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PREFACE

With the usage of electronic equipments on the high rise, electronic pollution is
inevitable that affects every walks of life. Among various e-pollutions, a recently
highlighted domain that has far reaching consequences, is the electromagnetic
interference (EMI). EMI is the disruption of operation of an electronic device when it is
in the vicinity of an electromagnetic field caused by another electronic or electric device.
Since EMI reduces the lifetime and performance of the electronic instruments and even
affects human health, it is highly crucial to protect sophisticated instruments and
components from electromagnetic interference. Thus, electromagnetic compatibility
(EMC) has great relevance in both consumer and defence electronics, which can be
achieved by using suitably designed EMI shielding solutions at the emitter or susceptor.
EMI shielding materials either reflect and/or absorb the electromagnetic radiation, which
thereby acts as a shield against the penetration of the radiation through the shield. Earlier,
the widely used materials for EMI shielding were metals, which being bulky, are
discouraged these days for lightweight gadget applications. Intense research over three
decades brought out a wide variety of materials including carbonaceous materials,
conducting polymers, metamaterials etc. to the EMI shielding arena. The technological
relevance of different shielding solutions and the science behind basic EM wave
attenuation mechanism are outlined in the introductory Chapter 1. The consumer
electronics and defense sectors are looking for surface patterned, ultra-lightweight,
porous, flexible and wearable shielding structures which is highly challenging due to the
lack of suitable materials available and the complex design & engineering involved.
Against this background we have formulated some strategies. Our efforts to develop

novel microwave shielding solutions involving conducting oxide perovskites are detailed



in the subsequent two working chapters and a couple of ferromagnetic metal based

structures are described in the following two chapters.

Essentially, Chapter 2 deals with developing a conducting composite based on
LaosSrosC003-5 as the filler and further modifying their surface for enhancing microwave
attenuation. However, despite possessing relatively high electrical conductivity, research
on perovskite structured protonic conductors is largely a grey area where not even a
single material was qualified for promising EM wave absorber applications. Against this
background, we have taken up a detailed investigation on the development of an all oxide
EMI shielding solution based on the perovskite structured LaosSrosC003.5 (LSCO).
Interestingly, the sintered LSCO sheets were showing excellent microwave shielding
properties up to 35-42 dB in the entire X and Ku bands. Towards getting a light weight
and easily processable structure, we have accomplished a composite of LSCO with the
easily mouldable polymer, epoxy. The thermal, dielectric and electromagnetic wave
shielding properties of the composites were studied. The mechanical strength, thermal
expansivity and thermal conductivity of the composites were progressively improved with
LSCO addition. An improvement in the shielding effectiveness was observed with filler
addition and attained a value of 10 dB in the range of 8.2 to 10 GHz for a maximum
loaded LSCO-epoxy composite. However, the apparent EMI shielding ranges were not up
to the level for practical applications which prompted us to introduce a novel strategy to
augment the level of shielding. On top surface of the composite sheets, predesigned silver
(Ag) patterns (mostly periodic structures including rectangular patterns parallel and
perpendicular to the waveguide axis, mesh like patterns as well as blanket coating) were
screen printed, which resulted in a dramatic 4-fold improvement in their EMI shielding
effectiveness, with significant enhancements in the reflection and absorption shielding

efficiency of the composite. Compared to the conventional way of adding silver to form

xi



epoxy-silver 0-3 composite above its percolation, the present method of screen printing
needs only lesser amount of the conductor to generate a maximum shielding efficiency of

99%, with considerable easiness of processing.

Chapter 3 is an investigation on LSCO based nanostructures and foam structures
for EMI shielding applications. Herein, LSCO nanowires were synthesized using
microemulsion method and investigated its electrical and magnetic properties. Being less
conducting compared to its bulk counterpart, nanostructured LSCO showed lower EMI
shielding properties. So we decided to explore with bulk LSCO for the creation of porous,
high strength, and corrosion resistant lightweight EMI shielding structures. LSCO foams
were prepared by emulsion freeze-gelcasting route using hydrogenated vegetable oil
(HVO). LSCO foams with broad range of porosities (76.9 to 90.3%) and cell sizes (10 to
120 um) having near spherical cells were obtained by drying and oil extraction, followed
by sintering of gelled emulsion bodies prepared at various aqueous LSCO slurry (ALS)
concentrations and HVO to ALS volume ratios. The LSCO foam bodies showed
promising compressive strength and Young’s modulus in ranges of 1-7 MPa and 57-428
MPa, respectively. The temperature dependency of electrical conductance was analysed
and the metallic nature of LSCO was further evidenced. Impressive EMI shielding
effectiveness as high as 33 dB has been achieved for LSCO foam prepared at HVO to
ALS volume ratio of 1, at an ALS concentration of 10 vol.%. The specific shielding
effectiveness observed for the foam is ~5 times that of dense LSCO ceramics. The newly
developed LSCO foams are lightweight and capable of withstanding harsh environmental

conditions, since they are free from oxidation and survivable enough at high temperature.

