with different orientation of hgghength directions are stacked and
glued together, producing a material with morermait strength in the plane, it is

called multilayer (angle-ply) composite. Examples plywood and modern skis.
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Fig.1.8 Classification of composites [Guggilla bt 2000]

1.8 Connectivity

Connectivity is a key feature in property developtria multiphase solids since

physical properties can change by many orders ghimale depending on the manner

in which connections are made. The concept of odtiviey was first established by

Newnham et al. [Newnham et al., 1978he spatial arrangement of components in a
multiphase composite is of considerable importasioee it controls the mechanical,
electrical and thermal fluxes between the phasashphase in a composite may be
self-connected in zero, one, two, or three dimarssiti is natural to confine attention to

three perpendicular axes because all property termse referred to such systems. In a

two-phase composite system, there can be ten@iffeonnectivities, which are 0-0,
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0-1, 0-2, 0-3, 1-1, 1-2, 1-3, 2-2, 2-3 and 3-3eTinst digit represents the connectivity
of inclusions and the second digit represents tst. [Generally, the host is a polymer
in the case of polymer composite. Based on thisept the 0-3 connectivity composite
is a system in which OD particulate fillers are damly distributed in a 3D host
polymer matrix ie., the ceramic particles do nontect toeach other but the polymer
phase is self-connected in all directions in th@ €ennectivity [Tressler et al.,1999].
The ten different connectivities are illustratedfigure 1.10, using a cube as the basic
building block. The most commonly studied compasaee 0-3 and 1-3 configurations.

0-3 configuration can be easily prepared at retiilow cost [Dias et al., 1996].

Several methods are available to make ceramic csitagowith different
connectivity such as, extrusion, tape casting apthmine process etc. The preparation
of 0-3 ceramic/polymer composites involves propgledion of the ceramic and the
polymer. The polymer, determines the way in whible materials can be mixed.
Extrusion processing can be used to prepare a dafasite. A 2-2 pattern can be
produced by tape casting and stacking alternatrdagf two different materials. In 2-3
patterns one phase is two dimensionally connectabtwhe second phase is connected
three dimensionally with each other. This pattean be considered as a modified form
of the 2-2 composite. The 3-3 pattern is the mashmicated and interesting one.
Experimentally 3-3 connectivity composites can bedpced by replamine form
process [Dias et al., 1996].
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- 2-3
-
Cg?
| ) [
0-1 0-2 0-3

Fig.1.9 Connectivity patterns in a di-phasic conitgsssystems [Safari et al., 2006].
1.9 Polymer - ceramic composites

The growing demand for low cost, large area, flexidnd lightweight devices
will pave way for material scientists to developmmaterial systems with improved
properties. Polymers play a vital role in the fied electronic industry; such as
substrate and electronic packaging applicationsstMd the polymers have optimum
dielectric properties at microwave frequencies,alvhs usually required for substrate as
well as packaging applications. Polymers also htheeadvantages of low temperature
processability and flexibility. However, the low etimal conductivity and high

coefficient of thermal expansion of polymers limitseir single phase use in the
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electronic applications. Several ceramics havedésred dielectric properties but the
high processing temperature and brittle naturetiyrdianits their practical use. The
modern electronic devices and systems require sBveand specific functional
properties in materials; which cannot be met inglgifphase materials [Batra et
al.,2008]. The individual properties of both polysieand ceramics can be tailored
through composite approach where they provide uUsefaperties for microwave
substrate and electronic packaging applicationzeR¢y, there has been a growing
interest in polymer-ceramic composites for microeapplications because they enable
inexpensive industrial level realization of microxgadevices and packages with
advanced electric and mechanical properties. Ientedecades, a large number of
polymer-ceramic electronic composites have beermodnted for applications in the
field of telecommunication, medical and microelenics [Taya, 2005]. There are
number thermoplastic polymers like; polyethylenelygtyrene, polypropylene, poly-
ether-ether-ketone (PEEK) etc used for making cam@® with ceramic fillers
[Sebastiaret al., 2010]. The processing, design aspects emqagirements for polymer-
ceramic composites for microwave applications aiseussed detail in the review
“Polymer—Ceramic Composites of 0-3 Connectivity foircuits in Electronics: A
Review” authored by Sebastian et al [Sebasgtaad., 2010].

1.9.1 Material requirements for microelectronic apgications

Polymer-ceramic composites used in microelectropackaging have to
simultaneously fulfill diverse requirements suchi@g dielectric loss (tad), moderate
relative permittivity §), low temperature coefficient of relative pernwvitty (t.), low
moisture absorption, low coefficient of thermal awpion, high thermal conductivity,
high dimensional stability and mechanical stiffness

(a) Dielectric properties

In polymer-ceramic composites the dielectric prapsrare controlled by the

amount of filler, filler particle size and distritbon of the filler, shape and orientation of
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the filler and finally dispersion of the filler ithe polymer matrix. The dielectric
properties include relative permittivity, dielectrioss, frequency and temperature
stability of dielectric properties, dielectric stgth etc. The relative permittivity of the
material should be as low as possible for electropackaging and substrate
applications; since the speed of the signal pasgingugh the dielectric medium is
inversely proportional to the square root of refatpermittivity [Sebastian, 2008]. A
high relative permittivity material is needed fonet core of flexible dielectric
waveguide. The dielectric loss of the material $thdae low to avoid electrical losses,
especially at very high frequencies [Sun et al)320The relative permittivity must be
stable within the operational temperature rangeotdrol the temperature-induced drift
in circuit operating characteristics [Walpita et 4998]. High electrical resistivity and
high dielectric strength is also required for maeztronic applications [Pecht et al.,
1993].

(b) Thermal properties

Thermal properties of substrates and packaging rralsteare very important
since it affect the operation of the electronic ides. Thermal properties that are
significant in enduring life cycle profiles includthermal conductivity/diffusivity,
specific heat capacity and coefficient of thermapansion (CTE). High thermal
conductivity is required to dissipate the heat gateel during the operation of the
device and low or matching coefficients of therraapansion to that of silicon (~ 4
ppm/°C) chips to reduce thermal failure. The diglegproperties should not exhibit

large variations with operating temperature.
(c) Mechanical properties

Mechanical flexibility is an important property farsubstrate material in order
to sustain the flexural loading during service. kedcally flexible systems would
improve durability and allow enhanced integratibhe mechanical properties affect the

material’s ability to sustain loads due to vibragsp shock and thermo mechanical
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stresses during manufacture, assembly, storage cgetation. The mechanical
properties of the composites are strongly influenioy the size and shape of the filler,

matrix properties as well as the interfacial adesietween the filler and matrix.
(d) Chemical properties

Chemical properties of the substrate materialsmapertant because of the need
to survive manufacturing, storage, handling and-ap®y environments. The chemical
properties of significance are water absorptioamfhability and corrosion resistance.
The dielectric properties of substrates materiaks strongly influenced by water
absorption, swelling and other dimensional insitéd. The corrosion leads to the
formation of more stable compounds and can degtiaglephysical properties of the
materials [Chung, 1995].

Polymer - ceramic composites can combine the adgaous properties of both
polymer and ceramics which can satisfy diverseireqents of present - day electronic
industry. Modern electronic industry requires systehat can be fitted into non-planar
forms which can be folded and unfolded for packggin storage. The conventional
ceramic polymer composites are flexible to a limhiextent but they can’t be bend or
stretch. In this context, the elastomer — ceramiomosites can be used for stretchable

and bendable electronic applications.

Flexible, bendable and stretchable dielectrics Wwhian cover even curved
surfaces are important for applications in commaition, automotive and medical
electronics. Recently electronic systems that eaerclarge areas on flexible substrates
have received increasing attention because thdylemade range of applications such
as flexible displays, electronic textiles, sensskins and active antennas etc [Sun et
al.,2007]. For many applications, particularly hetbiomedical field and body-worn
antenna, electronic circuits are to be conformaitgpped around curved surfaces. The
flexible substrates have many potential applicatidrom neural prosthetics in the

medical field to microwave devices in electronichiat provides the advantage of
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three-dimensional designs of conformal structur€sarmer et al., 2011]. In such
systems, the circuits must be not only flexible &lso stretchable [Seol et al., 2008].
Stretchability means that the circuits should hdneecapacity to absorb large levels of
strain without degradation in their electronic pedpes. Elastomer — ceramic
composites combine the ceramic hardness and stfméth the rubbery entropy-
elasticity of elastomer [Namitha et al., 2013]. Eerthe device engineers are looking
for to alternative substrates such as butyl ocaile elastomer which can stretch by tens
of hundreds of percent without plastic deformatomreakage.

1.9.2 Elastomer

Elastomer, any rubbery material composed of longindike molecules, or
polymers, that are capable of recovering theirioalgshape after being stretched to
great extents; hence the name elastofhés often used interchangeably with the term
rubber, although the latter refers to vulcanizataesthe past, “rubber” was used to
describe materials that occurred naturally in regtand “elastomer” was used for
materials that were produced synthetically. Thentelastomer which is derived from
the word elastic polymer. An elastomer is havingyweeak inter-molecular forces,
generally having low Young's modulus and high falstrain compared with other
materials  pttps://en.wikipedia.org/wiki/Elastomer Elastomers are amorphous
polymers existing above their glass transition terapure, so that considerable
segmental motion is possible. The mobility of ckasrestricted by the introduction of
a few crosslinks into the structure. The chemiaakcess for converting the polymer
into more durable materials by forming cross-litletween individual polymer chains
is called vulcanization. Vulcanized materials hasgperior mechanical properties
[http://www.adhesiveandglue.com/elastomer.htrit the absence of applied stress,
molecules of elastomers usually assume coiled sha@ensequently, elastomers
exhibit high extensibility (up to 1000%) from whidey recover rapidly on the
removal of the imposed stress [Ebewele., 2000].
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Properties of elastomer materials:

(1) They cannot melt, before melting they pass intagegus state
(2) Swell in the presence of certain solvents

(3) They are generally insoluble

(4) Flexible and elastic

(5) Lower creep resistance than the thermoplastic mager

Examples of elastomer materials are natural rubbdicone rubber, butyl rubber,
synthetic polyisoprene, polybutadiene, chloropremaber, ethylene propylene rubber

and polyurethanes etc.
1.9.2.1 Silicone Rubber (SR)

Among the available elastomers, silicone rubber et@sen as rubber matrix for
the present investigation. Figure 1.11 shows thapasison of properties of various
rubbers using natural rubber as the reference. Ehenfigure it is clear that silicone
rubber satisfy almost all the properties satisfalgtoSilicone rubber is a well-known
dielectric elastomer, widely used in electronicsgl amcrofluidics due to its elasticity,
biocompatibility, optical transparency, permeapjliuV transmission and availability
[Yang et al., 2012]. Silicones play a key role ihfeelds including the automotive,
cosmetics, electronic industry, chemicals, foodgtites and the construction industry
[Yang et al.,, 2012;http://www. Silicone.jj/ The first silicone elastomers were
developed in the search for better insulating nmterfor electric motors and
generators. Chemists at Corning Glass and Genéalrie were synthesized the first
silicone polymers, heat-resistant materials for uses resinous binders
[en.wikipedia.org/wiki/Silicone_rubberBased on the viscosity silicone rubber are
classified in to solid silicone rubber and liquidicene rubber. In the present
investigation we used methyl end blocked solidceite gum. This is because of the

ease of processing compared to liquid silicone eub$olid silicone rubber is peroxide
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cured system where as liquid silicone rubber isitanfd cured system (platinum

catalyzed).
Comparison of properties of various rubbers s Silicone rubber
using natural rubber as a reference ———— Ethylene propylene rubber

Heat resistance

Chloroprene rubber
Fluoro-rubber
Natural rubber

Good weatherability

Flame retardancy

Electrical properties

Cold resistance

Fig.1.10 Comparison of properties of various rubhesing natural rubber as the
reference [courtesy: Shin-Etsu Co .Lidkp://www. Silicone.jp/]

Polydimethyl siloxane (PDMS) is the basic polymardilicone rubber (SR), the
hydrocarbon methyl groups being hydrophobic ancewagpellent. Pure silicone rubber
shows little tracking and erosion resistance. Tégeating unit is shown in figure.
1.11a. Some properties of silicone rubber mustg@aved for practical applications.
The specific properties of the polymers are impdoleg the fillers and also to reduce
costs. Silicones are highly functional materialat texhibit both inorganic and organic
characteristics. Silicones manifest highly elabetaviour due to the high flexibility of
the siloxane bond. The Si-O bond polarizabilitypolydimethyl siloxane (PDMS) is
higher than that of non polar organic polymers.(gglyfluroethylene), the side methyl
groups prevent Si-O dipoles from approaching edtlerotoo closely and thus the
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relative permittivity of PDMS is very low [Gubbeds al.,2007]. Every silicone consists
of organic group side chains attached to a mainncbasiloxane bonds (-Si-O-Si-).
Siloxane bonds have much higher bond energy tr@g & and C-O bonds forming the
main chains of organic polymers. Having high bondrgy, Si-O bonds will not break
even at temperatures around 200°C. Silicones agklyhiresistant to heat up to a
temperature of 200°C; UV rays resist, water repeliend shows a range of other
characteristics. They are chemically stable anck vesatherability. Silicone molecules
are helical and intermolecular forces are low. Tethyl group located on the outside
the colil structure can rotate freely. This molecskaucture gives silicones their unique
properties, including water-repellency, cold-remiste, easy release (non-adhesiveness)
and they are largely temperature stable. The mtaestructure of methyl end blocked

silicone molecule (polydimethyl siloxane) is showrfigure 1.11 b.

\_/ Nl
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L dn g
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Fig.1.11 (a) Repeating unit of silicone rubber @mdmolecular structure of
Polydimethyl siloxane

In the pure form silicone elastomer is a thermopsdéymer; once cross linked it
cannot be brought back to the former shape. Siicobber molecules exist above their
glass transition temperature so considerable sefgingotions are possible. The glass
transition temperature of silicone elastomer is7T2 The long polymer chains will

cross link during curing and the process is knog/ndcanization. Dicumyl peroxide is
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used for the vulcanization of silicone rubber. Téastomer exhibit large elongation
from which they recover rapidly on the removal bé tapplied stress. The peroxide

curing vulcanization mechanism of silicone rublseshown in figure 1.12.

c|:|-|3 c|:|-|3 t|:|-|3 CH,
—0—Si—0—s|i—0— —o—sii—o—s|—o—
CH, CH, CH, CH, cl:H3 CH,
—0—§i=—0=—8i=——0—
| |
CH, CH,
+ 2RO*—Pp + 2RrRO* _’ I
CH, CH,
. -—Q0—S8i—0—Si=—0—
CH, CH, CH, CH, | |
| | CH, CH,
—o—s.—o—siu—o— —o—sii—o—siu—o—
CH, CH, CH, CH,

Fig.1.12 Vulcanization mechanism of silicone rubbging dicumyl peroxide

Among the available elastomers silicone rubberehpsominent position due to
its unique properties such as good dielectric ptag®e high binding energy, high
elasticity, resistant to extreme environments sashheat, ozone, weather, chemical
stability, moisture and steam resistance, bettmtetal insulation, exceptional weather
ability, gas permeability, biocompatibility and glogically inert character
[http://www. Silicone.jj/ Silicone rubbers are extensively used in indusior
development of a wide variety of products, includiautomotive applications, cooking,
baking and food storage products, apparels, el@cspmedical devices and implants,

and in home repair and hardware with products sgdilicone sealants.

Elastomer - ceramic composites are important nasesuitable for devices

where flexibility is an important parameter. In rhaxf the industrial applications
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elastomers are used for composite materials. Ortleeo¥ery attractive features of this
ceramic filled elastomer is that the electrical @hgsical properties can be varied over
a wide range by choosing appropriate type, shapsicle size and connectivity or

volume fraction of the fillers in the rubber matrix
1.10 Scope and objectives of current work

Extensive research has been devoted to the devetdapamd advancement of
flexible electronics and their applicatiordexible electronics is an emerging field in
electronic industry which enables a wide range pyliaations such as capacitors for
energy storage, wireless communication, electrgrackaging and electromagnetic
interference (EMI) shielding etc. It is an impottaesearch area for the next generation
consumer electronics and is becoming a part of d@ay today life. For some
applications, especially in the biomedical fieltgatronic circuits are to be conformally
wrapped around curved surfackssuch systems, the circuits must be not onlyilfllex
but also stretchable. The conventional ceramic mpetycomposites are flexible to a
limited extent but they can’t be bend or stretehtHis context, the elastomer—ceramic
composites can be used for stretchable and bene#dteonic applications. Silicone
rubber is choosing as the matrix for the presemestigation due to itexcellent
dielectric propertiesglasticity, biocompatibility, optical transparen@germeability, UV
transmission and availability. Silicone elastomdthwgood flexibility and ease of
processing are available but their high CTE, lwnd low thermal conductivity limits
their single phase uséMoreover, materials with variable relative permaity are
needed for electronic applicatioriBhe relative permittivity of silicone rubber cae b
tailored over a wide range by reinforcing with ldvgs ceramics having different range
of relative permittivity. Materials having variabtelative permittivity are required for
practical applications in electronic industry. Tdielectric properties of silicone rubber
can be tailored over a wide range by reinforcinthweramics having different range of
relative permittivity’s, i.e.,ceramic particles with i) a high permittivity, ig medium

permittivity and iii) a low permittivity.In applications like electronic packaging and
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substrate, the materials should have low relatieemitivity to increase signal
transmission speed. High relative permittivity nizls are used for the manufacture of
embedded capacitor as well as dielectric wave guigplications. Although
considerable amount of work has been reported dinorse rubber — ceramic
composites, but very little attention was paid beirt microwave dielectric properties.
In the present study, we discuss the recent adsainceow loss silicone composites

with ceramics for microwave applications.