Chapter 4 deals with the synthesis, characterization and investigation of
microwave shielding properties of Ni and NiFe alloys. The preparation followed a simple,

surfactant-free polyol method. The morphological analysis demonstrated a uniform

xii



spherical nature of the alloys, with size range ~10-30 nm. An undesirable thin oxide layer
was found to be forming over the alloy nanoparticles (NPs) which is feebly visible in
TEM and later confirmed by XPS analysis. The magnetic properties of the Ni and NiFe
NPs were measured using a vibrating sample magnetometer (VSM) at room temperature.
The saturation magnetization value was found to be lowest in Ni, but keeps on increasing
with increasing Fe content in the composition. The resistivity, as revealed from I-V
characteristics, was shown to be lowest for the permalloy (NisoFe2o) phase, while the
values increased with further increment in the Fe content. The microwave shielding
properties of the Ni and its Fe alloy NPs were investigated in the Ku band range.
Certainly, all of the NiFe alloy combinations we tested, were showing excellent EMI
shielding above 30 dB, with significant enhancements in the absorption shielding
efficiency. These alloys are good candidates for EMI shielding having the ability to

attenuate 99.9 % of electromagnetic radiations.

EM attenuating metalized fabrics have great significance in defense sector since
they are invisible to radar. They can be wearable, breathable to air, but at the same time
act as a shield against the stray electromagnetic waves. Chapter 5 sketches our efforts to
develop wearable shielding solutions by electrodepositing Ni on surface modified fabrics
without significantly deteriorating their flexibility. Herein we explored mainly three
materials, linen, nylon- mesh and carbon fabric, to serve as substrates for metallization
through electrodeposition. The fabrics were activated by platinum sputtering, followed by
Ni deposition in Watts bath solution. A uniform deposition of the nickel was observed in
the scanning electron micrographs, where the thickness of deposition increases as a
function of deposition time. The magnetic and EMI shielding properties of the nickel
deposited fabrics were investigated in detail. The shielding properties were excellent in

linen after Ni deposition which can be attributed to the greater surface coverage and

Xiii



specific woven geometry of linen. Surface modified carbon fabrics also showed excellent
shielding after Ni deposition. Such a high level of shielding is difficult to achieve in
fabrics, which qualify them for wide variety of applications including soldier’s jackets

and radar absorptive lining of war materials.

The salient features and conclusions of the research work described in four
working chapters are described in Chapter 6 which includes scope of future work, as

well.
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Chapter 1

Electromagnetic Interference Shielding: Problems and
Solutions

This chapter outlines the concept of electromagnetic interference (EMI) shielding, which is
emerged to be a grave issue in modern electronic industry. The problems related with the
wave interference and the various aspects and mechanism of shielding are briefly discussed
in this chapter. The available solutions to EMI problems and the applications of EMI
shielding materials in various attributes are briefed. The chapter also gives brief introduction
on conducting oxide based composites, macroporous foams, conductive fabrics, and

ferromagnetic materials.




Chapter 1

Page | 2



EMI problems and solutions
1.1 Introduction

With innovations happening at breath taking speeds, the electronic revolution is
profoundly transforming every walks of our lives. The application horizon of mobile
communication devices and systems is expanding even faster, with the addition of
bleeding edge technologies like 10T (Internet of Things), 5G and LTE (Long Term
Evolution).: When such mobile devices become increasingly compact and more complex
in nature, shielding them against inevitable electromagnetic interference (EMI) becomes
more challenging. EMI of an electronic device, in simple terms, is the noise disturbance
generated by an external source that affects its constituent circuit through electromagnetic
induction, conduction or electrostatic coupling. In addition to consumer electronics,
devices operating in automotive transit systems, medical electronics and critical military
infrastructure also face massive EMI threats that may lead to under performance of the
circuit and are hazardous to human health as well. So mitigating or blocking the

interfering EM signals is inevitable for healthy device management.
1.2 Electromagnetic Interference

The process by which there is a transmission of the disruptive electromagnetic
energy between electronic devices is known as EMI.2 Through shielding and filtering
such transmission can be reduced or eliminated and this process is known as Suppression.
Propensity of a device or a system to be damaged by the exposure of EMI to an incident
signal or field is known as Susceptibility. Immunity indicates the ability of an electronic
system to perform to the predefined performance level resisting the EMI exposure.
Radiated immunity and conducted immunity implies the ability of the product in relative
terms to defy the electromagnetic energy mediated through propagation on free space and

penetration through external cables and 1/0O interconnects respectively. Electrostatic
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Chapter 1

potential difference between bodies could result in transfer of electric charge through
vicinity or direct contact. Suppression, susceptibility and immunity are key concepts in
understanding the dynamics of electromagnetic interference shielding and its expanding
impact in the relevant domains of applications in industry. The expedient nature of EMI
had instigated the industry and governments to prescribe the standards and persuade for
efficacious results towards the development of Electromagnetic Compability (EMC)
standards. EMC assures that the electronic systems, devices and equipments are
functional in the specified electromagnetic environment within a prescribed safety margin
and at efficient levels of performance or design, unaffected by the degradation resulting
from EMI. EMC signifies that a compatible device is neither emanating EM energy that
could result in EMI in devices that are placed in proximity to the source; nor inducing any

kinds of incompatibility with its own electromagnetic environment.®
1.3 Requirement for EMI shielding