Thus the objectives of the present work are

e To develop mechanically flexible, low loss and thally stable dielectric
composites for flexible microwave substrate and ctebmic packaging
applications

e To develop mechanically flexible, low loss andrthally stable dielectric
composites for flexible dielectric waveguide and beaded capacitor

applications

e To develop a cost effective, flexible microwaveeama using suitable silicone
rubber-ceramic composite based substrates with uatkeq medium of

metallization.
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Silicone Elastomer-Low Permittivity
Ceramic Composites

Preparation and characterization of silicone rubbeinforced with low

D

permittivity fillers are discussed in this chapt&fumina, aluminum nitride

and fused silica have been selected as the low iterty fillers for the

present study. The dielectric properties at rademudency and microwave

frequencies, thermal and mechanical propertiebetleveloped composites|as

a function of filler volume fraction are investigdt Experimentally observI
values of relative permittivity of composites habveen compared with t
values obtained using various theoretical modelse Goefficient of therma

expansion is found decrease wherdas thermal conductivity and moistu

absorption increases with filler loading. AlImositthle composites show good

mechanical property and flexibility. 7
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2.1 Introduction

Recent advancement in electronics technology hesulted in the
miniaturization of devices. Microelectronic packagihas been playing a vital role
in the rapid development of the electronic techg@s. Flexible electronics creates
a new era in the fast growing electronic industexible electronics is expected to
make incredible inroads into consumer electroniegkets in the coming years.
Flexible electronic circuits comprise a flexibleekictric substrate upon which
various electronic components are mounted. Flexd@ietronics are increasingly
being used which benefits from their attractive Uesg like mechanical flexibility,
light weight and favourable dielectric propertiewif et al., 2005]. Flexible and
stretchable electronics enable a wide range ofiagins such as capacitors for
energy storage, microwave absorbers, flexible diete wave guide, flexible
displays, sensor arrays, curved circuits, flexdoiéenna etc [Ryu et al., 2009; Wong
et al., 2009]. The iSuppli Flexible Display Repgntedicts the flexible display
market to grow from $1.1 billion in 2015 to $3.88libn by 2020 [‘Emerging
Displays Report-Flexible Displays Technology 20h&p://www.isuppli.com/] The
requirements for an ideal microwave substrate nahtare low dielectric loss for
better performance, low relative permittivity tacrease signal propagation speed,
high moisture absorption resistance, good flexipilhigh thermal conductivity to
dissipate the heat generated and low coefficieth@fmal expansion similar to that
of silicon chip to avoid thermal failure [Chung, 98 Garrou et al., 1998; Tian,
2003].

Several low permittivity ceramic like silicates aatliminates are available
with excellent dielectric properties and are beursgd for substrate and electronic
packaging applications [Oshato et al., 2006; S@éoas?008]. Their high processing
temperature and brittle nature greatly limits thphactical use. Many of the
polymers satisfy the requirement of low relativenpigtivity (e;) and dielectric loss
(tan 8) essential for microwave substrate applicationbfSéan et al., 2010].
However, unlike the ceramics, polymers exhibit htpkermal expansion and low
thermal conductivity which are not favorable fobstrate application [Rimdusit et
al., 2000]. Hence the single phase usage of ceramit polymer for practical
application have facing some major limitations. #is juncture the bonded
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technique polymer — ceramic composites are findimgreased application in
electronic and microwave devices, since they comlbire dielectric and electrical
properties of the ceramic fillers and the low-tenapere processability and
mechanical properties of the polymer matrix. Butetral. proposed the composite
approach of combining the advantages of polymer @rdmic to get a superior
property [Button et al, 1989]. Numerous polymereratnic composites have been
developed for microwave substrate applications. ddmamonly used polymers for
substrate application are epoxy, polytetrafluorgletie, polyethylene, polystyrene
etc.[Sebastian et al., 2010]. Polymers are flexibl@ certainextent and also they
cannot be used for stretchable applications angnpel — ceramic composites are
rigid. Stretchability is a prime requirement for many &mgdlons especially in the
biomedical field, where the circuits are to be vpeg around the curved surfaces
and movable parts. In the present scenario theéoet@s — ceramic composites are
getting wide attention due to its flexibility antteschability. The properties of the
composites are depending upon the size and shate diller and the interaction
between the filler and matrix. Hence through thengosite approach we can tune

the properties of polymer matrix using suitableaceic filler.

Among the available elastomer, silicone rubber erassen as rubber matrix.
The most outstanding property of silicone rubbatsiexcellent dielectric properties
including extremely low relative permittivity, lodielectric loss, good mechanical
flexibility, stretchability, biocompatibility, chemmal stability and moisture and
steam resistance. The present work discusses teogenent of mechanically
flexible low permittivity silicone rubber ceramimmposites. In order to develop
low permittivity composites, the permittivity of i@nic filler should be as low as
possible. Enormous number of low permittivity cermmmaterials is available.

Among them we chose AD3, AIN and fused Sigfor the present study.

Extensive work has been done on ceramic filleglbwtober for electronic
packaging as well as microwave substrate applicatipfhomas et al., 2011;
Chameswary, 2014]. Considerable amount of work been reported on silicone
rubber — ceramic composites. However, very littleergion was paid on the

microwave dielectric properties. Koulouridis et atudied the ceramic (BaTiD
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Mg-Ca-Titanate and Bi-Ba-Nd-Titanate) reinforcedypamethyl siloxane (PDMS)
composite substrates for conformal microwave appbas in the frequency range,
100 MHz-20 GHz [Koulouridis et al., 2006]. Dielactproperties of calcium copper
titanate — silicone resin composites were repdsteBabu et al. [Babu et al., 2012].

The elastomer— alumina composites are widely studied for various
applications. Recently Sim et al. examined thentta¢properties of silicone rubber
filled with thermally conductive, electrically ingting Al,O; and ZnO for
elastomeric thermal pads applications [Sim et28l05]. Zhou et al. investigated the
effect of alumina patrticle size, the effect of sigd modification and hybrid alumina
ceramic influence on the mechanical, thermal angkiphl properties of alumina
reinforced vinyl end blocked silicone rubber comfess[Zhou et al., 2007; Zhou et
al., 2008]. Murali et alinvestigated the dielectric properties of magnesnal
alumina filled PTFE composites and found that PH-Blumina composites are
suitable candidates for microwave substrate appics [Murali et al., 2009; Goyal
et al., 2011]. Recently the effect of particle sae microwave dielectric, thermal
and mechanical properties of butyl rubber — alumiteanposites were done by
Chameswary et al. [Chameswary et al., 2014]. Algmogonsiderable amount of
work was reported on the alumina filled polymer posites, very little attention
was paid on the microwave dielectric characterradf silicone rubbe+ alumina

composites.

The unique properties like excellent dielectriopgmrties, low CTE and low
cost of AIN led to considerable research on AlNeisforcing agent in recent years.
Some applications like elastomeric thermal padsstednic packaging etc., require
high thermal conductivity and electrical insulatidany researches have improved
the thermal conductivity of silicone rubber by adylithermally conductive
inorganic fillers. Research on various polymer/Albmposite have been performed
and reported in the literature [Zhou et al., 20&Ryal et al., 2011; Choudhury et al.,
2012; Choudhury et al., 2013]. Zhou and co workemspared AIN- PMMA
composites and reported their microwave dielegirmperties [Zhou et al., 2012].
Chiu et al. reported recently the surface modifccabf AIN filler and its effect on
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the mechanical, thermal properties of the silicomgber composites [Chiu et al.,
2014; Chiu et al., 2014].

Commercially available low dielectric ceramic leddPTFE substrate use
fused silica as particulate fillers because of utdque properties. Silica is an
important reinforcing filler of elastomer for indual applications. Several silica
loaded polymer composites were reported for mieaebnic applications [Todd et
al., 2002; Couderc et al.,, 2012]. Murali et al. eleped flexible composite
substrates using surfactant-free PTFE powder arwmlomisize fused silica filler
through SMECH process [Murali et al., 2009]. Theyé reported the effect of filler
content and size on the dielectric, mechanicaltaadnal properties of PTFE/ fused
SiO, composite system. Recently Chameswary et al regppatte butyl rubber —
silica composites for flexible microwave substrapplications [Chameswary et al.,
2013]. The effect of silica on dielectric propestief styrene butadiene rubber were
investigated by Hanna et al. in the frequency ramigé0 Hz to 10°® Hz at room

temperature [Hanna et al.,1973].

The present work discusses the development of mexdily flexible
composites having silicone elastomer matrix coirtgifow permittivity ceramics
like Al,O3, AIN and fused Si@as fillers. The effects of fillers on dielectribermal
and mechanical properties of silicone rubber — roeracomposites were
investigated. The experimental values of relatieenpttivity of composites were

compared with theoretical models.
2.2 Experimental
2.2.1 Materials

In the present investigation silicone elastomemasrix and ceramic fillers

such as AIO;, AIN and fused Si@were used for the composite preparation.
2.2.1.1 Silicone elastomer

The silicone rubber used for the present investgatvas methyl end
blocked silicone rubber, molecular weight = 4, D,@/mol, provided by Jyothi
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rubbers, Thrissur, India. Dicumyl peroxide (DCP)sweed as curing agent and it
was of commercial grade. In rubber compounding, donventional to use parts per

hundred of rubber (phr) to quantify the ingredieugsd for vulcanization.
The physical properties of silicone rubber is givieable 2.1

Table 2.1 Physical properties of silicone rubber

Density 1.16 g/cm
Water absorption 0.058 vol %
Relative permittivity 30
at5 GHz '
Dielectric loss a2
at 5 GHz =10
Thermal conductivity 0.19 wik*
Coefficient of thermal expansion 266 ppay/

2.2.1.2 Ceramic fillers
2.2.1.2.1 Alumina (AbO3)

Alumina is one of the most cost effective and Wwidésed materials in the
family of engineering ceramic. Aluminum oxide, cowmty referred to as alumina,
possesses strong ionic inter atomic bonding givisg to its desirable material
characteristics. It is having good dielectric projes € = 9.8, tans = 10°), low
CTE (6 — 7 ppm/°C), high thermal conductivity (25mMK™) and low cost. It
offers a combination of good electrical and mectanproperties leading to a wide
range of applications in many filled like electticalectronics, biomedical, chemical
industry etc. The dielectric loss of alumina is ab@x 10° and the temperature
coefficient of relative permittivity, =~-200 ppmfIC. The quality factor depends on
the density and purity of the sintered sample [Afet al., 1996]. Alumina (<10
pm) procured from Sigma Aldrich, USA was used fbe tpresent study. The

alumina powder heat treated at 100°C for 24 hnaores the volatile impurities.
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Chapter 2

Aluminum nitride is a newer material in the teckaticeramics family with

high intrinsic thermal conductivity (370 Wi ™) and high electrical resistivity.

Aluminum nitride has a hexagonal crystal structared is a covalent bonded

material. AIN procured from Sigma Aldrich, USA wased for the present study.

The AIN powder heat treated at 100°C for 24 h taaee the volatile impurities.

2.2.1.2.3 Fused silica (Si9)

Fused silica is another low permittivity ceramiavimg unique properties

such as near zero thermal expansion, exceptiogalhg thermal shock resistance,

very good chemical inertness and low dielectricsloBused silica is a non-

crystalline (glass) form of silicon dioxide (quarzand). It's highly cross linked

three dimensional structures gives rise to its magistance to temperature and low

thermal expansion coefficient. The dielectric pmips are stable up through

gigahertz frequencies.

The fused silica procuredmfr Chettinad cements,

Tamilnadu, India dried at 100°C for 24 h was used the present study. The

physical properties of ceramic fillers are giverable 2.2.

Table 2.2 Physical properties of ceramic fillers

Material Avg.parti | Relative | Dielectr | Coefficient| Thermal
Density cle size | permittivity | icloss | of thermal | conductivity
(um) expansion -1
(glcn) & tano ) (Wm~K™)
(Ppm/°C)
Al,O; | 3.95 2.0 9.8 18 7.0 25
AN 3.20 1.3 8 10 4.4 160
Fused 2.20 0.50 4.0 16 0.5 1.4
Sio,
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2.2.1.3 Silicone rubber-ceramic composite preparain

Composite materials are increasingly used in apptins, such as electronic
packaging and thermal management. Polymer compgosiatrollable electrical
resistivity, combined with their light and flexibfgoperties, makes them suited for

applications in flexible electronics.
2.2.1.3.1 Compounding

The process of sequentially adding the ingrediémits the raw rubber is
termed ‘compounding’. In the present study compaumaf silicone rubber was
done by sigma blend method. The mixing was donea ikkneading machine
(Plastomek, Quilandy) at room temperature. The dimga machine consists of
variable speed mixer having two counter rotatingr& blades with gear ratio 1:1.2.
The silicone rubber was first masticated throughdbunter rotating sigma blades to
make them soft and more processable. Dicumyl pdeoXDCP) was used as
vulcanizing agent. Finally appropriate amount ofacec fillers were added. The
mixing was done for about 45 minutes with the fotatspeed of 25 rpm to get
uniform composites. The uniformly mixed compositese hot pressed at 200°C for
90 minutes under a pressure of 2 MPa with apprgpdées. The optimization of
temperature and duration were done by studyingcthss linking behavior. After
hot pressing, the composites with desired shapes weed for characterization. The
photographic images of the kneading machine andpheds used are shown in

figure 2.1 (a) and (b) respectively.

Fig.2.1 Photographic images of (a) kneading macfbipéot press
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2.2.2 Characterization
2.2.2.1 X-ray diffraction (XRD)

The X-ray diffraction technique has been of grdateportance in revealing
the structure of the crystals. X-ray diffraction thed is most useful qualitative,
rather than quantitative analysis (although it barused for both). The crystals to be
examined is ground to a fine powder and placed bea@am of monochromatic X-
rays. The incident X-rays will either transmittedszattered by the electrons of the
atoms in the material. In general, the scatteredewanterfere destructively with
each other, with the exception of special orienteti at which Bragg’s law is
satisfied. The X-ray diffractometer records theensity data of a diffracted X-ray
beam, as a function of angle, so as to satisf\Btlagg's law under the condition of
X-rays of known wave length. Diffraction data of myadifferent materials are
available in a computer searchable powder diffoactile (JCPDS file). Comparing
the observed data with that in the JCPDS allowspihase in the sample to be
identified. In the present study the powder XRDc$gzewere recorded using CuK
radiation (PANalyticalX’PertPRODiffractometer, Alhog Netherlands).