With the unprecedented growth of electrical and electronic devices in every sphere
of human life, there arises the need for shielding against electromagnetic interference.
Radio waves (30 kHz- 300 GHz) forms the low energy end of electromagnetic spectrum
and are widely used for communication purposes (Fig. 1.1). Higher energy range of
ultraviolet light, X-rays and gamma rays represent the ionising radiation segment of the
electromagnetic spectrum.® Being long wavelength waves, communication occurs mainly
in radio frequency domain of the electromagnetic spectrum, and hence is mostly affected
by EMI problems. The interference may occur due to energy generated by computer
circuits, electric motors, power lines and even lightening. Microwave region (300 MHz-
300 GHz), a sub-class of radio waves, could be further classified into different frequency
bands, based on the application technologies used to access them. Accordingly, L band

(1-2 GHz) is used by wireless, local area network (LAN), radars, global positioning
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EMI problems and solutions

system (GPS) and mobile communication systems.* Bluetooth, cordless telephone and
Wireless Fidelity operates in the S band (2-4 GHz) and C band (4-8 GHz).> Satellite
communication mainly employs X band and K band (8-40 GHz). Military operations and
research activities are the major applications in V band (40-75 GHz) and W band (75-110
GHz).* EMI related issues in these frequency spectrums can lead to various levels of
damages ranging from data loss in the case of communication system to human loss in

the area of military applications.

L
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Fig. 1.1: Electromagnetic spectrum and their applications.

1.3.1 Factors Enhancing EMI problems

There are several factors that contribute to increase EMI problems.®” The proliferation of
smart gadgets have resulted in EMI problems mainly related to propagation paths and
susceptibility. With regards to the impact of miniaturization of equipment, it contributed
to the higher probability levels of interference arising out of shortened propagation path.
While the component miniaturization has created improved avenues of portability and
mobility, it inflicted high levels of susceptibility compared to equipments in a well-
controlled space. With path breaking developments in the domain of chip interconnect

technology, the EMI threshold is to be minimised through nanoengineering, in order to
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Chapter 1

avoid cross talk and maintain high clock speed. In all consumer electronic devices
including mobile phones and laptops, EMC compliances and reliability are the key
marketing features. Electrostatic discharge is a threat to the aircraft, automobiles and
possess terminal damage to the microchips during the handling. The requirement for data
security is another driving force of the shielding market. In the domain of military
technology, EMI is an important challenge since the shield should maintain a minimal
impact on factors such as size and weight. To strengthen the edifice of the military
defence and communication systems, one has to confront this issue in an effective manner
S0 as the base stands firm. Electromagnetic pulse and electronic eavesdropping are human
made threats in the field of electromagnetic energy utilization. Electronic eavesdropping
has been considered as a major issue in defence as well as commercial data storage and
government agencies have taken several precautionary measures including programs for
controlling radiations from devices containing crucial defence information.®
Electromagnetic pulse is a type of electromagnetic wave which originates when a nuclear
or chemical explosion occurs and could easily destroy the electromagnetic transmissions
and unprotected devices as far as 500 km away from the source and the affected

frequency range is the part of the electromagnetic spectrum below 100 MHz.
1.4 Concept of EMI Shielding

EMC is having three constituents namely source (emitter), propagation (coupling)
path and susceptor. Reduction of EMI emissions from the source; modification or
diversion in the propagation path; and improvisation of immunity of the susceptor are the
EMI control methods. The type of propagation path determinates the dominance of EMI
by radiation or conduction. With regards to shielding, the dominant radiated interference
is relatively difficult to mitigate. Conducted EMI emissions relay on either differential

mode or common mode of propagation. Radiated EMI emissions have E and H
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EMI problems and solutions

propagation mechanisms. Thus the commonly accepted techniques to suppress interfering

EM waves are derived from the methods to reduce the E and H fields.
1.4.1 Electric and Magnetic Field Shielding Principles

Electromagnetic shielding requires shielding of electrical and magnetic
components present in the incoming radiation. Conductive materials attenuate the electric
components while magnetic materials predominantly suppress the magnetic components
of the waves. In a conductive shield enclosing electrical equipment, the interior electrical
field is zero as demonstrated by Faraday cage experiment in 1821.% Faraday cage still
forms the cornerstone of basic electric field shielding. The principle can be explained

briefly as follows:

- Equipment

Fig. 1.2: Shielding of an equipment using a conducting spherical casing while placed in an
electric field.

When a conductive spherical shield is placed in an electrical field as shown in Fig.
1.2, the electrical field cause polarisation along the shield which induces an opposing

electric field, hence attenuating the incoming or source field. As the electric field or
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Chapter 1

current always prefers the least resistance path, the field will be restricted to the
conductive surface, thus any void in the conductive shield may lead to poor shielding.®°
In an analogous way, the magnetic field of the incoming radiation can be
effectively shielded by soft magnetic materials which exhibit excellent permeability and
low coercivity. When we consider a spherical magnetic enclosure as a shield, as
explained by Fig. 1.3, the magnetic components in the EM wave will remain in the layer
as it permeates the magnetic field and the magnetic reluctance will be very low inside the

magnetic shield.!

Equipment

Fig. 1.3: Shielding of an equipment using a spherical casing having good permeability,

located in an alternating magnetic field.

Electrical conductivity, in addition to magnetic permeability, is a characteristic
trait that augments the effectiveness of magnetic shielding. This is exemplified in any of
the magnetic field shielding solutions made with a highly conductive and low
permeability thin shield. Fig. 1.4 shows the shielding mechanism of conducting spherical
casing placed in a magnetic field. Here the principle is that, alternating magnetic fields

induce Eddy currents in the adequately conducting shielding material which in turn
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generate alternating magnetic fields in the opposite direction inside the shield. The
opposing field generation is proportional to the increase in frequencies, resulting in
effective shielding at high frequencies despite of the low permeability of the conductive

material used in the fabrication of thin shield.?

Equipment

Fig. 1.4: Shielding of an equipment using a conducting spherical casing placed in an
alternating magnetic field.

Low frequency shielding of magnetic fields is a highly difficult task to achieve.®
However, there exists a few effective mechanisms for magnetic shielding at low
frequency domain that includes flux shunting and eddy current cancellation.*? In
principle, a magnetic source induces magnetic fields that get redirected into the shield.
These fields subsequently are shunted inside the material in a direction almost parallel to
its surface, which eventually get discharged into the air, as shown in Fig. 1.5.
Notwithstanding high efficiency, magnetic shielding is less popular since highly
expensive thick shields are utilised for magnetic absorption. Apertures in the shield may
affect the effectiveness as induced currents corresponding to the magnetic fields need

paths without any obstacles.
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Fig. 1. 5: Low frequency shielding scenario for an electronic equipment kept near a current

carrying source.

1.4.2 Shielding Effectiveness

Shielding efficiency of a material depends on its distance from the source, the thickness
of the material, and frequency of the material. Shielding effectiveness (SE) measures the
shielding efficiency of a material as a shield and its unit is decibels (dB). Shielding occurs
by three main mechanisms: (i) reflection, (ii) absorption and (iii) multiple internal
reflections (as shown in Fig. 1.6). Total shielding effectiveness is expressed as the sum of
reflection shielding, absorption shielding and shielding due to multiple internal

reflections.1314

SE1= SEat+ SER + SEm (1.2)

Multiple reflection factor can be neglected if absorption shielding exhibited by a shield is
greater than 10 dB. Multiple reflection factor is not accounted for electric fields as well as
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plane waves.
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Fig. 1.6: Schematic of EMI shielding.

1.4.3 Absorption Shielding
A potent shield is supposed to absorb the incoming radiation and thereby protect the
enclosed equipment. Absorption does not depend on the nature of source of radiation.
Electromagnetic waves traversing through a shielding material cause opposing currents in
the material. This results in ohmic losses which subsequently heat the shield. The
attenuation of electric field as well as magnetic field is expressed as,
E = Eoe¥ (1.2)
H = Hoe"® (1.3)
where Eo and Ho denote the amplitudes of the electric field as well as magnetic field, t
denotes the thickness of the material, and & denotes the skin depth of the material. Skin

depth is an important parameter in shielding measurement and can be defined as the
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distance required for the wave to reduce its initial amplitude to 1/e ™ or 37 %. The skin

depth, & is calculated as,

§ = Jﬁ (1.4)

where f is the frequency of the electromagnetic wave expressed in MHz, p denotes the

relative permeability of the material and o measures the conductivity of the material with
respect to copper.

Absorption or penetration loss is expressed as,

A =20 <loge = 131t,/fuo (1.5)
where t (in mm) indicates the thickness of the shielding material. Skin depth plays a
major role in deciding the absorbance of the material. Thus the desirable qualities for a
good EM wave absorbing material are high conductivity, high permeability and optimum
thickness. Accordingly, highly conducting materials like copper exhibits good shielding
performance at higher frequencies whereas magnetic materials like steel demonstrates
commendable absorbance at lower frequencies.
1.4.4 Reflection Shielding
The impedance mismatch between incoming electromagnetic wave and the
shielding material results in the reflection of the electromagnetic wave, traversing from
air to the medium, at the surface of incidence. The electric field components of the
incoming EM wave, usually exhibits high impedance (i.e. impedance > 377 Q) compared
to their magnetic counterparts. Conductive shields which offer very low resistance or
impedance provide a mismatch to the electric fields and thus result in partial or total
reflection of the incoming wave. The magnitude of reflection is dependent on the surface

conductivity and can be estimated as!®?6,

SEg = —10logyo(———) (16)

l6swu
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Reflection shielding is the main way of protecting devices against electric fields.
Impedance offered by magnetic fields is usually lower than 377 Q. Hence the concept of
impedance mismatch may not work well for magnetic fields. Magnetic fields are usually
controlled by absorption shielding. The reflection shielding equations for electric field

(Re), magnetic field (Rn) and plane wave (Rp) are,’

Rg = 321.8+ 10 log# (1.7)
. ofr?