2.2.2.2 Scanning electron microscopy (SEM)

The scanning electron microscope (SEM) is a miapsdhat uses electrons
instead of visible light to form an image. SEM wased to analyze the
microstructure of composites. The SEM has much driglesolution and hence
closely spaced specimens can be magnified at migttelevels. The interaction
between primary electron beam and the sample pesdgecondary electrons,
characteristic X-rays and back scattered electrbins.signals resulted from electron
sample interactions reveal information regarding gample including texture,
chemical compositions, crystalline structure anérdation of materials making up
the sample. An electrically conductive (usually djotoating must be applied to
electrically insulating samples for SEM analysis. the present study scanning
electron microscope of JEOL JSM -5600LV, Tokyo, alaphas been used for

analyzing the microstructure of the samples prapare
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2.2.2.3 Mechanical properties

The mechanical flexibility is the prime requirerhdor flexible electronic
applications. Tensile test is useful to evaluatehmaaical properties of materials in
which the sample is pulled to failure in a relalyvehort period of time. The sample
is elongated at a constant rate and the load edjtir produce a given elongation is
measured as a dependent variable. A stress-stuaue ecnay be plotted from the
results of a tension test and from the plot thegbmess of the material can be
assessed [Menard, 1999; Hayden et al.,1984]. Irptbsent study the stress-strain
properties of the composites were measured usittpigersal Testing Machine
(Hounsfield, H5K-S UTM, Redhill, U.K.) with a ratef grip separation of 500
mm/min following the American standard ASTM D-4I3umb-bell shaped samples
of width 4 mm and thickness in the range of 1.5 mr were used for the tensile

measurements.
2.2.2.4 Dielectric characterization
2.2.2.4.1 Radio frequency dielectric measurements

The dielectric properties up to 3 MHz are measwsdg the parallel plate
capacitor method with the help of an LCR meter (KIQ532-50 LCR Hi TESTER,
Japan). The working principle of LCR meter is platablate capacitor method in
which a thin sheet of material is sandwiched bebtweeo electrodes to form a
capacitor. This is done by uniformly coating silyp&ste on both sides of cylindrical
specimens (11 mm diameter and 1-2 mm thicknessR Io@ter measures the
complex impedance by auto balancing bridge tectanfgam which the capacitance
and dielectric loss are calculated. The relativenptéivity is calculated using the

equation

d (2.1)

where C is the capacitanegandegy are the relative permittivity of material and free

space respectively. A and d are the cross sectawealand thickness of the sample.
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HIOK| 38532-80 Lch HiTESTE

MC-19

Fig.2.2 Photograph of Hioki 3532-50 LCR Tester

2.2.2.4.2 Microwave characterization

The microwave characterization of a material playsimportant role in
microwave electronics. In general, the methods Mf@asurement of microwave
dielectric properties fall into two categories: Aasonant method and resonant
method. Non-resonant methods are used to get aajedea of electromagnetic
properties over a frequency range while resonarthods are used to get accurate
knowledge of dielectric properties at single freguye or several discrete

frequencies.
2.2.2.4.2.1 Network analyzer

Network analyzer is the major instrument used & pinesent investigation
for the measurement of low loss microwave materidisgives all network
characteristics of the analog circuit by measurng phases of transmission and
reflection coefficients. A vector network analyZégilent Technologies, E5071C,

ENA Series Network Analyzer) is used for the présevestigations.
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Fig.2.3 Photographic image of the network analyzer
[courtesy:.www.metrictest.com

2.2.2.4.2.2 Split Post Dielectric Resonator (SPDR)

Split Post Dielectric Resonator method is suitdblethe measurement of
dielectric properties of samples in the form ohtsheet [Krupka et al., 1996]. The
SPDR uses a particular resonant mode which haseeifispresonant frequency
depending on the resonator dimensions and thaveslpermittivity. The resonator
mainly consists of two dielectric discs separatgdabsmall air gap in a metal
enclosure. The schematic representation of the SRDéhown in the figure 2.4
[Sebastian, 2008]. The dielectric discs are thid #re height of metal enclosure is
relatively small, so the evanescent electromagffietid is strong not only in the air
gap region outside the cavity but also in the garagion for radii greater than the
radius of the dielectric resonator. Therefore thecteomagnetic fields are also
attenuated in the cavity so it is necessary to thken into account in the air gap.
This simplifies the numerical analysis and redugessible radiation. The sample
under test is placed in the gap between the twts pérthe resonator usually at the
place of maximum electric field. The loading of igldctric sheet sample changes
the resonant properties of a split resonator aedliblectric properties of the sample
can be derived from the resonant properties ofébeenator loaded with sample and
the dimensions of the resonator and the samplenGheal., 2004]. The SPDR

usually operates in Tks mode, which has only azimuthal electric field comgat.
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Dielectriclresonator
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Fig.2.4 Schematic representation of a split posediric resonator
[Ssebastian ,2008]

The dielectric properties of the sample are derifredh the changes of resonant
frequency and unloaded Q-factor due to the ingertibthe sample. The relative
permittivity of the sample is an iterative solutitanthe following equation

‘. U Pl P (2.2)
hf.K (e, ,h)

where h is the thickness of the sample under test the resonant frequency of
empty resonant fixture, fs is the resonant frequesicthe resonant fixture with
dielectric sample, Kis a function ok, and h;it has been evaluated using Rayleigh-
Ritz technique [Krupka et al., 2001]. The dielecttoss of the sample can be

determined by

tand =(Q,” ~Qor  ~Qc )Pes (2.3)

In equation (2.3)

P.s = he K, (g, ,h) (2.4)

Qc = QCOKZ(Sr 1h) (25)
f

Qo = Qopgr 2 2200 (2.6)
fs peDR
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where Rs and pprare the electric energy filling factors for the gdenand for the
split resonator respectivelyggkois the electric energy filling factor of the dielec
split resonator for empty resonant fixture;o@ the quality factor depending on
metal enclosure losses for empty resonant fixtigro is the quality factor
depending on dielectric losses in dielectric resansafor empty resonant fixture;
and Q is the unloaded quality factor of the resonantufi@containing the dielectric
sample. The values ofek pes and @ for a given resonant structure can be
calculated using numerical techniques. The uncugytaiof the permittivity
measurements of a sample of thicknessZeis = + (0.00154Ah/h) and uncertainty

in dielectric loss measurements Ar@&and) = 2x10° [Krupka et al., 2001].

Microwave dielectric properties of silicone rubbeceramic composites in
the present investigation were measured by thihodetThe SPDR operating at
5.155 GHz and 15.155 GHz is used for the presemtystFigure 2.5 shows the

photograph of split post dielectric resonator used.

Fig.2.5 Photograph of QWED split post dielectrisaeator
2.2.2.4.3 Theoretical modeling of relative permittiity

The precise prediction of relative permittivity tfe composite from the
relative permittivity of the components and thewne fraction of the filler is very
important for the design of composites for eledtompplications. Several

theoretical models have been developed to estirtegterelative permittivity of
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polymer - ceramic composites structures. The dieteproperties of the composites
are influenced not only by the relative permityvaf the components but also by
other factors such as the morphology, dispersiahtia@ interaction between the two
phases. The theoretical modeling enables the rahtientists to arrive at novel
composite systems without much experimental itensti The following equations

are used to predict the relative permittivity of firesent composites theoretically:

(@) Maxwell-Garnett equation:

geff - ‘gm gf - ‘gm (27)

- O = Vf
Eq T28, & +2¢,
Where e, &, €n are the relative permittivity of the compositedief and matrix

respectively and Ms the volume fraction of the filler.

The Maxwell-Garnett mixing rule was initially uséd calculate the effective
permittivity of a system where metal particles areapsulated in an insulating
matrix. This mixing rule was modified for polymer ceramic composites
incorporating homogeneous distribution of sphericatamic particles and the

excitation of dipolar character is considered [MakWsarnet, 1904].

(b) Jayasundere-Smith equation:

3¢,

v, \E — €
gm(l—vf)+£fv{ m }{H{ f(f m)ﬂ (2.8)
&, T2¢,, &, t2&,
v, \E; — €
1—vf+v{3‘gm }{1{*(* ’“)H
&, T2¢,, £, t2&,

Jayasundere-Smith equation is a modification df-kewn Kerner equation

geff =

by including the interactions between neighboripgeses. This equation considers
composite as a bi-phase system of dielectric sghigfedispersed in a continuous

medium €) and is valid only whep:>>¢p, [Jayasundere smith, 1993].

c Lichtenecker equation:
© k (2.9)

Ing, = (1—vf )In £tV Ing,
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The most widely used relation for the predictioreaé Lichtenecker’s logarithmic
law of mixing. It considers the composite systenrasdomly oriented spheroids

that are uniformly distributed in a continuous maftichtenecker, 1931].

(d) Effective Medium Theory (EMT):

Vil ~20) (2.10)
Ent n(l—vf )(gf - £m)

Eetf = Em| 1+

Where nis empirically determined parameter in the EMT mode

In EMT model, composites are treated as an effectiedium whose relative
permittivity is obtained by averaging over the teka permittivity of the
constituents. The basic concept of EMT model ig¢ thlhen a random unit cell
(RUC) is embedded in an effective medium it canbat detected in the
electromagnetic experiment. A random unit cell efimed as a core of ceramic
surrounded by a concentric shell of the polymero[R#& al., 2000]. A correction
factor ‘n’ is used to compensate for the shapdeffitlers and is called morphology
factor which is related to ceramic particle and bamobtained empirically. A small
value of ‘' indicates a near spherical shape for the filldrileva high value of ‘n
shows a largely non-spherically shaped particle.

2.2.2.4.4 Bending

Bending measurements of the composites were captedy bending the
samples manually in such a way that every parhefsample had undergone 180°
bending. The bending cycle was repeated for 128giand the microwave dielectric

properties were measured by SPDR operating at 55t85after every 25 cycles.
2.2.2.4.5 Temperature coefficient of relative perntiivity ( ter)

Temperature coefficient of relative permittivity,J of material should be
stable within the operational temperature rangele€tronic devices for practical

applications. The temperature coefficient of rematpermittivity of the present
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composites was measured by SPDR operating at &5from 25 to 60°C. The
temperature stability may be examined using theicel given below

1, Ae
—X=

T = X (2.11)

In order to measure thg, the sample is kept in the SPDR and the correspgndin
peak is identified in the network analyzer. Thea #mtire setup is heated up in the
temperature range of 25 to 60°C. The shift in tlesonant frequency with

temperature is noted at regular intervals.

2.2.2.5 Thermal characterizations

Thermal analysis includes the techniques in wkmime physical parameters
of the system is determined and recorded as aifumof temperature. Some of the

thermal characterizations used in the current studydiscussed below
2.2.2.5.1 Coefficient of thermal expansion (CTE)

Dilatometry is a thermo analytical technique usedrneasure shrinkage or
expansion of materials. Dilatometry [Pennisi, 19%ang et al., 2006] is the
continuous measurement of the length of the saagpllie specimen is subjected to
a controlled linear heating rate. In this technjgdienensional changes in a sample
are primarily measured with negligible force actorgit, while the sample is heated.
The value of coefficient of thermal expansion iEgkted using the relation

1AL

a, “LAT (2.12)

where L is the original dimension of the sample Ahds the change in length when
the change in temperature AJ. In the present study, Dilatometer (DIL 402 PC,
NETZSCH, Selb, Germany) is employed for thermalagygion measurements of the
composites. Cylindrical samples (diameter 8 mm tickness 10 to 14 mm) are

required for dilatometric studies.
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Fig.2.6 Photograph of DIL 402 PC, NETZSCH dilatoenet

2.2.2.5.2 Thermal conductivity (TC)

The thermal conductivity of the composites was mess by laser flash

technique using the relation
TC=AXCpXp (2.13)

where A is the thermal diffusivity, Cp is the specific heeapacity at room

temperature anglis the density of the sample.

Fig.2.7 Photograph of Flash Lif&2000 thermal properties analyzer
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The laser flash method is a vertical set up incwhXenon flash heats the
sample from the bottom side and a detector on #ects the time dependent
temperature rise. The thermal diffusivity can bewated from specimen thickness
and the time required for the rear face temperatsecto reach certain percentage of
its maximum value [Hasselman et al., 1985]. Thet lsapacity of the sample also
measured simultaneously comparing the temperagernr the sample with that in a

reference material [Parker et al., 1961].

In the present study, thermal conductivity was suead by thermal properties
analyzer (Flash Lin& 2000, Anter Corporation,Pittsburgh,USA). Graphitated
samples of diameter 12.57 mm and thickneds mm was used for thermal

conductivity measurements.
2.2.2.6 Water absorption of composites

The water absorption characteristic of the compesitvas measured by
following the ASTM D 570-98 procedure. The dimemsif the samples used for
the water absorption study is 50 mB0 mmx2 mm. The samples were weighed
accurately and immersed in distilled water for 24The samples were then taken
out and again weighed after removing the excesenfladm the surface. The vol. %
of water absorption was then calculated using ¢tegion,

(Wf - Wi)/Pw

x 100 (2.14)
(W = W;)lp,, +W,/p,

Volume % waterabsorption =

Where Wand W are the initial and final weights of the sample ap@&ndp. are the
densities of distilled water and composite respebti The density of the

composites was measured using Archimedes method.
2.3 Results and discussion

The silicone rubber ceramic composites of alumiaaminum nitride and
fused silica were prepared as described in seatio®.2.1.3.1. The density of fused
SiO, (p = 2.20 g/crm) is lower than AIO; and AIN. So the silica filled composites
can be mixed upto a filler loading level of 0.51 (200 phr) where as the mixing is
found to be difficult for more than 0.41;\{200 phr) for SR-AIN (SRAN)
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composites and for SR-AD; (SRAL) composites it is upto 0.45 Y300 phr). Zhou
et al. reported that after certain volume percemt@df vol %) of filler loading,
hardening and difficulty in processing occurs witbgraded mechanical property
[Zhou et al., 2007]. Ceramic fillers can be incagied in the rubber matrix only up
to a certain loading fraction beyond which the cosife becomes porous as a result
of insufficient rubber to encapsulate the filleherl optimum filler loading also
depends on the particle size, distribution and moigmy of the filler [Zhou et al.,
2007]. Consider the case of nano fillers they caavide better mechanical
properties, lower CTE, better relative permittivdagmpared to micro fillers but the
dielectric loss and the moisture absorption mayigber for nano composites than
that of micro composites. The large surface areg bwa the reason for higher
moisture absorption; which in turn increase théedieic loss which is not favorable
for electronic packaging as well as microwave salbstapplications [Namitha et al.,
2013; Chameswary et al., 2014]. Hence in the ptesenk nano fillers have not
been considered. The sample designation and tmeufations of composites are
given in Table 2.3. The composites thus preparede weharacterized for
microstructural, dielectric, thermal and mechaniaperties using the techniques
mentioned earlier in the chapter (section 2.2.2 anbsections). In the present
chapter we report the development of flexible agl we stretchable, thermally
conductive, low relative permittivity and low dietec loss silicone rubber
composites for microwave substrate application.t®fraphic images of some of
the developed composites are shown in figure 2.8.

Fig.2.8 Photographic images of developed composites
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Table 2.3 The formulations of silicone rubber compsites (Ingredients in phr?

Silicone Dicumyl Eiller
Composite Sample rubber peroxide in phr@
material designation in phr? (DCP) in Eb
phr?
100
SRAL, 2 O[0]
100
SRAL, 2 10[0.02]
Silicone rubber- 100
Al 203 SRAL, 2 50[0.12]
1
(SRAL) SRAL, 00 2 100[0.22]
100
SRAL, 2 200[0.35]
100
SRAL, 2 300[0.45]
100
SRAN, 2 0[0]
1
SRAN, 00 2 10[0.03]
Silicone rubber-
AIN (SRAN) SRAN, 100 2 50[0.15]
SRAN, 100 2 100[0.26]
SRAN, 100 2 200[0.41]
SRF§ 100 2 0[]
Silicone rubber- SRF§ 100 2 10[0.04]
fused SIQ(SRFS)
2 100
SRFS 2 50[0.20]
100
SRF§ 2 100[0.34]
100
SRFS 2 200[0.51]

Parts per hundred of rubb&folume fractions of filler given in parenthesis
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The X-ray diffraction patterns of the ceramic fifeare shown in figure 2.9.
Only a diffused peak has been observed for thedf@&@, powder, which indicates
the pure amorphous phase where as all the peakt,@f and AIN were indexed
using the standard JCPDS files; no 46-1212 and9%®&2-1The phase purity of the

ceramicgs clear from the XRD patterns.
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Fig.2.9 XRD patterns of (a) fused Si() AIN and (c) AbO3

The morphology of AlO;, AIN and fused Si@ powders and the fractured
surface of the corresponding silicon rubber conmpeswith different filler content is
shown in the figure.2.10. FigureiJa(b;) and (g) shows the microstructure of
Al,Os, AIN and fused Si@ powder respectively. Figure, @and @ showed the
fractured surface of SR+0.0% 9@f alumina and SR+0.45:\6f alumina, band b
the fractured surface of SR+0.030f AIN and SR+0.41 YVof AIN, c;and ¢ shows
the fractured surface of SR+0.04 df fused Si@ and SR+0.51 Vof fused SiQ
composites respectively. Filler particles are umifiy dispersed throughout the
matrix at low volume fractions. At lower filler ldang the matrix covers the ceramic

particles but as the filler loading increases thteri particle distance decreases and
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this may leads to the agglomeration of filler paes which leads to porosity which

Is evident from the figure.

Spm

Fig.2.10 SEM images of {pAl ,Ospowder (k) AIN powder (g) fused SiQ (&), (k)
and (¢) fractograms of low filler loaded composites aag},((lb;) and (g)
fractograms of higher filler loaded SRAL, SRAN &8RFS composites
respectively.

The stress — strain curves of pure elastomer laadlifferent composites are
shown in Figure 2.11. For practical applicationsod) mechanical properties of the
elastomer are essential and are normally improwethé addition of fillers. The
mechanical properties of the composites are styomjluenced by the size and
shape of the filler, matrix properties as well las interfacial adhesion between the
filler and matrix. The addition of the filler inaees the flexural strength of the
silicone rubber [Mohamad et al., 2008]. From tlgaufe it is clear that the stress for
elongation increases with ceramic loading. Thisitisibuted to the filler — matrix
and filler — filler interaction that restrict theaility of the elastomer matrix. As the
filler loading increases the flexibility of the cpsite decreases. It is found that the
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maximum filler loaded silicone rubber broken atedongation. This may be due to

the formation of agglomerations at higher ceramaxing which act as weak points

in the composite and it easily break when streapjdied [Nielsen et al.,1994].
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Fig.2.11 Stress-strain curves of SRAL, SRAN and SRé&mposites

A low relative permittivity is desirable for micrleetronic packaging to

increase the signal transmission speed. The relpgymittivity of composites varies

between the relative permittivity of polymer andlefi. The variations in relative

permittivity and the dielectric loss of the compesiwith varying filler fraction at

the radio frequency (1 MHz) as well as at microwleguency region (5 GHz & 15
GHz) are shown figure 2.12. It is clear from thgufie 2.12a that relative

permittivity increases with filler fraction. This due to high relative permittivity of

ceramic compared to silicone rubber matrix andititeeased connectivity among

the filler particles. The dielectric response af ttomposite at lower filler loading is

mainly due to the silicon rubber matrix. The corinity among the filler particles

increases at higher filler content which in turoreases the relative permittivity of

the composites [David et al., 1990]. The dielecloss decreases with increase in
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volume fraction for certain composites and is daethte low loss factor of the
ceramic filler compared to rubber matrix. In theseaof SRAN composites, the
dielectric loss increases with filler content. Thesdue to the high dielectric loss of

the AIN than that of silicone rubber matrix.

(1MHz)

~4~SRAL
5.54 ——SRAN

—d~—SRFS

Relative permittivity (¢ )

0.009 /

0.006 /

LL = A

0.000

T T T T T T
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Dielectric loss (tand)

A

Volume fraction of filler (\" )

Fig.2.12 a Variations of dielectric properties itene rubber composites at 1 MHz

The variation of microwave dielectric properties R composites with
varying filler fraction at 5 GHz and 15 GHz is show figure 2.12 b. The trend was
similar to that of radio frequency region and thernpittivity increases with filler
loading. The addition of ceramic fillers gradualtgreased the relative permittivity.
The increased filler loading increase the dipolesté interaction which in turn can
also increases the permittivity [Kuo et al., 200%the relative permittivity of the
samples at 5 GHz and 15 GHz do not show apprecidifierences since there is
hardly any change in the polarization mechanisno{Zét al., 2012]. The dielectric
properties of the composites depend on the lodéwe of the filler, size and shape
of the filler particles and the interfacial propestof the composites [Battacharya et
al., 2000]. The dielectric loss of a polymer — oeia composite depends on the

factors such as interface between two componentthencomposite, moisture
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content and porosity. The effective dielectric l@dsSRAL and SRFS composites
decreases with increase in filler content. Simidahaviour was observed by Joseph
et al. in their work of SZnSLO; based polymer/ceramic composites [Joseph et al.,
2012]. In the case of SRAL and SRFS compositesptar factor controlling the
dielectric loss is the extremely low tanvalue of fillers compared to pure silicone
rubber matrix. Here the effect of increased inhoemmity with filler loading is
underestimated by the low value of tof ceramics. The tad values of AIN have
the same order of magnitude as that of siliconéeuimatrix and hence the addition
of filler does not have a major role in controllirige dielectric loss of the
composites. Therefore the increase in the dietedoss of the composites is
attributed to the increase in the heterogeneitthefsamples with filler content. As
explained the agglomeration of filler particles drahce the entrapped porosity and
moisture absorption have large values for compssitieh high filler content. This
might be the reason for the increase indaalues of SRAN composites.
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Fig.2.12 b Variations of dielectric properties dicene rubber composites at
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Fig.2.13 Comparison of theoretical and experimeraltive permittivity of (a)
SRAL (b) SRAN (c) SRFS composites at 5 GHz

The theoretical models follow certain assumptionsictv are related to
dielectric properties of individual components, thennectivity of polymer —
ceramic composites, size and shape of the filldrraarphology. Figure 2.13 shows
the comparison of experimentally observed relageanittivity of composites at 5
GHz in the present study with the values prediatsohg the equations (2.7) to
(2.10). It is clear from figure 2.13 (a) that theperimental relative permittivity of
SRAL composites shows slight deviations from Maxw@larnett and Lichtenecker
equation at higher ceramic content. In Maxwell-@#rmodel, only the excitation
of dipolar character is considered to be imporgart the correlations between these
excitations are not taken into account. The muléipoontributions to the local field
are also neglected. But these assumptions are ealydin dilute systems [Claro et
al., 1991]. Hence, Maxwell-Garnett equation shoveviation at higher filler
content. The most widely used relation for the mtah of ¢ is Lichtenecker’'s
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logarithmic law of mixing. It considers the compessystem as randomly oriented
spheroids that are uniformly distributed in a coatius matrix. The deviation of
experimentale; of the composites from Lichtenecker’'s equationhigher filler
loadings may be due to the lack of consideratiomt&rfacial interaction between
the polymer and the filler particles. The EMT modelalso in agreement with
experimentale; of the composite at lower filler loadings and skogeviation at
higher filler content. The deviation of all theacal models at higher filler loading
is due to the imperfect dispersion of filler pddgin the silicone rubber matrix. The
Jayasundere-Smith equation considers the partectilied composite as a binary
system and is valid only whes>>¢, whereg: ande, is the relative permittivity of
filler and matrix respectively. The Jayasundere{Braguation is in agreement with
experimental data since this equation considergtkeactions between the fields of
neighbouring filler particles. Fig. 2.13 (b) shoti®® comparison of experimentally
observed relative permittivity of SRAN compositeghwtheoretical models. It is
evident from the figure that the valueseppredicted by Maxwell-Garnett equation
shows considerable deviation from the experimewgédles of SRAN composites
except at very low filler loading. As the interpelé¢ distance decreases with the
increase in filler volume fraction, Maxwell-Garnéirmula may not yield accurate
results. Lichtenecker’'s equation is valid upto duwee fraction of 0.15 and shows
deviation at higher AIN loading. This may be duetlte lack of consideration of
interfacial interaction between the polymer andfilier particles. The experimental
relative permittivity of SRAN composites shows ddion with EMT model at
higher filler loading. The ‘n’ value is determinednpirically and the ‘n’ value for
SRAN composite is 0.3. The Jayasundere-Smith emuati in agreement with
experimental data since this equation considergtieeactions between the fields of
neighbouring filler particles. Figure 2.13(c) relgethat the experimental relative
permittivity of SRFS composites are in agreemerihwheoretical models upto a
filler loading of 0.35 Y and shows deviation at higher silica content. Amtmg
theoretical models, the EMT model is matching wéth the experimental results.
EMT model considers the composite as an effectiediom in which random unit
cell (RUC) is embedded. The importance of EMT madeahat shape of the filler
particles is taken into account through the morpgwlfactor ‘n’ in calculations.
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Therefore no restrictions are imposed on the slofplke particles to be used. The

shape factor, ‘n’ for SRFS composites is 0.3, whikhn agreement with earlier
reports [Rao et al., 2000].
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Fig.2.14 a Variation of dielectric properties of ARcomposites with bending

The bending effect on dielectric properties is amant as far as

flexible electronic applications concerned. Theeefffof bending on microwave
dielectric properties of SRAL, SRAN and SRFS conigssis shown in figure 2.14

a & b. It is clear from the figure that the rel&ipermittivity of all the composites is

nearly independent of bending. Also it is evidemattthe dielectric loss of the

composites shows slight variation with bending. B variation is only marginal.

Hence, these composites are suitable for flexildet®nic application [Ward et al.,

2003].
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Fig.2.14 b Variation of dielectric properties of &R and SRFS composites with
bending

The thermal stability of relative permittivity isne of the important
properties of the substrate materials that cornel overall performance of the
materials. Figure 2.15 (a), (b) and (c) show theawan of relative permittivity of
SRAL, SRAN and SRFS composites with temperatuteziz. From the figure it is
clear that all the composites are almost thermatgble within the measured
temperature range. The SRAL and SRAN composite& sbasonable stability with
temperature at low filler loadings but slight dexge ofe, is observed with
temperature at higher filler loading. The SRFS cosite show a small decrease in
relative permittivity with temperature. This may bee to the difference in the
thermal expansion coefficient of the matrix and fileer and also due to the
decrease in polarizability of dipoles with temparat[Xie et al., 2005; Berger et al.,
1985]. The large difference in CTE may prevent #ggregation of the polar

components and this might lead to a reduction lative permittivity with increase
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in temperature [Ward et al., 2003]. All the silieorubber composites are almost

thermally stable in the measured temperature range.
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Fig.2.15 Temperature dependence of relative pewtytof (a) SRAL (b) SRAN
and (c) SRFS composites at 5 GHz

The variation of coefficient of thermal expansi@&iTE) of silicone rubber
composites filled with AlO3;, AIN and fused Si@are shown in figure 2.16. It is seen
that the CTE of SRAL, SRAN, SRFS composites dee®asth filler loading as the
CTE of the fillers, alumina (7.0 ppm/°C), aluminumtride (4.4 ppm/°C) and fused
silica (0.5 ppm/°C) are lower than that of rubbeatmx (266ppm/°C). In polymer-
ceramic composite there exists a strong mechamoalaction between filler and
matrix in the immediate vicinity of the filler pates followed by a region of
loosely bound polymer chains [Goyal et al., 200He filler particles will largely
restrict the mobility of silicone molecule becauskethe entanglement of filler
particles by the rubber matrix. But the thermalamngion of loosely bound polymer

chains may not be that much constrained. The addaf more filler leads to the
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reduction in volume of loosely bound polymer chai@®nsequently the thermal

expansion of the composite will get suppressed.

Fig.2.16 Variation of coefficient of thermal expansof (a) SRAL (b) SRAN (c)
SRFS composites with ceramic loading

Heat dissipation from integrated circuits is a @luproblem for electronic
industry that affects potential miniaturization,esd and reliability. The thermal
conductivity (TC) of polymers is very low, rangifigm 0.14 to 0.60 WK™ and
can be improved by the addition of ceramic fillassthe TC of ceramic is higher
than that of polymers [Tavman, 1998]. The thernwadductivity of silicone rubber
is 0.19 Wnm'K™. The thermal conductivity of the composites depemad the
intrinsic thermal conductivities of filler and miatr shape and size of the filler and
the loading level of filler [Kemaloglue et al., 241 The variation of thermal
conductivity of SRAL, SRAN and SRFS composites Viilller content are shown in
figure 2.17 a. The TC of SRAL, SRAN and SRFS corntpesshows increasing
trend with ceramic loading. At lower filler loadinthe heat conductive filler
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particles are surrounded by the matrix and canaotht each other and hence
thermal conductivity increases very slowly. At heghfiller loading the filler
particles begin to touch each other and form morepact structure. This will leads
to the formation of large number of conductive afes in higher filler added

composites [He et al., 2007].
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Fig.2.17 a Variation of thermal conductivity of SRASRAN, SRFS composites
with filler content

The variation of specific heat capacity and thermidflusivity of SRAL,
SRAN and SRFS composites with volume fraction Wbérfis shown in figure 2.17
b. As the ceramic content increases the specifat bapacity of the composites
decreases which is due to the low specific heabagp of the ceramic filler
compared to the matrix where as the thermal difftysincreased with filler volume

fraction. Similar observation is reported in PTFEISsystem by Subodh et al.

[Subodh et al., 2008].
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Fig.2.17 b Variation of (a) specific heat capaciyd (b) thermal diffusivity of
SRAL, SRAN and SRFS composites with filler content

Water absorption of the composite substrate matisrigery important since
it adversely affects the dielectric properties obstrate for practical applications
[Murali et al., 2009]. The variation in water ahgtion of SRAL, SRAN, SRFS
composites as a function of filler loading is showriigure 2.18. It is evident from
the figure that the vol. % of water content ince=awiith filler loading for silicone
rubber composites. The increase of water absorptiay be due to the increase in
porosity with filler loading and the hydrophilic tu@e of the ceramic particles. It
was reported by Laverghetta that the upper limit nebisture absorption for
electronic packaging applications is 0.1 % [Lavettdn 1984]. In the present
elastomer - ceramic composites almost all the c@itipas lie within this limit and

hence all these composites are suitable for thetipahapplications.
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2.4 Conclusions
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The effect of low permittivity fillers such as alima, aluminum nitride
and fused silica on the dielectric, physical, th@rmrand mechanical
properties of silicone rubber composites is ingzdad.

The microstructure of the composites shows unifdrspersion of filler

in the matrix and also some pores are presenghehfiller loading.

The stress-strain curves of all composite show gooechanical
flexibility of the composites. The silicone rubbeceramic composites
are bendable and stretchable.

The dielectric properties of the composites ardistliat radio frequency
(1 MHz) as well as at microwave frequency (5 GHd &6 GHz) and are
found to be improved with ceramic loading.
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The SRAL composites attained= 4.87, tard = 0.0102 for a optimum
alumina loading of 0.36 ythe SRAN composite hawe= 4.13, tar =
0.0164 for a optimum AIN loading of 0.26; ¥nd the SRFS composite
haveg, = 3.24, tard = 0.0100 for a optimum alumina loading of 0.34 V
at 5 GHz.

The composites do not show appreciablariation in microwave

dielectric properties after repeated bending.

The relative permittivity of the composites is fouto decrease slightly

with temperature.

The thermal properties of the composite are alsproned with filler
content. The coefficient of thermal expansion dases whereas the

thermal conductivity increases with filler loading.

The SRAL composites h&BTE = 139 ppm(C, TC = 1.07 Witk and
water absorption = 0.239 vol. % for an optimum iogdof 0.36 V. The
SRAN composite has CTE = 176 pp8YTC = 0.63 WritK™* and water
absorption= 0.087 vol. % for an optimum AIN fillexading of 0.26 V.

The SRFS composite h&TE = 153 ppmC, TC = 0.39 WritK™ and

water absorption= 0.095 vol. % for an optimum silicading of 0.34 V

Various theoretical models are used to fit the expental values of

relative permittivity of all the composites.

The measured properties suggest that silicone rubldé,Os, silicone
rubber - AIN and silicone rubber - fused Si@mposites are possible
candidates for flexible microwave substrate appbees as well as

electronic packaging applications.
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o)

Silicone Elastomer-Medium Permittivity
Ceramic Composites

This chapter deals with the synthesis and characterization of medium
permittivity ceramics loaded silicone rubber composites. The fillers chosen for
the current study are Ba(ZnysTag3)O3, Ba(MgysTay3)Os and LiZnTiz0g. The
composites possess reasonably good dielectric properties both at radio and
microwave frequencies. The mechanical, thermal and dielectric properties of the
composites are tailored by using ceramic fillers of medium relative permittivity
by varying the filler volume fractions. The observed relative permittivity ()
was compared with different theoretical models. The thermal conductivity and
moisture absorption increase with filler content whereas the coefficient of
thermal expansion shows a reverse trend. The study of the mechanical property
showed that the silicone rubber composites are flexible and stretchable. A
flexible microstrip patch antenna is designed and fabricated using suitable SR-

y

BMT composite.
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3.1 Introduction

Stretchable and flexible electronics has been @inéhe least exploited and
hardly researched areas of the microwave elecsamier the past decade. Despite its
relative infancy, the field is rapidly proliferagrspawning exciting and vibrant research
areas, driven by new applications. Flexible eleutrocircuit comprises a flexible
dielectric substrate on which various electronianponents are assembled. Such
electronic modules can be easily integrated toased of any shape unlike the
conventional rigidcircuit boards [De Geyteet al.,, 2008]. Compared to flexible
electronics built on non-stretchable materialsgtstrable materials offer a wide range of
advantages such as ability to reduce package sz&vaight, cost effective installation
and dissipation of heat at a higher rate [Nathaal.et2005]. Flexible electronics are
increasingly being used in a number of applicatiortsch benefit from their low
profile, light weight and favorable dielectric peypies. The potential applications of
flexible electronics are in various societal sextancluding: healthcare, the automotive
industry, human — machine interfaces, mobile comoations and computing platform.
The flexible circuitry would be able to do manyngs that rigid circuits cannot. For
many applications, particularly in the biomedicaéld and body-worn antenna,
electronic circuits are to be conformally wrappeduad curved surfaces. In such
systems, the circuits must be not only flexible &lso stretchable [Seol et al., 2008].
The current market analysis estimates that thenteyef flexible electronics can reach
30 billion USD in 2017 and over 300 billion USD 2028 [Nathan et al., 2012]. The
flexible substrates have many potential applicatidiom neural prosthetics in the
medical field to microwave devices in electronied)ich provides the advantage of
three-dimensional designs of conformal structudanp et al., 2012; Gubbels et al.,
2007]. The continuous evolution of smaller, lighterd faster electronics necessitated
the demand for new materials which can satisfyrélggiirements of today’s electronics.
The requirements of a material to be used as #féexielectric are good mechanical
flexibility, high thermal conductivity and low cdefient of thermal expansion. In

addition, for an ideal microwave substrate mateme¢d optimum permittivity, good
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processability, low dielectric loss and low cosh{@g, 1995; Garrou et al., 1998; Tian,
2003]. Several ceramics with excellent microwaveatitric properties especially low
dielectric loss (or high quality factor) and lowative permittivity have been reported
in the literature [Sebastian, 2008; Oshato e28l06; Surendran et al., 2005, George et
al., 2010]. The proper selection of individual campnts is very important for
achieving the balanced electrical, thermal and reiclal properties of polymer —
ceramic composites. Extensive research is being donthe field of microwave

dielectric properties of low permittivity filler—pymer composite.