Ry = 14.6 + 10 log p (1.8)

Rp =168 — 10 logZ (1.9)

where f is in Hz and r is the distance between source and shield in meters. If there is no
mismatch in the impedance, the waves traverse without any loss through the material. So

impedance mismatch is a necessary condition for reflection shielding.

Emitter F1

Reflection R

Transmission F,

Absorption
A

Absorption A
Transmission F,

9

Receiver

SE(dB) = 20 log (FIIF2) SE(dB) = 20 log (F1/F2)

~A ~R+A

Fig. 1.7: Graphic representation of an EMI shielding enclosure shielding against (a) inside
and (b) external EMI.
The absorption and reflection are important parameters in effective shielding. The

action of an EMI shielding enclosure against internal and external electromagnetic stray
waves is pictorially depicted in Fig. 1.7. For a least EM wave emitter, it is advised to use
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a highly absorptive enclosure, since they can help reducing the intensity of the emitting
waves by absorption loss. While in the case of protection from outside EM signals, the
shield can be a combination of reflecting as well as absorbing, thereby avoiding the
possibility of interaction of unwanted signals with the protected system.
1.4.5 Multiple Reflections

Multiple reflection factors are neglected for absorption less than 10 dB and mostly
accounted for frequencies below 20 kHz when thin metallic shields are used for shielding

purpose. The multiple reflection factor can be defined by the term B, given by,

—1)2 .
B =20log|1— % 10-4/10g-i2274 (1.10)

where K is the ratio of shield impedance to the incident magnetic field impedance. Even
though the values of B can be negative or positive, for practical applications negative
values are taken. For magnetic fields, shield impedance is negligible compared to incident

field, multiple reflection term can be expressed as

B = 20log(1 — e_%t) (1.112)

1.4.6 Influence of Thickness of Shield and Distance from Source

Absorption shielding depends on the thickness of shield. When thickness of the
shielding material increases, the amount of energy absorbed by the shield also increases.
Magnetic fields decrease with distance from the source of origin. So for far field
radiation, the dominant part constitutes the electric field and hence the main mechanism
required for far field shielding will be reflection based. Reflection occurs at the surface of
the shield and hence reflection shielding is independent of the thickness of the shield.
1.4.7 Calculation of Shielding Effectiveness Using Scattering Parameters

The response of a network to external communication devices could be quantified
using scattering parameters.'® Scattering parameters describe the relationship between
input and output waves and is represented by the matrix,
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S S
S = [ 11 12] 1.12
S31 Suz (112)

These parameters can be quantified using network analyzers which are electronic
instruments for measuring amplitudes and phases of reflection as well as transmission
coefficients. Four scattering parameters could be measured using network analyser. For a
two port network analyser, Si11 and Sy2 denote the reflection coefficients while Sz; and Si2
shows the transmission coefficients. Reflection coefficient and transmission coefficients
could be calculated from the scattering parameters as,

R = |511|2 = |522|2 (1.13)

T = |521|2 = |512|2 (1.14)
Reflection and absorption shielding parameters effectiveness expressed in decibels could
be calculated from the following equations;*°

SEx = —10 log(1 — R) (1.15)

SEx = —10 log (=) (1.16)

1.5 Applications of EMI Shielding
EMI shielding finds applications in different areas such as automotive, defence,
healthcare systems and communication devices (as shown in Fig 1.8). In electric vehicles,
large volume of electronic and electrical components are present in different control units
such as engine control and loading control and there is a great demand for EMI shielding
in these vehicles. Usually, the microprocessors on circuit boards are protected by EMI
covering caps and plastic housings by electrically conducting paints. Board level
shielding is also employed for attenuating electromagnetic energy from digital devices. In

transformers, Faraday cage is the usual shielding mechanism employed between primary

and secondary windings; and thin conductive films are used for this purpose; whereas for
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the high EMI levels, magnetic shielding enclosure is used for transformers and switched

mode power supplies (SMPS).

Fig. 1.8: A few applications of EMI shielding materials in (a) automobiles, (b) smart phone,
(c) aerospace industry, (d) medical gaskets and (e) anechoic chambers.?02%-23

Armoured cars, battle tanks, drones, helicopter and control systems are equipped with
various kinds of EMI shields. Battle tanks contain internal electrical components are
shielded from outside static components by EMI barriers. Shielding of medical electronic
equipments from unwanted EMI is an important area of application in healthcare systems.
Conductive paint as well as autocatalytic selective painting are used for this application.