Recently elastomer-ceramic composites have baamdfto be most promising
candidates for flexible electronic applicationsagtbmers play a vital role in electronic
packages as a result of their ease of processimg,cost, low relative permittivity,
adhesive properties etc., but their low thermaldemtivity and high coefficient of
thermal expansion limit their substrate applicati@eramics are well known for their
high g, high thermal conductivity and low thermal expamseven though they are very
brittle. Hence polymers or ceramics as such hawédtions for substrate application
[Sebastian, 2008]. By combining the ceramics aldtemer we can improve or alter
the properties of elastomer suitable for substegiplication. A key advantage of
composite is its ability to prepare a significaringe of relative permittivity by
controlling the ceramic mixture suitable for vasoapplications. Therefore elastomer
filled with low loss ceramics is suitable for elextic packaging applications [Sebastian
et al., 2010; Chameswary, 2014].

Among the available elastomers silicone rubberehpgominent position due to
its unique properties such as good dielectric ptagse high binding energy, high
elasticity, resistant to extreme environments, anogatibility and physiologically inert
character littp://www. Silicone.jd/ Silicone rubbers are quite flexible above trggass
transition temperature and have excellent elagtidihe high binding energy of the
silicon-oxygen bond (445 kJ /mol) makes them chaihjicstable even at high

temperatures. The availability of medium dielecsidostrates is limited. In order to
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improve the microwave circuit design flexibilityhdre is a perceived need to develop
medium dielectric composites with properties supetthan the commercially available
ones. To achieve this aim we use medium permigtifilters like Ba(Zn/Tay3)03
(BZT), Ba(Mai3Ta3)Os (BMT) and LbZnTizOg (LZT) ceramics in the present study.
BZT and BMT are the most widely studied materialghie perovskite family and are
commercially produced for applications in wirelessnmunicationSebastian, 2008
Recently Manu et al. reported the effect of BZTaceic on dielectric, mechanical and
thermal properties of high density polyethylene posites [Manu et al., 2013].
Chameswary et al recently studied the effect of B&Tamic fillers on the microwave
dielectric properties of butyl rubber compositebd@eswary et al., 2013]. Nijesh et al.
reported that PTFE filled with 76wt % BMT ceramitazned a relative permittivity of
6.7 and a dielectric loss of 0.003 in the X-bangdsh et al., 2010].

Flexible substrate antennas play a key role inintegration and packaging of
wireless communication devices and sensor netwjptldsian, et al., 2014]. Flexible
antennas are robust, lightweight and can withstaedhanical strains up to a certain
extent. In order to make the antenna flexible,raftBve materials to replace existing
substrates that are rigid have been consideredbdsie idea is to lay a thin metal strip
on top of a flexible substrate. The microstrip paantennas are the best candidates for

flexible antennas as they can be easily fabricatetlare much reduced in size.

In the current study, we try to make an insighoithe effect of medium
permittivity fillers like BZT, BMT and LZT ceramion the microwave dielectric,
thermal and mechanical properties of mechanicélyille silicone rubber composites
as a function of ceramic volume fraction. A flexabmicrostrip patch antenna is

fabricatedusing suitable silicone rubber - BMT composites.
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3.2 Experimental
3.2.1 Materials

In the present investigation silicone elastomemagix and ceramic fillers such
as BZT, BMT and LZT were used for the compositegpration.

The rubber matrix used for the present study aanl ghysical properties are mentioned
in the section 2.2.1.1 and in Table 2.1.

3.2.1.1 Ceramic fillers
3.2.1.1.1 Synthesis

In the present work, ceramic fillers are prepargdcbnventional solid state
ceramic route. The stoichiometrically weighed cleats are mixed by wet ball milling
using yttria-stabilized zirconia balls and driedhel mixtures are then calcined at
appropriate temperatures and ground well. The tastulpowders are used for
composite preparation with silicone rubber. The raaterials used for the synthesis of
Ba(ZnsTap)O3 are BaCQ@, ZnO (99.9 + %, Sigma Aldrich) and A2 (99.99%,
Treibacher Industries) and for Ba(Mg a3)Os; BaCGQ; Mg(OH),-4(MgCG;)-5H,0
(Sigma Aldrich, 99%) and T&s (99.99%, Treibacher Industries). The calcinations
temperature for BZT is 1200°C for 4 h and for BMST 1300°C for 4 h. High-purity
Lio,CQOs, ZnO and TiQ (99.91%, Aldrich Chemical Company Inc., Milwauka#/])
were used as the starting materials for the syrsthedsLi>,ZnTizOg. The LZT ceramic

powders were calcined at 900°C for 4 h.
3.2.1.1.2 Barium zinc tantalate, Ba(ZpsTay3)Os (BZT)

Ba(ZnysTay3)Os is @ complex perovskite ceramic with = 28, low dielectric
loss(tand ~ 1x 10% and a nearly zero temperature coefficient oftiedapermittivity
(ts=10 ppm?C). It is an ideal dielectric resonator at microwdrequencies [Kawashima
et al., 1983]
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Chapter 3

Ba(MaisTap3)O3 is an exemplary, high quality factor material witedium

relative permittivity §.~25) together with near zero temperature coefficamesonant

frequency. Due to the peculiar structural and mistuctural characteristics, wide

scatter exists (1xIDto 1x10° in the reported dielectric loss of BMT ceramics
[Ratheesh et al., 1999; Kolodiazhnyi et al., 2006].

3.2.1.1.4 Lithium zinc titanate, LbZnTi3Og (LZT)

Li,ZnTisOg ceramics haves, = 25.6, dielectric loss, tas = 1x10° and

temperature coefficient of relative permittivity,= 4 ppm/°C. It has excellent physical

and electrical properties. This material has theaathges like especially low cost of

raw materials and lower preparation temperature.

The physical properties of ceramic fillers are give Table 3.1.

Table 3.1 Physical properties of ceramic fillers

Avg.part

_ _ Relative | Dielectric| Coefficient| Thermal
Material Density icle size permittivity | loss of thermal | conductivity
(km) expansion
(glcn?) & tand (ppm/°C) | (Wm™K™)
Ba(ZnysTas)Os | 7.95 0.75 28.0 10 4.2 3.9
Ba(Mgi3Tag3)03 | 7.63 0.55 25.0 10 8.0 4.5
LioZnTisOg 3.97 0.70 25.6 1H 11.7 54

3.2.1.2 Silicone rubber-ceramic composite preparain

The compounding of silicone rubber composites wasedby sigma blend

method using a kneading machine discussed in se2tihl.3.
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3.2.2 Characterization

The phase purity of the synthesized ceramics wak/zed using XRD analysis
mentioned in the section 2.2.2.1. The microstretdrelectric, thermal and mechanical
properties of developed composites were charaetknising techniques explained in

section 2.2 and sub sections of chapter 2.
3.2.2.1 Fabrication and characterization of microsip patch Antenna

In the current study, the microstrip patch antedesign is done by using Ansoft
HFSS (High Frequency Structure Simulator). HFSS isommercial finite element
method solver for electromagnetic structures fromsys. It is one of several
commercial tools used for antenna design and tisggdeof complex RF electronic
circuit element including filters, transmissiondsiand packaging. HFSS is commonly
used as a software package for electromagnetic Imgdend analyzing 3D structures.
A microstrip patch antenna is designed and falwecan SRBM composite substrate
having relative permittivity of 4.75 and thickné2€122 mm in the present study. The
antenna is fabricated by screen printing techni@@emmercially available silver ink is
used for screen printing the antenna design. Twigeoa planar nature and cost
effectiveness, here a microstrip feeding techniggas used to feed the antenna. The
reflection coefficient of fabricated antenna wasregterized using HP8510C vector
network analyzer and far field radiation charasteas were measured in anechoic

chamber (Department of Electronics, CUSAT).
3.3 Results and discussion

Silicone rubber reinforced with medium permittiviiljfers like BZT, BMT and
LZT. These composites were prepared by sigma mixing kneading machine. The
uniform mixtures thus obtained were then hot présge200°C for 90 minutes under a
pressure of 2 MPa with appropriate dies. The sardpkgnation and corresponding
ceramic volume fraction are given in Table 3.2. Teasity of LZT p ~ 3.97 g/cnT) is
lower than that of BZT(~ 7.96 g/cn?) and BMT ¢ ~ 7.63 g/cr?). Hence, the LZT
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filled composites were prepared upto a loading.860/ (200 phr) and that of SRBZ
composites upto a filler loading of 0.29 800 phr) and SRBM composites up to 0.23
Vi (200 phr). The mixing became more difficult at heghloadings due to filler
agglomeration [Hu et al., 2007].
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Fig.3.1 XRD patterns of (a) BZT (b) BMT and (c) LZT

The phase purity of the ceramics BZT, BMT and LZ&swanalyzed by XRD
and is shown in figure 3.1. The peaks were indebaskd on the JCPDS file 70-0197
for BZT, 18-0176 for BMT and 86-1512 for LZT resgigely and the phase purity of
the ceramic powders were confirmed. The diffracpeak positions exactly match with

standard data without any secondary phases.
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Fig.3.2 SEM images of (aBZT (b;) BMT (c;) LZT ceramics, (8, (b)) and (g)
fractograms of low filler loaded composites ang),(és) and (g) fractograms of higher
filler loaded SRBZ, SRBM and SRLT composites reipely.

Figure 3.2 shows microstructure of BZT, BMT, LZTramic and their
composites with silicone rubber. The SEM imagesadfl, BMT and LZT ceramic
powder was depicted in figure 3.2)a(by) and (g) respectively. Figure.3.2 4a (k)
and (¢) shows the fractured surface of lower filler lodad®mposites whereass(a(bs)
and (@) shows the fractograms of higher filler loaded posites respectively. A
homogenous dispersion of filler particles in thetnmacan be seen from the figures
even though some pores are present at higherlbieling due to the agglomeration of

filler particles.
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Table 3.2 The formulations of silicone rublecomposites (Ingredients in phr?)

Silicone | Dicumyl
Composite material Sample rubber | peroxide Filler
P designation| in phr® | (DCP) in phr?
in phr? 1°
SRBZ, 100 2 0[0]
SRBZ | 100 2 | 10[0.014]
Silicone rubber-
50[0.066
Ba(ZnysTap3)Os SRBZ, 100 2 [ ]
(SRBZ) SRBZ, | 100 | 2 |100[0.124
SRBZ, 100 2 200[0.220]
SRBZ 100 2 300[0.299]
SRBM, | 100 | 2 0[0]
SRBM, 100 2 10[0.015]
Silicone rubber-
Ba(Mgu/sTa03)O3(SRBM) |  SRBM, 100 > 50[0.072]
SRBM, | 100 2 | 100[0.134]
SRBM, 100 2 200[0.233]
SRLT, | 100 | 2 o[0]
Silicone rubber-
Li»ZnTizOg SRLT, 100 2 10[0.028]
(SRLT) SRLT, 100 2 50[0.125]
SRLT, 100 2 100[0.222]
SRLT, 100 2 | 200[0.363]

Parts per hundred of rubfolume fractions of filler given in parenthesis
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The stress - strain curves of SRBZ,SRBM and SRLTimusites are shown in

figure 3.3. It has been reported that the strassasturves for particle filled rubber

systems are affected by the crosslink density & thbber matrix, the size of
agglomerates and rubber - filler interactions [\ig#agi et al., 2002]. Addition of

large amount of filler ceramic degrades the flditipi Todorova et al. reported that the

interfacial adhesion increases with filler loadirghich in turn increases the

effectiveness of the stress transfer from rubbamsh[Todorova et al., 2008]. From the

figure, it is clear that the stress for the samengdtion is larger for ceramic filled

composite as compared to pure silicone rubber.uffermity in filler distribution has

efficiently hinders the chain movement during defation. This mechanism will

increase the stiffness of the composites as weksile strength [Zhou et al., 2007].
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Fig.3.3 Stress-strain curves of SRBZ, SRBM and SBRamposites
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Polymer — ceramic composites with low relative péiaity are needed for
microwave substrate applications since low relapigamittivity will increase the signal
transmission speed. Figure 3.4 a shows the vamiagfodielectric properties of the
developed composites with filler loading at radieguency (1 MHz). From the figure it
Is clear that relative permittivity of the compesitincreases with filler loading where as
the dielectric loss decreases with filler loadifige increase in the relative permittivity
of composite is expected since; the particulatéerfilhas much higher relative
permittivity compared with that of the rubber matriThe variation of relative
permittivity of rubber - ceramic composite with pest to the filler concentration can be
attributed to an increase in the total polarizapitif the composite material. Dielectric
loss decreases as the filler volume fraction ireeea which is due to the lower

dielectric loss of ceramic filler compared to thieesne rubber matrix.

1 MHz

—t—SRBZ
—O—SRBM
84 —A—SRLT

Relative permittivity (¢ )

0.0032 4

0.0024 -

Dielectric loss (tand)
X,
/
/

2 0.0016 4

0.0 0.1 0.2 0.3 0.4

Volume fraction of filler (\" )

Fig.3.4 a Variations of dielectric properties dicgine rubber composites at 1 MHz
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Fig.3.4 b Variations of dielectric properties dfceine rubber composites at 5 GHz and
15 GHz

Figure 3.4 b shows the variation of relative petinity and dielectric loss of
SRBZ, SRBM and SRLT composites with filler loadirgg 5 GHz and 15 GHz
respectively. The variation of both relative petimity and dielectric loss at microwave
frequencies with the volume fraction of the filfetlows asimilar trend to that observed
at radio frequncey. The Maxwell-Wagner-Sillars efffeappears generally in
heterogeneous media due to the accumulation ofjebaat the interface which leads to
the formation of large dipoles [Smaoui et al., 2009ence the relative permittivity
increases with ceramic loading. The dielectric prtips of the composites do not show
appreciable differences at 5 GHz and 15 GHz. siheee is hardly any change in the
polarization mechanism [Zhou et al., 2012]. Theletigic loss is the primary factor
affecting the frequency selectivity of materialdheTeffect of low dielectric loss of
ceramic fillers is more pronounced than the inaeasinhomogeneity of the samples

with increase in filler content. Hence the dielectoss decreases with filler loading.
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Subodh et al. also observed similar trend iRC8iTi;»O3s ceramic filled epoxy
composites [Subodh et al., 2009].

One of the attractive features of the compositehastheir dielectric properties
can be designed by varying the volume fractionhef filler. Hence the prediction of
effective dielectric behavior of the composite nsportant as far as its application in
electronic packaging is concerned. The experimerdhle of relative permittivity of
composites are compared with the theoretical vghedicted by several equations like
Maxwell - Garnet, Jayasundere — Smith, Lichtenecked EMT model given in
equations (2.7) to (2.10) in chapter 2. Figure 3lows the comparison of
experimentally observed effective relative permityi with the values predicted using
the equations. The variation of effective permityivof all the composites obtained
using numerical equations shows the same trend@imentally observed results. It
is found that the Maxwell-Garnet, Jayasundere-Sraitd Lichtenecker models are
valid for low volume fraction of filler loading wheas the EMT model is found to
match with experimental values for SRBZ, SRBM anBLE composites. The
morphology factor ‘n’ for EMT model is found to 823, 0.24 and 0.20 for SRBZ,
SRBM and SRLT composites respectively. The composiiorphology exhibit a
homogeneous distribution of the dispersed compon&anerally, the theoretical
predictions are valid for lower volume fraction bller loading. This is due the
imperfect dispersion of ceramic particle in rubbeatrix [Anjana et al., 2008; Rajesh et
al., 2008; Subodh et al., 2009]. Many theoreticatleis suggest that the filler particles
in a material should ideally be separated, nonsateng and roughly spherical [Stroud,
1979. Bai et al reported that in PMN-PT-polymer compoassystem the failure of
theoretical predictions at higher filler loadinguém be either due to increase in porosity
or the filler particle clustering [Bai et al., 2J00rhe effective permittivity of the
composite depends on the permittivity of each phagbe mixture, volume fractions,
shape, size, porosity, interface polarizabiliy amerface volume fractions [Todd et al.,
2003].
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Fig.3.5 Comparison of theoretical and experimergiative permittivity of (a) SRBZ
(b) SRBM (c) SRLT composites at 5 GHz

The microwave dielectric properties of all the casiges after repeated bending
by an angle of 180are shown in figure 3.6. From the figure it isacléhat the relative
permittivity of SRBZ, SRBM and SRLT composites islépendent of bending. The
dielectric loss of all the composites shows onlyakmariation with repeated bending.
In an undeformed sample, there would be a smalluamof rubber trapped within the
filler network losing its identity as elastomer. €lhcyclic deformations would
breakdown this trapped rubber making the matrixanemomogeneous. Consequently
the effective filler volume fraction would decreaB&’ard et al., 2003]. At higher
volume fractions of filler, since the possibilitgrfparticle agglomeration is high, this
effect will be more distinguishable. Because o thifect the dielectric loss shows the

slight variation but this is marginal only.
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Figure 3.7 illustrates the variation in relativerpétivity of SRBZ, SRBM and

SRLT composites as a function of temperature. Tilife id relative permittivity with

temperature should be small for practical applweti It is found that the relative

permittivity of the composites decrease with terapee and this may be due to the

decrease in polarizability of dipoles with temparatand also due to the difference in
CTE of rubber and filler [Hench et al., 1990]. & worth to be noted that all the

composites were found to be almost thermally stalillein the measured temperature

range.
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Fig.3.7 Variation of relative permittivity of (a)RBZ (b) SRBM (c) SRLT composite as

a function of temperature

The large value of CTE of polymers is caused lgy ldw energy barrier to

change the chain conformation and this high CTElpdes polymers from practical
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applications [Rao et al., 2008]. The variation okfficient of thermal expansion of
silicone rubber composites with filler content isem in figure 3.8. It can be observed
from figure that, the coefficient of thermal expims (CTE) of elastomer - ceramic
composite decreases with increases in the filledileg. This is due to the relatively low
thermal expansion of ceramic compared to the rubbetrix. The free volume of
polymer decreases as the ceramic loading increaskshereby thermal expansion of

the composite is suppressed [Goyal et al., 2013].

Fig.3.8 Variation of coefficient of thermal expamsiof (a) SRBZ, (b) SRBM (c) SRLT
composites with ceramic loading

The thermal conductivity of polymers seems to b@rowed by the ceramic
fillers as they act as conducting channels withelothhermal resistance than the matrix.
The thermal properties of the composites are infted by dispersion and orientation of
the filler particles, the filler aspect ratio, tredative ratio of thermal conductivity of the
filler and the matrix etc. The variation of thernw@nductivity of SRBZ, SRBM and
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SRLT composites with filler content are shown igufie 3.9 a. It can be observed in the
figure that the thermal conductivity of the compesincreases with ceramic loading.
This is due to the slightly higher conductivitytbe filler ceramics compared to rubber
and also due to the heterogeneity of the compogkeshe filler content increases, the
filler particles begin to touch each other and rhedly conductive networks were
formed throughout the system and this leads taiieein thermal conductivity of the

composites.
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Fig.3.9 a Variation of thermal conductivity of @RBZ (b) SRBM (c) SRLT composite
with ceramic loading

Figure 3.9 b illustrates the variation of specifieat capacity and thermal

diffusivity with ceramic loading. The specific heaapacity of the silicone rubber

composites decreased with increasing ceramic cortlis was due to the low specific

Page | 93



Chapter 3

heat capacity of the ceramic fillers. The therm#Ldivity of the composites increases

with filler volume fraction, as long as the filletthermal diffusivity exceeds that of the

matrix.
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Fig.3.9 b Variation of (a) specific heat capachy thermal diffusivity of SRBZ, SRBM

and SRLT composite with ceramic loading

Water absorption is a major concern in polymer raggc composites when it
comes to practical applicationEhe absorbed water interacts with polymer matrid an
also at the filler - matrix interfaces and thuseafé the dielectric properties of
composites [Zhao et al., 2008]is evident from the figure 3.10 that as theefilcontent
increases, the water absorption of all the comessiticreases gradually. This is

probably due to the void formation at higher cealoading.
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Fig.3.10 Variation of water absorption of (a) SRE&J SRBM (c) SRLT composites

with ceramic loading

3.4 Fabrication of flexible microstrip patch antenra using SRBM, substrate

Flexible electronics can currently be considered aa well established
technology, in this context; flexible substrateemmas (FSAs) play a key role in the
integration and packaging of wireless communicati@vices and sensor networks.
Polymer-based antennas become a popular topiceitfigld of flexible antennas. The
microstrip patch antennas are the best candidateBekible antennas as they can be
easily fabricated and are much reduced in size ré&tt@angular microstrip patch antenna
for Wireless local area network (WLAN) was fabredtusing SR-0.134 VBMT
substrate simulated using Ansoft High Frequencyclire Simulator (HFSS). The
proposed patch antenna of dimension 28 x 36 mmKge8.11) was fabricated on a
cost effective and flexible SRBMsubstrate with a permittivity 4.75 and thickness
0.0122 mm. The designed parameters are listechdbeiTable 3.3. To provide a planar
nature and cost effectiveness [Varshney et al. 4ROlhere a microstrip feeding

technique was used to feed the antenna. The camelysatch along with feed and
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ground patterns were screen printed on either siisgbstrate using metalon silver ink
with the aid of a screen printer. The reflectiorefficient of fabricated antenna is
characterized using HP8510C vector network analyaed far field radiation

characteristics were measured in anechoic chamiyer. photograph of developed

flexible antenna is given in figure 3.12.

C
0 15 30 (mm)

Fig.3.12 Photograph of developed flexible antenna

Page | 96



Chapter 3

Table 3.3 Rectangular Microstrip Patch Antenna Speifications

Design Parameters Dimensions
Relative permittivity §) 4.75
o Dielectric Loss (tam) 0.0122
% Thickness (h) 1.092 mm
% Length (L) 50 mm
= | width (W) 50 mm
0
o4
n
Length (L) 28 mm
5 Width (W) 36 mm
‘3 Inset cut depth (I) 9 mm
£ g Inset cut width (w) 0.8 mm
S &
@ o
Length (L) 50 mm
=]
% Width (W) 50 mm
O

Figure 3.13 a depicts the simulated and measutadhréoss against frequency
of microstrip patch antenna on SRBMexible substrate. The fabricated microstrip
patch antenna prototype is shown in the inset gtir&. The fabricated antenna
successfully operates at 2.48 GHz with a returrs lok -12.96 dB. Although, the
measured results shows reasonably fair agreemetht the simulated results of
microstrip patch antenna using Ansoft HFSS softwéregain of about 3.89 dB is
obtained from the 3D radiation pattern of propopatth antenna as shown in figure
3.13 b.
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Fig.3.13 (a) Simulated and measured return losgan8D radiation pattern of

microstrip patch antenna on SRBBUbstrate

The figure shows measured two dimensional radiapatterns of proposed
microstrip antenna. Here cross polarization angaarization of both E plane and H
plane patterns are plotted. The proposed antennaedsly omnidirectional. The
fabricated antenna exhibits linear polarizationrabgeristics as its cross polarization
level is lower than the co polarization in the edgin pattern and indicates the
characteristics of standard radiation pattern fitséd al., 2015].

w— H CO
s H Cross

Fig.3.14 (a) E-plane and (b) H-plane radiationgratof microstrip patch antenna based
on SRBM substrate
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3.5 Conclusions

» The silicone rubber reinforced with medium permityi fillers such as
Ba(ZmsTas)Os(BZT), Ba(MauysTaps)O3(BMT) and  LbZnTizOg(LZT)
ceramics and composites are prepared by sigma gnixitowed by hot

pressing.

» The dielectric, thermal and mechanical propertiegshese composites is

investigated as a function of filler loading.

» The homogenous dispersion of filler particles ire thubber matrix is
confirmed from the microstructural analysis of toenposites.

» Stress-strain curves show the flexibility of theeleped composites.

» The experimental relative permittivity of all themposites as compared
with theoretical models.

» As the volume fraction of filler increases, theatele permittivity, thermal
conductivity and water absorption increases wherdiaectric loss and the
coefficient of linear thermal expansion decreasec@ramic reinforced

silicone rubber composites.

» For 0. 299 VY of BZT loading, SRBZ composite has= 6.57 and tam =
0.0098 (at 5 GHz), CTE = 149 ppm/°C, TC = 0.92 W&t and water
absorption = 0.115 vol %. The SRBM composites hawe5.14 and tail =
0.0118 (at 5 GHz), CTE = 152 ppm/°C and TC = 0.48¥ ‘and water
absorption of 0.119 vol % for 0.23 @¥f BMT content and SRLT composites
achieved ag; of 7.49 and tard of 0.0098 (at 5 GHz), CTE and TC of
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144 ppm/°C and 0.83 WHK™ respectively and water absorption of
0.112 vol % for 0.36 Vof LZT.

A microstrip patch antenna is fabricated using SRBNbstrate and is found

to be a suitable candidate for flexible microwaveteana substrate

application.

The maximum filler loaded composites can find aggilons as cladding of
flexible dielectric waveguide and all other compiasis can be used for

microwave substrate and electronic packaging agjodics.
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Silicone Elastomer-High Permittivity
Ceramic Composites

Rapid growth of electronic industry requires depeh@nt of new materials that
combine the high relative permittivity intrinsic terroelectric ceramic materials with
easy processing characteristics of elastomer. Timeert chapter discuss the
preparation and characterization of high permitivillers like BaTiOs;, SrTiO; and
Ca1xNdpyw3)TiO3 filled silicone elastomer composites for flexibldielectric
waveguide as well as microwave substrate applicatibhe dielectric properties both
at radio and microwave frequencies, mechanical #remal properties were
investigated in terms of filler loading. The compes possess reasonably high
permittivity values with low dielectric loss. Diffent theoretical approaches have
been used to model the effective permittivity afstbmer - ceramic composites. The
coefficient of linear thermal expansion of the casifes has been observed to
decrease with filler loading where as the thernmalductivity and water absorption

increases. The composites show good flexibility stnetchability.
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4.1 Introduction

Flexible electronics is an important research di@athe next generation
consumer electronics and is becoming a part ofdawy today life [Agnihotri et al.,
2013]. The development of flexible electronic degiccontinues to advance at great
speeds. It is increasingly being used in a numlbapeplications which benefit from
their low profile, light weight and favorable dietec properties. Electronics on flexible
substrates are becoming more useful for variougcdsvncluding sensor arrays/ skins,
curved circuits and other large area electronich ss flexible displays, capacitors for
energy storage, EMI shielding, flexible antennagcebnic paper, low-cost radio
frequency identification tags and electronic tedil[Ryu et al., 2009 Siegel et al.,
2010; Rogers et al., 2008]. Compared to flexiblecebnics built on non-stretchable
materials, stretchable materials offer a wide ranfj@dvantages such as ability to
reduce package size and weight, cost effectivaliabn and dissipation of heat at a
higher rate. By replacing the rigid substrate vatie that is mechanically flexible will
enable a number of unique applications for displayagers and large circuits that can
be conformably fitted on curved objects and sudaa® needed in biomedical imaging
and structural monitoring [Nathan et al., 2005]atidition to this the flexible materials
can cover curved surfaces and movable parts [Siegall., 2010]. The stretchable
circuits have the ability to withstand large levefsstrain without fracture and also no

deterioration in the electronic properties [Rogsral., 2008].

The current market analysis estimates that thenrevef flexible electronics can
reach 30 billion USD in 2017 and over 300 billiosD in 2028 [Nathan et al., 2012].
The continuous evolution of smaller, lighter andtéa electronics necessitated the
demand for new materials which can satisfy the irequents of today’s electronic
world. A flexible dielectric waveguide consists af flexible core and a flexible
cladding. For an ideal flexible waveguide, the carel cladding must be low loss
flexible dielectrics with the relative permittivitgf the core being large [Burno et al.,
1988]. Then only the fields of the guided mode wlodiécrease rapidly with distance in
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the cladding. The requirements for a material tauged as a core of flexible dielectric
waveguide are mechanical flexibility, high relatpermittivity, low dielectric loss, low
coefficient of thermal expansion (CTE), high thelmmanductivity etc. It is difficult to
obtain a single-phase material with all the aboentioned properties. The research on
the development of low loss millimeter wave guidisiguctures has attained much
attention a little while back. Recently ceramic elymer composites have been
investigated extensively because of the need &xilfle materials with high dielectric
permittivity and low cost processing in the rapidigveloping electronic industry [Dang
et al., 2005]. However, through the composite apgginadhe permittivity of the polymer
can be tailored to a greater extent by using highmftivity low loss fillers. Several
polymer based dielectric waveguide was developedidaible electronic applications
[Shindo et al.,, 1975; Obrzut et al., 1990]. The w@ntional ceramic polymer
composites are flexible to a limited extent butythean’t be bend or stretch.
Accordingly the importance of the elastomer - cecacomposites, which is receiving
wide attention due to its flexibility and stretcliatp.

The majority of microwave applications are related high speed
microelectronics, radar and communication systemd they need low loss high
permittivity materials. High relative permittivif{High-k) ferroelectric ceramic-polymer
composites have become potential candidate maef@ integration into high
frequency electronics due to their tailored dieiecthermal, mechanical properties and
ease of processing [Das gupta et al., 1996; Popiadt al., 2001]. The future of
electronics is expected to be soft and rubberyeRic elastomer - ceramic composites
have been found to be most promising candidatedldrible electronic applications.
These composite combines the stretchability anat hgeight of elastomer with good
dielectric and thermal properties of ceramics. Xiast al. studied the microwave
dielectric properties of polyolefin elastomer (PO&)TIO; composites, which can be
used as the core of flexible waveguide [Xiang et2007]. Latterly Thomas et al and
Chameswary reported the high permittivity filleratted butyl rubber composites for
dielectric applications in flexible electronicsratcrowave frequencies [Thomas et al.,
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2011; Chameswary, 2014]. Volakis and co-workerslistlithe ceramic (BaTi) Mg-
Ca-Ti and Bi-Ba-Nd-Titanate) reinforced polydimdttsiloxane (PDMS) composite
substrates for conformal microwave applicationshie frequency range, 100 MHz-20
GHz. Recently Salaeh et al. prepared flexible efioegd natural rubber-BaTiO
composites and the influence of Baji@oncentration on cure characteristics,
mechanical, dielectric and morphological propertethe composites was investigated
[Salaeh et al., 2011]. High permittivity ceramicteréals can be used to make elastomer

composites for flexible dielectric waveguide angaxtor applications.

Silicone rubber is a well-known dielectric elastomeéhich is widely used in
various industries due to its features like favteablielectric properties, elasticity,
biocompatibility, optical transparency, permeapjliyV transmission and availability.
The Si-O back bone makes them chemically stable exehigh temperatures. The
molecular structure gives silicones their uniqueperties, including water-repellency,
cold-resistance etc. In the current study we ch®ilssone elastomer as the matrix.
High relative permittivity materials are used fbetmanufacture of embedded capacitor as
well as dielectric wave guide applicatioms.order to develop flexible composites of low
loss and high relative permittivity the ceramic disshould have permittivity much
higher than that of rubber matrix. Ceramics suclBa%iO; (BT), SrTiO; (ST) and
Ca1xNdpw3)TiO3 (CT) having high permittivity are chosen for theegent study.
BaTiO; and SrTiQ are well studied systems having perovskite strecturhe
perovskite titanates like CaTi@nd BaTiQ having high relative permittivity but rather
high dielectric loss. In order to obtain compoundth high relative permittivity and
low dielectric loss, the substitution of variougraents in perovskite titanates is tried
like Cai-xNdpy3) TiOzwhere x=0.39.