Designs of connectors in electronic devices also take into consideration the problem of
EMI shielding. Conventionally metal shells are used for shielding purposes which possess

certain drawbacks such as heavy weight and high cost. Presently metal plated plastic
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connectors provide better EMI shielding solutions. With the introduction of Wi-Fi, GPS,
3G, RFID, bluetooth and android cell phones, there is a rapid increase in EMI problems.
EMI filtering circuits or internal EMI filters are presently attached to every device to
mitigate the problem. PCB components are usually protected by employing shielding
enclosures.®

In the arena of aerospace, cockpit radios and radar signals are affected by EMI
generated by airborne devices like laptops, mobiles etc; leading to autopilot disconnects
and erratic flight indications and hence shielding of various line replaceable units (LRU)
are done for safe travel. These issues can be mitigated by employing suitable avionics
packaging, enclosure shielding, radio packaging, window perimeters and structure gaps.
In stealth technology, radar is used for sending signals and detecting airborne objects.
Microwave shielding has wide applications in defence sector in protecting the military
aircrafts from the eyes of the radars and detectors. Shielding from radar is achieved
through coating of radar absorbing materials, and executing novel design of stealth
aircrafts which reflects the waves from radar in different direction. Microwave absorbing
materials are also extensively used in anechoic chambers for testing antennas. One such
example is carbon containing foam pyramids forming the lining of such chambers (see
Fig. 1.8(e)).
1.6 Market Demand of EMI Shielding Materials

By 2022, a growth touching $7.38 billion is expected from the EMI market.?> EMI
shielding market is a rapidly growing economic domain and the key players include
Chomerics, Laird Plc., PPG Industries Inc., Henkel AG & Co. KGaA, RTP Company and
3M Company. Some of the commercial products, constituents, suppliers, their
performance, and their application frequency range along with cost analysis is included in

Table 1.2527 As observed from the table, most of the commercially available products
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constitute copper, nickel or silver as metallic components whereas polymer foams or

textiles are chosen as the matrix for incorporating the conducting or magnetic

components. But most of the fabrication techniques involve physical deposition processes

which make the end products very expensive and time consuming.

Table 1. 1. Commercial products for EMI shielding application.

Product

Components

Company

Frequency

1 5770 series Polyurethene foam+ Holland 100 MHz-1 | 80- 83 dB
Conductive Foam Copper/Nickel shielding | GHz
materials
2 ECCOSORB®AN | Carbon loaded flexible Laird 600 MHz- | 17dB
foam 20 GHz
3 4711 series Nylon ripstop fabric, Holland 10 GHz 80 dB
Conductive textile | metallized with Cu/Ni shielding
materials
4 Conductive Fabric | Nickel/Copper Laird 100 MHz 62 dB
Tape 86749 metallized fabric with a
conductive pressure
sensitive adhesive
5 CHO-MUTE™ Silicone elastomer matrix | Parker 3 GHz 20 dB
9005 with ferrous filler Chomerics
6 CHOFORM® 5538 | Nickel —plated Chomerics | 200 MHz - | 60 dB
graphite particles in 10 GHz
silicone elastomer
7 CHOFORM® 5528 | Silver-plated Chomerics | 200 MHz - | 70 dB
copper particles in 10 GHz
silicone elastomer
8 & CHOFORM® Conductive fabric Holland 10 GHz 87 dB
5532 (Polyester + Cu, Ni) shielding
materials
9 | EcoTouch™ Copper Laird 1GHz-18 | 60dB
Conductive Ripstop GHz
Fabric 3050-113
10 | Standard Shield Conductive textile Holland 10 GHz 87 dB
7000 shielding
materials
11 | Conductive Silver Silver Holland 1 GHz 60 dB
coating 3830 shielding
materials
12 | Electrically Nickel Holland 100 MHz-1 | 40-60 dB
Conductive Nickel shielding GHz
coating 3800 materials
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1.7 Materials for EMI Shielding

An ideal shielding structure is defined as a solid hollow sphere where no openings
exists and such a model is practically not feasible.> From a theoretical perspective, the
best shielding material would be a superconducting shell, which can expel magnetic fields
also via Meissner effect. Recent years showed a resurged momentum in the search and
development of materials that could be transformed as a shielding structure. With the
paradigm shift to novel material synthesis techniques, we have more cost effective
avenues to create such materials. Due to the influence of mechanical properties,
ferromagnetic materials are the preferred choice of fabrication. Another option is the non-
magnetic /standard conductive materials.?

Ferromagnetic materials are a class of magnetic materials that exhibits
spontaneous magnetization below Curie temperature. The ferromagnetic materials are
segmented into two type’s namely, soft materials and hard materials which are classified
on the basis of coercive fields.?® Soft materials are having low-coercive fields whereas
hard materials possess high-coercive fields. These high coercive fields are an integral
requirement for permanent magnets. The sub-division of the soft magnetic materials
consists of four broad families: iron-nickel (FeNi) or iron-cobalt (FeCo) alloys, electrical
steels, amorphous metals and ferrites. Generally, Fe—(Ni, Co) is employed in shielding the
materials with power-frequency magnetic fields. Mumetal, permendur, permalloy etc. are
the distinctive members of the family extensively used in commercial EMI purposes,
where high initial permeability and resistivity are beneficial.®> Garnets and ferrites are
two divisions of ferrimagnetic materials employed in high-frequency applications and
they belong to certain class of ceramic materials.*?%®® The larger relative magnetic
permeability values and larger losses make ferrites to possess excellent absorption

properties and hence used in shielding applications.®*3? The ferrites also have a higher
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relative permittivity that may extend up to 15.12 Yttrium iron garnets and barium ferrite
based composites have been studied for their absorption shielding.®

In shielding problems, ferroelectric materials could be employed to diverge the
electric displacement vector from an assigned region. The use of ferroelectric materials in
diverging the electric displacement from the assigned region is having limited practical
applications. For the purpose of absorption of incident EM energy, ferroelectric materials
are often used due to their large values of the permittivity. The state of the art technology
has produced thin films made of materials that could be available for shielding purposes.
The thickness of the materials is having a definite range with the upper limit of 1 mm and
the lower limit of tens of nm. This provides great advantages with regards to weight and
cost, relatively with that of thick barriers.® It enables grounding or facilitates conductive
paths to electrostatic discharges. The shielding performance of these layers is generally
acceptable at a predefined limit of frequency and this limit is fixed to be higher than tens
of MHz. Conductive layer’s surface resistivity and point-to-point resistance are crucial
elements in shielding. The four main technologies that are currently in use are conductive
painting, electrolytic deposition, electroless plating®* and vacuum metallizing.

Consequent to intense search, several novel materials were also qualified recently
for EMI shielding applications including conductive polymers, smart papers
(ferromagnetic or ferrimagnetic), conductive glasses and structural materials.
Metamaterials and chiral materials have the potential to revolutionize the absorption
shielding industry since they can be designed to create all absorbing laboratory level
black holes. Metamaterials have typologies like backward-wave (BW) materials,
negative-refractive index (NRI) materials, left-handed (LH) materials and double-
negative (DNG) materials.* Another predominant member of this group of special

materials is the composite materials of which the fibre reinforced composites are widely
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adopted. Fibres with different orientations guarantee high structural strength and also
mechanical behaviour that approximates to isotropy. Nanomaterials especially carbon
nanotubes that portrays extraordinary strength along with unique electrical properties, are
ideal for shielding applications. High electrical conductivity combined with thermo-
mechanical properties qualify carbonaceous nanomaterials (including graphene quantum
dots, graphene nanosheets, carbon nanotubes, and graphite) as first choice for shielding
solutions.®3® Superconductors are another unharnessed group of special materials that
possesses exemplary EM shielding which could be employed as effective shields against
magnetic fields at the low frequency range.3’ Few high temperature superconductors such
as Bi1.gPbo2sSroCaxCusO10+x (Tc~108 K) are studied for their EMI shielding properties
against magnetic fields as they could expel magnetic field due to their strong diamagnetic
behaviour below critical temperature.®
A latecomer among high shielding materials is a new class of 2D materials, MXenes.
They are two dimensional transition metal carbides and nitrides which could be
represented as Mn+1XnTx Where M denotes a transition metal, X carbon or nitrogen and Tx
represents surface moieties such as —-OH,=0 and —F.3%4% The layered structure and low
density in addition to exceptional electrical conductivity makes them useful as effective
shielding materials.
1.8. Materials Covered in the Present Thesis

The microwave shielding materials’ literature is flooded with carbon based
nanomaterials and allotropes including quantum dots, nanosheets, nanotubes and graphite,
primarily due to their exciting properties like high conductivity, high thermal
conductivity, high tensile strength, low weight and flexibility. However, the present thesis
is focussing mainly on conductive, semiconducting and magnetic structures which are

devoid of carbon nanomaterials as a shield assisting constituent.
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1.8.1 Semiconducting Oxides
Though metals and carbonaceous materials provide highly effective remedies for EMI
shielding problems; high temperature, oxidising or corrosive environment fails them and
demands new alternative solutions. Oxide conducting materials are useful here since they
are resistant to oxidative corrosion. Several groups reported the applicability of zinc oxide
in microwave attenuation applications primarily because of its radiation resistance in
addition to higher breakdown voltages, lower electronic noise, and high-power and high-
temperature operation. Aluminium doped zinc oxide films developed by atomic layer
deposition method have been reported as transparent EMI shielding material with
shielding effectiveness of 6.5 dB in the low frequency region 30 MHz to 1.5 GHz.*
However, Ga doped ZnO by ion plating method using DC arc discharge demonstrated
high shielding effectiveness of 47 dB for a frequency of 1.7-2.5 GHz.*? Micro sized ZnO
dispersed in nano gahnite displayed a reflection loss of -25 dB for X band shielding
where the core shell topology was utilised.** ZnO dendritic structures fabricated by CVD
process and composited with 50 vol. % paraffin showed a reflection loss of -42 dB at 3.6
GHz for a thickness of 5 mm.** ZnO nanotrees fabricated by two step CVD process
achieved a reflection loss of -58 dB at 4.2 GHz for 60 wt.% loaded paraffin composites
for 4 mm thick samples.*® Nano needle like ZnO synthesised by a combustion technique
displayed a reflection loss of -44 dB for 8 mm sample at 2 GHz and 373 K.*® Inferior
electrical conductivity due to its relatively large direct band gap (~3.3 eV) could be
limiting factor for the wide band shield applications of ZnO.
1.8.2 Perovskite Based Conducting Oxides

Perovskites are crystalline ceramic oxide structures with structural formula ABO3,
where A is typically rare earth cation, B is transition metal cation and O is oxygen atom.