In this chapter we discuss the detailed investigatf silicone elastomer-high
permittivity ceramic fillers like BaTi@ SrTiO; and Ca-xNdw3) TiOsfilled composites
to understand their dielectric, thermal and medataniperformance for flexible

electronic applications.
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4.2 Experimental
4.2.1 Materials

In the current work dimethyl end blocked silicoakastomer is used as the
matrix and high permittivity fillers like as BaT#DSrTiO; and Ca.xNd3)TiO3 used
for the composite preparation.

Section 2.2.1.1 and Table 2.1 in the chapter 2sgilie details and physical properties
of the rubber matrix used in the present study.

4.2.1.1 Ceramic fillers
4.2.1.1.1 Synthesis

Ceramic fillers used for the present work was pregéy the solid state ceramic
route. The stoichiometric proportion of startingterals were weighed and mixed by
wet ball milling using yttria-stabilized zirconiaalls and dried. The powder thus
obtained were then calcined at appropriate tempestand ground well. Then it is
used for composite preparation with silicone rubfdre raw materials used for the
synthesis of BaTi@and SrTiQ are BaCQ@, SrCQ and TiQ (99.9 + %, Sigma-
Aldrich). The calcinations temperature for BT i9D01C for 4 h and for ST it is 1200°C
for 4 h. CauNdpy3)TiOs were synthesized using CagNd,O3 and TiQ (99.91%,
Aldrich Chemical Company Inc., Milwaukee, WI) ofghi purity The CT ceramic
powders were calcined at 1100°C for 3 h.

4.2.1.1.2 Barium titanate, BaTiQ (BT)

Barium titanate (BaTig) is the first ferroelectric ceramic and a gooddidate
for a variety of applications due to its excelldiglectric, ferroelectric and piezoelectric
properties [Vijatouw et al., 2008]. It has a perovskite type structuitn high relative
permittivity (<1000 to 2000), dielectric loss= (10%) and high breakdown strength

[Wang et al., 2009]. BaTi©is widely studied for its numerous scientific andustrial
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applications, such as in dielectric capacitorshddacers and tunable phase shifters
[Agoudiil et al., 2008].

4.2.1.1.3 Strontium titanate, SrTiQ (ST)

Strontium titanate (SrTi€) is a well known ceramic; which exists as a
centrosymmetric paraelectric material with a pekdesstructure at room temperature.
It has very large value af (290) and low value (~ 19 of tans [Wise et al., 2001].
SrTiO; has mixed ionic-covalent bonding properties. Tiasure of chemical bonding
leads to a unique structure, which make it a metidtronic material. Ratheesh and co
workers studied the dielectric and mechanical pitogse of SrTiQ based PTFE and
PEEK composites and found that these compositesugtable for microwave substrate

applications [Nisa et al., 2008; Rajesh et al., 2200
4.2.1.1.4 Calcium neodymium titanate, Ca.o)Ndx3)TiO3 (CT)

CaTiO; is a perovskite titanate having high relative p#mity of ~ 170.
However, the high dielectric loss and the largealue (~ -400 ppm/°C) limits its use in
many practical applications [Liang chen et al., 200 order to tune the dielectric loss
and t; the perovskite titanates were substituted withiousr elements. A significant
modification in the properties of this material da@ made through rare earth doping,
which has attracted immense attention. Yoshida etaale substation of Ca by trivalent
Nd in CaTiQ in the range of 8 x < 1 [Yoshida et al., 1997]. The value of dielectric
loss decreased with increasing x value. After relgch minimum value at x = 0:39, it
increased with a further increase in x value. la pinesent study we made quaternary
compound Cgau Nd@2x3)TiO3 where x=0.39 due to its appreciable dielectriqpprtes.
Theg, andr, values were 98 and -130 ppm/°C respectively aDxX39. Even though, the
microwave dielectric properties of @@aNd3)TiOs are studied the GayNdx3)TiO3

filled polymer or elastomer composites are invedd for the first time.
The physical properties of ceramic fillers are give Table 4.1.
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Table 4.1 Physical properties of ceramic fillers

Avg. Relative | Dielectric| CO€fficient | thermal
Material | Density particle permittivity loss of thermal | conductivity
size expansion
1y-1
(glen?) | (m) £ @nd | (ppmecy | (WMTKT)
BaTiOs 6.01 0.90 1250 107 54 2.6
SITiO; 5.12 0.80 290.0 10° 9.4 12.0
Cany 457 | 0.90 .
_ 98.0 10 10.3 2.4
Nd(zx/g)T|O3

4.2.1.2 Silicone elastomer-ceramic composite prepaion

The detailed description of sigma mixing of silieorubber composites using a
kneading machine was given in section 2.2.1.3 aptdr 2.

4.2.2 Characterization techniques

The crystallinity of the prepared ceramics was tordd using XRD technique
mentioned in the section 2.2.2.1. The microstregtdrelectric, thermal and mechanical
properties of developed composites were charaeterissing methods described in

section 2.2 and sub sections of chapter 2.
4.3 Results and discussion

Silicone rubber — high permittivity ceramic filleti&ke BaTiOs;, SrTiO; and
Ca1xNd2x3)TiO3 loaded composites were prepared as per the rgisipe in Table 4.2.
These composites were prepared by sigma mixing kneading machine. Maximum

filler loading of about 0.28 Mcan be attained for SRBT composites where as &V
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SRST composites. Since the density of Baligthigher than that of SrTgIn the case
of SRCT composites we can mix up to 0.43tMs is also due to the low density of
Ca1.Nd2x3)TiO3 particles. Larger amount of filler leads to inhareoeous mixing,
hardening and difficulty in mixing and also degriéaola of the mechanical properties
[Zhou et al., 2007]. However, the processing stemnore difficult when high filler

amounts are incorporated. The optimum filler logdatso depends on the particle size,
distribution and morphology of the filler.

The phase formation was studied using powder Xditisaction technique. The
X-ray diffraction peaks were compared with standa@PDS patterns 83-1880 for
BaTiOs, 35-0734 for SrTi@and 88-0082 for GayNdx3)TiO3 and are shown in figure
4.1. No additional peaks are observed in the powdeay diffraction patterns, which
indicate that phase purity of tpewders of BaTi@ SrTiO; and Cai-Ndy3)TiOs.
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Fig.4.1 XRD patterns of (a) BT (b) ST and (¢c) CT

Page | 108



Chapter 4

The formulation recipes of high permittivity ceramreinforced silicone rubber
composites are given in Table 4.2. The sample das@n and corresponding ceramic

volume fraction are given in this.

Table 4.2 The formulations of silicone rubber compsites (Ingredients in phr?)

Silicone | Dicumyl

Composite Sample rubber peroxide Filler
material designation | inphr® | (DCP)in in phr?®
phr? n°
SRBTy 100 2 0[0]
Silicone rubber- SRBT; 100 2 10[0.04]
BaTiOs
50[0.09]
(SRBT) SRBT, 100 2
SRBT; 100 2 100[0.16]
SRBT, 100 2 200[0.28]
SRS 100 2 0[o]
. SRST 100 2 10[0.02]
Silicone rubber-
SrTiO; (SRST) SRS 100 2 50[0.09]
SRS 100 2 100[0.18]
SRST 100 2 200[0.30]
SRCT 100 2 0[o]
Silicone rubber-
) 10[0.04
CanoNdexgTiOs | SRCT 100 2 [0.04]
SRCT
( ) SRCT, 100 5 50[0.16]
SRCT; 100 2 100[0.27]
SRCT, 100 2 200[0.43]

*Parts per hundred of rubb®volume fractions of filler given in parenthesis
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Fig.4.2 SEM images of {(gBT (b;) ST (g) CT ceramics, @, () and (¢) fractogram
of low filler loaded composites andsja(bs) and (@) fractogram of higher filler loaded
SRBT, SRST and SRCT composites respectively.

Distribution of filler in the elastomer matrix anthe morphology of the
composite are studied using SEM. Figure 4.2, () and (g) shows the SEM
micrographs of BaTig) SrTiO; and Ca-Ndx3)TiOzceramic. Figure.4.2 ¢ (bp) and
(c2) shows the fractured surface of lower volume foactomposites whereassfa(bs)
and (g¢) show the fractogram of higher volume fraction gmsites respectively. The
ceramic fillers are observed to be uniformly dmited throughout the elastomer
matrix. In polymer - ceramic composites, as therfiloading increases the tendency for
agglomeration will also increase due to the deer@asmount of polymer matrix which

keeps the filler particles separated from eachrofftas is evident from the figure.
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Fig.4.3 Stress-strain curves of SRBT, SRST and SRposites

The mechanical flexibility is a prime requirement & material to be used for
flexible applications. The stress —strain curvepwe elastomer and the composites are
shown in figure 4.3. From the figure, it is clehat the stress for the same elongation is
larger for ceramic filled composite as comparedintoaded elastomer matrix. As the
highly brittle ceramic volume increases inside mhatrix, the percentage of elongation
decreases. Increased filler loading leads to iser@athe stiffness of the composite and
hence more stress is required for deformationefFplarameters like size, shape and

aspect ratio have a strong impact on mechanicpbrese of the composites.
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Dielectric properties of 0-3 composites as a furcf the volume fraction of
the ceramic were studied by many authors. The tiamiaf relative permittivity and the
dielectric loss of the composites with varyingéillfraction at the radio frequency
(1 MHz) as well as at microwave frequency (5 GHZA8GHZ) regions are shown in
figure 4.4. The dielectric properties of a 0-3 casife using a dielectric as the filler are
dependent on the dielectric properties of bothntiagrix and filler [Zhang et al., 2011].
Even though fillers have a very large permittiiban that of matrix, the composite
cannot attain relative permittivity more than abd®t since the relative permittivity
depends on the rubber matrix. The ferroelectriamér — polymer composites follow
an exponential relationship between their relapeemittivity and volume fraction of
the filler. Logarithm of the relative permittivitpf polymer — ferroelectric ceramic
composites g composite) is linearly proportional to the volunraction of the filler
(V¢) with the slope dependent on the dielectric prigeiof both components [Popielarz
et al., 2001]. Hence, the ferroelectric — elastoroemposites follow the “loglaw”
relationship, originally proposed by Lichteneckéichtenecker., 1924; Frost et al.,
1996].

|098' composite— ¢fi|ler Iog(g’fillerlgl polymer)+ |Og € polymer (4-1)

The relative permittivity of polymer - ferroelearceramic composite cannot
exceed 100 even at maximum filler loading [Popielat al., 2007]. The effective
relative permittivity of polymer - filler compositeaterial is dependent not only on the
relative permittivity of the polymer and the fillesize and shape of the filler and the
volume fraction of the filler, but also on the tela permittivity of the interphase
region and volume of the interphase region. Aditlee content increases the interfacial
area increases and influence the dielectric prigseignificantly. The variation of
relative permittivity and the dielectric loss oktbomposites with varying filler fraction
at the radio frequency region (1 MHz) are showfignre 4.4 a. It is evident from the
figure that relative permittivity of all the comptes increases with filler fraction. The

value ofe, increases with filler loading becausef fillers is relatively higher than that
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of the matrix. The increased connectivity among filer particles and between the
polymer and filler can also enhance the relativengévity. In the case of SRST and
SRCT composites the dielectric loss decreases filleh loading which is due to the
low dielectric loss of the filler particles. In tloase of SRBT composites the dielectric
loss increases with filler content. This is dughe high dielectric loss of the BT than

that of silicone rubber matrix.

1MHz
16 4 —&—SRBT
~&—SRST
144 ~—SRCT

Relative permittivity (¢, )

0.006 4

0.003 4

Dielectric loss (tand)

A
0.0 0.1 0.2 0.3 0.4 0.5
Volume fraction of filler (\" )

Fig.4.4 a Variations of dielectric properties dicgine rubber composites at 1 MHz
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Fig.4.4 b Variations of dielectric properties dfceine rubber composites at 5 GHz and
15 GHz

Figure 4.4 b shows the variations in microwaveatilc properties of SRBT,
SRST and SRCT composites with filler loading. Thend in dielectric properties is
similar to that of the radio frequency region. Tiedative permittivity increases with
filler volume fraction since the fillers have highg. At a lower concentration, the
rubber matrix isolates filler particles from eadher and their dielectric properties will
not play a dominant role. But as the ceramic cdritemmeases, the particles will get into
contact with each other leading to the formatiorcaftinuous networks. Consequently
dipole-dipole interaction increases and resultsnoreased values af [Dang et al.,
2008]. The variations in complex permittivity atarowave range are mainly caused by
dipolar relaxation. The effective dielectric los§ S8RST and SRCT composites

decreases with filler loading because here the miagtor deciding the dielectric loss is
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the low tand values of the fillers. Where as in the case of $RBmposites; a reverse
trend is observed, dielectric loss increases vilitr foading. The reason for this effect
Is the higher tard value of the filler and the inhomogeneous disperf the filler

particles. Moreover, the presence of porosity amel interface between the rubber
matrix and ceramics can lead to additional los® dielectric properties at 5 GHz and

15 GHz do not show many differences since therbaiglly change in polarization

mechanisms.
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144 —@— Maxwell-Gamnet (a) t:l‘z‘::irll(;:rltm (b)
—A— Jayasundere Smith Model g —A— Jayasundere Smith Model
— ~y— Lichtenecker Model ~ 149 o Lichtenecker Model
o 12 —<— Effective medium theory Model @« ~4— Effective medium theory
z z 12 4
Z 10 £
E = 104
E s E
g 3 2 8
© i
Z 6 £
E :
23
% 4 &4
L) Ll L j L} L) L) T Ll
0.0 0.1 0.2 0.3 04 0.0 0.1 0.2 0.3 0.4
Volume fractions of filler (\"'r ) Volume fractions of filler (\"r )

16 4 —O—Experimental
—’— Maxwell-Garnet (c)
~sar—Jayasundere Smith Model

14 4 —p— Lichtenecker Model
~se—Eflective medium theory

-
N
1

104

Relative permittivty (Er )
o
L

0.0, . 0.1 2 ! 4 05
Volume fract?ons of f?ﬂ%r (vr?

Fig.4.5 Comparison of experimental and theoretieldtive permittivity of (a) SRBT
(b) SRST (c) SRCT composites at 5 GHz
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The theoretical models follow certain assumptiohsgcty are related to dielectric
properties of individual components, the connettiof polymer — ceramic composites,
size and shape of the filler and morphology. Figlifeshows the comparison between
experimental and theoretical values of relativarpiivity at 5 GHz for SRBT, SRST
and SRCT composites. It can be seen that the tieadrealues give the same trend as
that of experimental curve. Maxwell - Garnet ralat predict lowee, compared to the
experimental data. Reduction in depolarization iierf and increase in relative
permittivity, which are not accounted in this folamuhence shows the deviation. For
SRBT composites the Lichtenecker and EMT models maching well with
experimental results. Jayasundere - Smith and émnguker models are valid for low
volume fraction of filler loading, the entrapped and imperfect dispersion of filler in
the composites may be the reason. Generally, #ardtical predictions are valid only
for low volume fractions of filler loading [Wakinet al, 1993; Anjana et al., 2008].
This is due the imperfect dispersion of ceramidiplarin polymer matrix. The EMT
model is found to match with experimental valueSBIST and SRCT composites. The
morphology factor ‘n’ for EMT model is found to 13, 0.103 and 0.205 SRBT,
SRST and SRCT composites respectively. EMT modeiwell with the experimental
results. This includes morphology factor 'n' which obtained from empirical
calculations. Shape of the filler is compensatedthy correction factor, n in the
polymer-ceramic composite. In EMT model, composites treated as an effective
medium whose relative permittivity is the averadethe relative permittivity of the
constituents. The effective permittivity of a corsfie depends on the various factors
such as relative permittivity of individual compone in the system, porosity, their
volume fractions, size, shape, interphase polaitinabnd interphase volume fractions
[Rao et al., 2000]. All these parameters cannoadmunted in a single equation. So

some models show slight deviations.
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Fig.4.6 a Variation of dielectric properties of SRBomposites with bending

Figure 4.6 a and b shows the variation of microwdigectric properties of
silicone rubber composites after repeated bendisgmples by an angle of 180°. From
the figure it is clear that the relative permittviof the composites is almost
independent of bending. The dielectric loss of cosites shows marginal variation
with bending which is clear from the figure. The@minent deviation of dielectric loss
at higher filler loading may be due to the partiatglomeration at higher filler content.
Similar behaviour in PFCB (perfluorocyclobutenegdol,1-triphenyl ethane per-
fluorocyclobutyl ether)-BaTi@composites was observed by Vrejoiu et al. [Vrejeiu
al., 2002]. The bending of the composites doescoasiderably affect the microwave

dielectric properties and hence, they are suitkdslélexible electronic applications.
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Fig.4.6 b Variation of dielectric properties of SR&d SRCT composites with bending

The relative permittivity of polymer compositesoshd be stable within the
operational temperature range of electronic devicepractical applications. From the
figure it is clear that all the silicone rubber quusites are almost stable within the
measured temperature range. The temperature demendés, at 5 GHz of SRBT,
SRST and SRCT composite is depicted in figure l4Gan be observed that the relative
permittivity of the composites with lower filler &ing is almost constant throughout
the measured temperature range. As the filler t@pdicreases there is a decrease in
relative permittivity with temperature. This may thee to the disturbed polarizability of
dipoles with increase in temperature. The diffeeesimcCTE of rubber and filler may be
also responsible for the decrease in relative géuity [Xie et al., 2005; Berger et al.,
1985]. The incipient ferroelectric nature of botl Bnd ST ceramics can also affect the
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temperature dependence of relative permittivity SRBT and SRST composites.

Incipient ferroelectrics are characterized by iasieg permittivity on cooling due to

the softening of the lowest frequency polar optt@non [Kamba et al., 2009].
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Fig.4.7 The variation of relative permittivity ad SRBT, (b) SRST, (c) SRCT

composite as a function of temperature

The variation in coefficient of thermal expansig&iTE) is an important factor

for electronic packaging applications. The variatin CTE of ceramic filled silicone

rubber composites are shown in the figure 4.8. TA& of pure rubber matrix is
(266 ppm 1C) very much reduced by the addition of ceramieri BT, ST and CT
which are having a very low CTE of 5.4, 9.4 and318pm/°C respectively. It is clear

Page | 119



Chapter 4

from the figure that the thermal expansions of c@iposites are lowered with the
addition of ceramic particles. When a compositdesited, the polymer matrix will

expand more than that of ceramic fillers. The espanof matrix will be reduced if the

interfaces are capable of transmitting stress. jblgmer chains get arrested in the
presence of ceramic and unable to expand with teahype. Hence the CTE of a
composite is reduced with increase in filler coht@amd composite with strong interface
exhibits an additional reduction of CTE [Hollidatya., 1973].

CTE( ppm/0 O)

Fig.4.8 Variation of coefficient of thermal expamsiof (a) SRBT, (b) SRST, (c) SRCT

composites with ceramic loading

The silicone elastomer possesses a low valueesimidd conductivity of about
0.19 Wm'K™. The thermal conductivity of the fillers are muaigher than the matrix
and obviously there is an expected trend of ine@aghe thermal conductivity value

with the filler addition. The interfacial physicabntact between polymer and filler is
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very critical for a polymer-ceramic composite [Leeal., 2006]. The influence of the
volume fraction of filler on the thermal conductwiof SRBT, SRST and SRCT
composites is shown in figure. 4.9 a. It is obsértleat the thermal conductivity
gradually increases with increasing filler contet.low volume fractions the filler
particles will disperse randomly in the rubber nxaand a little increase of thermal
conductivity. For higher filler content, the pahtis begin to touch each other and form
conductive channels in the direction of heat flomusing an exponential rise in the
thermal conductivity. Ceramic fillers seem to imypeothe thermal conductivity of
polymers as they act as conducting channels wittedahermal resistance than the

matrix.
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Fig.4.9 a Variation of thermal conductivity of @RBT, (b) SRST, (c) SRCT

composite with filler volume fraction
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Fig.4.9 b Variation of (a) specific heat capacityglgb) thermal diffusivity of SRBT ,
SRST and SRCT composite with filler volume fraction

The effect of ceramic loading on specific heatacdly and thermal diffusivity
of SRBT, SRST and SRCT composites are also depiotéidure 4.9 b. The specific

heat capacity decreases where as thermal diffysimitreases with filler volume

fraction. This is due to the effect of ceramicefif. They have low Cp value and high
thermal diffusivity compared to the rubber matithe result was in agreement with the
earlier reports [Subodh et al., 2008].

The dielectric properties are very sensitive tantiuenvironment. Moreover, a

high value of water absorption will lead to consadde degradation of mechanical as
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well as dielectric properties. The variation of aragbsorption of SRBT, SRST and
SRCT composites as a function of filler loadingl®wn in figure 4.10. It is clear from
the figure that the water absorption of the contessincreases with filler loading. The
increase of moisture absorption may be due to tiveease in porosity with filler
loading and the hydrophilic nature of the ceran@diples. It has been reported that the
materials with moisture absorption up to about @lcan be used for electronic
packaging applications [Laverghetta, 2002]. In¢heaent study all most all composites

exhibit moisture absorption within this limit.

—&— SRBT
0.12 —@— SRST

0.10 4

0.08 4

Water absorption (%)

0.06 4

0.0 0:1 0:2 0:3 0:4 0.5
Volume fraction of filler (V)

Fig.4.10 Variation of water absorption of (a) SR@®) SRST (c) SRCT composites
with filler loading

4.4 Conclusions

e Silicone elastomer reinforced with high permitiwiteramic filler composites
are prepared and their dielectric, thermal and aeiclal properties are studied

as a function of filler volume fractions.
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The mechanical flexibility of the composites iwvealed by the stress-strain

curves.

Theoretical predictions are used for the comparisbrexperimental relative

permittivity of all the composites.

The relative permittivity, thermal conductivity amneater absorption increases
whereas, the coefficient of linear thermal expamsiecreases as the volume
fraction of filler increases. In the case of di#lecloss; a decreasing trend is
shown by SRST and SRCT composites with filler vadufraction where as

SRBT composites show a reverse trend.

SRBT composite has = 13.38 and taw = 0.0435 (at 5 GHz), CTE = 188
ppm/°C, TC = 0.4 WK™ and water absorption = 0.116 vol % for 0.27:20¥
BT loading. For 0.305 Vof ST content, the SRST composites hgve 14.21
and tans = 0.0116 (at 5 GHz), CTE = 142 ppm/°C and TC 2M0m*K™ and
water absorption of 0.089 vol % and SRCT composatdseved &, of 11.90
and tans of 0.0115 (at 5 GHz), CTE and TC of 156 ppm/°C ar8 Wn'K ™
respectively and water absorption of 0.072 vol ¥dfd3 \f of CT.

The composites with maximum filler loading are abie candidates for core of

flexible dielectric waveguide applications and enhded capacitor applications.

The measured properties indicate that all the atbempositions of SRBT, SRST
and SRCT composites can be used for cladding wibfke dielectric waveguide

and also for microwave substrates applications.
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@

o)

Conclusions and Scope for Future Work

This chapter provides a brief summary of the thesis. The major
results in the thesis is outlined as chapter wise and aso highlighted
in table. A comparison of the properties of some of the selected
materials developed in the present study with the commercially
available materials for microwave applications. The chapter aso

discusses the scope for extensions of the work that may be pursed in

futurein thefield of flexible electronics.




Chapter 5

5.1 Conclusion of the Ph. D. thesis

Flexible electronics is becoming an exciting reskaarea drawing active
participation of scientists and engineers worldwiglexible electronics encompasses a
rather diverse range of device and materials tdolgies that are built on flexible and
conformal substrates. Recently electronic systérasdan cover large areas on flexible
substrates have received increasing attention bec#lbey enable wide range of
applications such as flexible displays, electrotagtiles, sensory skins and active
antennas etc. The potential applications of flexielectronics are in various societal
sectors, including: healthcare, the automotive stigh) human—machine interfaces,
mobile communications and computing platform. Theests entitled Ceramic
Reinforced Silicone Elastomer Composites for Flexlb Microwave Applications’ is
divided into 5 chapters. It is the outcome of aadetl investigation carried out on the
synthesis, characterization and properties of caitg® of silicone elastomer reinforced
with low, medium and high permittivity ceramic éfs.

The chapter 1 gives a general introduction ab@xilfle electronics, dielectrics
and the importance of composite approach. The tedemelopments in flexible
electronics and also the importance of elastomeeramic composites in today’'s
electronic world are cited in this chapter. Thisgter also gives a brief discussion on

the selection of silicone elastomer as matrix fier present study and its characteristics.

Chapter 2 discusses the synthesis, characterizatidnproperties of silicone
rubber - low permittivity ceramic composites. Adfrdescription of the preparation and
characterization techniques of ceramic powder &ed silicone elastomer composites
are also included in this chapter. The low pernititiceramic fillers used are ADs,
AIN and fused Si@ The dielectric, thermal and mechanical propertiésthe
composites is investigated as a function of ceramécling. The XRD analysis of
ceramics revealed that the ceramics used are phmee The composites are prepared
by sigma mixing followed by hot pressing. The cosifes can be prepared upto a

certain vol % after that mixing became very difficand the properties get degraded.
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The microstructure of the composites shows theoumifdispersion of filler in the
matrix and also the presence of some agglomerdtdsgher filler loading. The
dielectric properties of the composites are studieldoth radio frequencies (1 MHz) as
well as at microwave frequency (5 GHz and 15 GH=J are found to be improved
with ceramic loading. For maximum filler loading about 0.46 ¥, the alumina filled
silicone rubber (SRAL) composite have relative pamity (¢;) of 5.79 and dielectric
loss (tand) of about 0.0095 at 5 GHz. The thermal propertiethe composites also
improved with filler content. The SRAL compositetamed CTE = 114 ppiC, TC =
1.60 Wni'K™* and water absorption = 0.347 vol % for maximunmiha loading. The
AlIN filled silicone rubber composite (SRAN) havéaiteds, = 4.79, tard = 0.0172 for
filler loading of 0.41 V. The SRAN composites has a CTE = 138 ganmC = 1.06
Wm K™ and water absorption = 0.108 vol % for a maximut Aller loading. The
silicone rubber-fused silica composites hayve 3.35, tand = 0.0085 for a maximum
fused silica loading of about 0.51% & 5 GHz. The CTE value of 116 ppg@/ TC =
0.52 Wm'K™ and water absorption of 0.100 vol % respectivelySRFS composites at
higher filler loading. Various theoretical modelene used to fit the experimental
values of relative permittivity of all the compast The silicone rubber - ceramic
composites are bendable and stretchable. Theyamshpe candidates for microwave

flexible substrate applications.

The availability of medium dielectric substrateslimited, discovery of new
medium dielectric composites with properties supetthan the commercially available
is necessary. To achieve this aim we use mediummitietity fillers like
Ba(ZnysTaps)0s, Ba(MgysTap3)0s and LbZnTisOg ceramics to make composites with
silicone rubber in the present study. The effecthef fillers on dielectric, thermal and
mechanical properties of silicone rubber composaes described in chapter 3. The
microstructure analysis of composites reveals itler particles dispersion in the rubber
matrix. The dielectric properties of the compositesth at radio frequency and
microwave frequencies are investigated. As themeldraction of filler increases, the

relative permittivity, thermal conductivity and weatabsorption increases whereas,
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dielectric loss and the coefficient of linear thatnexpansion decrease in ceramic
reinforced silicone rubber composites. For 0.299MBZT loading, SRBZ composite
hase, = 6.57 and tad = 0.0098 (at 5 GHz), CTE = 149 ppm/°C, TC = 0.9tn¥K™
and water absorption = 0.115 vol %. The SRBM cortps$aves, = 5.14 and taw =
0.0118 (at 5 GHz), CTE = 152 ppm/°C and TC = 0.49* and water absorption of
0.119 vol % for 0.23 Vof BMT content and SRLT composites achiegedf 7.49 and
tand of 0.0098 (at 5 GHz), CTE and TC of 144 ppm/°C ar&8 Wm'K™ respectively
and water absorption of 0.112 vol % for 0.3p0df LZT. Stress strain curves of all
composites indicate good mechanical flexibilitycomposites. The experimental values
of relative permittivity of all the composites azempared with theoretical models. All
the measured properties suggest that maximum filaded composites can find
applications as cladding of flexible dielectric veguide and all other compositions can
be used for microwave substrate and electronic gging applications. A rectangular
microstrip patch antenna for Wireless local areavaek (WLAN) was fabricated using
SR-0.134 VY BMT substrate simulated using Ansoft High Frequerfstructure
Simulator (HFSS).The fabricated antenna succegshpkerates at 2.48 GHz with a
return loss of -12.96 dB. The simulated and measueéiection characteristics are in
good agreement. The results indicate that the $B40V; BMT composite based
substrates can be used as a cost effective, féexiiitrowave antenna substrate using

adequate medium of metallization.

Chapter 4 discusses the synthesis, characterizatidnproperties of silicone
rubber- high permittivity ceramic composites. Tleerdelectric fillers like BaTi@and
SrTiO; along with Ca.xNdew3)TiO3 are the high permittivity ceramics used in the
present study. The dielectric, thermal and mecladmpooperties of the composite are
studied as a function of ceramic volume fractiohe Trelative permittivity, thermal
conductivity and water absorption increases wheremes coefficient of linear thermal
expansion decreases as the volume fraction of fillereases. In the case of dielectric
loss; a decreasing trend was shown by SRST and SR@iposites with filler volume

fraction where as SRBT composites show a revesairSeveral theoretical model
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approaches have been employed to predict the welpgrmittivity of the composite
systems and the results are compared with thatxpéramental data. The, of the
composites shows small temperature dependenceeffidet of repeated bending on the
microwave dielectric properties of all the compesithas also been studied. The
composites show only marginal variation in microeadielectric properties after
bending. SRBT composite has= 13.38 and taie = 0.0435 (at 5 GHz), CTE = 188
ppm/°C, TC = 0.4 WriK™and water absorption = 0.116 vol % for 0.2720% BT
loading. For 0.305 Mof ST content, the SRST composites hgve 14.21 and taid =
0.0116 (at 5 GHz), CTE = 142 ppm/°C and TC = 1.02*and water absorption of
0.089 vol % and SRCT composites achiegenf 11.90 and tad of 0.0115 (at 5 GHz),
CTE and TC of 156 ppm/°C and 0.58 Wii'respectively and water absorption of
0.072 vol % for 0.43 Vof CT. The composites with maximum filler loadingea
suitable candidates for core of flexible dielectsiaveguide applications and embedded
capacitor applications. The measured propertieisatel that all the other compositions
of SRBT, SRST and SRCT composites can be useddddiag of flexible dielectric

waveguide and also for microwave substrates apgita

The physical and microwave dielectric propertiestltd developed silicone rubber

ceramic composites are summarized in the Table 5.1

The properties of the composites developed in thegmt study are comparable to that
of similar commercial polymer based substrates. Jioperties of some of the selected

composites developed as a part of this work arergin Table 5.2.
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Table 5.1Properties of developed silicone rubber-ceramicpusites

Composite | Vi of & tand CTE TC Water
Material filler (ppmPC) | (Wm™K™) | absorption
(phr) vol %
SR-300AL 0.458 5.79 0.0095 114 1.60 0.347
SR-200 AN 0.408 4.79 0.0172 138 1.06 0.108
SR-200 FS 0.506 3.35 0.008p 116 0.52 0.100
SR-300 BZ 0.299 6.57 0.0098 149 0.92 0.11b
SR-200 BM 0.233 5.14 0.0118 152 0.49 0.119
SR-200 LT 0.363 7.49 0.0098 144 0.83 0.112
SR-200 BT 0.272 13.38 0.0435 188 0.40 0.116
SR-200 ST 0.305 14.21 0.011p 142 1.07 0.089
SR-200 CT 0.434 11.90 0.011b 156 0.58 0.07R

Table 5.2Comparison of dielectric, thermal and physical grtips of silicone rubber

composites with commercial product

Materials & tand CTE TC Water Flexibillty
(ppmPC) | (Wm™K™) | absorption &
vol % Stretchability
RT duroid | 6.3 | 0.0027 117 0.49 0.05 No
6006
SR-0.299 VY 6.6 0.0098 149 0.92 0.11 Yes
Bz
FR, 4.8 0.0025 11 0.25 0.15 No
SR-0.233 VY 51 0.0118 152 0.49 0.12 Yes
BM
Rogers
Ultralam 2.9 | 0.0025 150 0.20 0.04 No
3000
SR-0.34 V 3.2 0.0090 153 0.40 0.09 Yes
FS
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5.2 Scope for future work

The future direction of the present thesis is nyafotusing on the development
of biocompatible composites using biocompatibleawec fillers and silicone rubber as
the matrix, since it is a biocompatible polymer emnet. Development of silicone rubber
composites in 1, 3-type connectivity and invesggahe microwave dielectric
properties. Fabrication of flexible waveguide ussuitable silicone rubber composites
developed. Development of silicone rubber compssitéh giant permittivity fillers
like calcium copper titanate for flexible capacigmplications. Study the effect of filler
particle size and hybrid fillers on dielectric atigermal properties of the composites.
Investigation on various techniques to improve ¢fan and radiation efficiency of

fabricated microstrip antenna.

Photographs of developed samples in the present giu
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