The name perovskite originated from mineral called perovskite (CaTiO3z) named after
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mineralogist Count Lev Aleksevich VVon Perovski. Some of the lanthanum based rare
earth perovskites possess high temperature stability and reasonably good conductivity,
prompting their use as EMI shielding materials. Lanthanum strontium manganese oxide
(La;—xSrxMnO3z or LSMO) based EMI shielding studies have been actively carried out by
a handful of research groups.*” LSMO is a low resistivity oxide material with
rhombohedrally distorted perovskite structure and weak magnetic nature at room
temperature. Introduction of Sr doping introduces Mn** and Mn** ions in the system
leading to the electrical conduction due to electron transfer and introduction of
ferromagnetism. La;—xSrxMnOs (x = 0.4, 0.5, 0.6 and 0.7) samples when investigated for
shielding performance, showed a maximum reflection loss of 25 dB for x=0.4 in X- band
region and lowest values were obtained for x=0.7 ascribed to the increased resistivity of
the system.*® Core-shell structured LaosSro4sMnOs nanoparticles synthesised by sol-gel
method with amorphous shells owing to the low calcination temperatures reached a
reflection loss of -41.1 dB at 8.2 GHz.*® A maximum reflection loss of 23 dB was
obtained for 80 wt.% loading of micron sized Lao7Sro3MnOs in epoxy matrix at a
frequency of 10.5 GHz.>® Sol gel derived Lao7SrosMnQOs particles showed a shielding
effectiveness of 19 dB for X-band frequencies.®® Microwave absorbers were developed
by compositing solid state derived LSMO powder with 2 wt. % CNT/epoxy and
demonstrated microwave absorption ability of -22 dB at 9.5 GHz for a conducting oxide
loading of 80 wt. %. °2 Solid state process derived LSMO has also been composited with
5 wt. % carbon black and reflection loss of -23.63 dB at 7.87 GHz is reported.*’ Here,
LSMO has contributed to the magnetic loss whereas dielectric loss was contributed by
CNT in the former and carbon black in the latter cases, respectively. Solid state processed

LSMO doped with Co, Ni and Fe have been studied as EMI shielding material and
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Lao.7Sro.3MnosFen 203:5 possessed maximum reflection loss of -27.67 dB for a frequency
of 10.97 GHz due to the increased ferromagnetic nature.>

Carbonyl iron/Lao.sSro.4MnOs composites were reported with a reflection loss of -
12.4 dB at 10.5 GHz for a thickness of 0.8 mm and weight ratio of 65:15.%
Lao.sSro.4sMnOs/polyaniline nanocomposites exhibited a reflection loss of -61.3 dB while
nano LaoeSro4MnOsz showed a maximum loss of -64.6 dB at 16.4 GHz.>® Studies on
microwave absorbing properties of LaosKo2MnOs showed an increased dielectric loss
compared to pure LaMnOs which contributed to a reflection loss greater than -20 dB for
thickness ranging from 1.25 to 5 mm in the frequency range 2-18 GHz.>® In short, the
perovskite oxide conductors demands detailed investigation for harsh condition
microwave protection applications due to their superior wear and corrosion resistance.
1.8.3 Macroporous Foams

Most commercially available shielding materials used in shielded rooms are based
on different foam structures, since they are lightweight and have high specific shielding
effectiveness.>’*® Foams are high specific area, low density materials which offer
exquisite physical, chemical and mechanical properties. Foams consist of basic units
called cells created by gas bubbles. Cells have cell walls, plateau borders and nodes.>®
Plateau borders are intersection lines seen between two cell walls, and nodes are
intersection point for plateau borders. Important parameters describing a foam structure
are cell size, relative density, cell shape and topology.®® Based on topology, solid foams
can be categorised into closed celled foams with isolated or distinct cell structure and
open celled foams with interconnected cell structure.5! Solid foams generally are obtained
from metals, carbonaceous materials and polymers.

Electrically conductive foams are formidable candidates for EMI shielding

applications. They could be lightweight absorbers with high mechanical strength and low
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thermal conductivity. In macroporous foams, the absorption of the unreflected radiation
suffers multiple reflections at various interfaces within the shield, in addition to the
conventional absorptive shielding. Yang et al, showed that CNT/polystyrene foam
composite with 7 wt. % CNT loading demonstrated shielding effectiveness of around 20
dB, greater than that measured for a CNT/polystyrene composite.®?> One step fabricated
flexible lightweight graphene/PDMS foams have been reported to exhibit an excellent
shielding effectiveness of 20 dB in the X-band range and a higher value of 30 dB in the
lower frequency region of 1.5 GHz even after undergoing bending cycles of upto 10000
times.>’

Ultrathin graphene/polyimide foams with thickness 24 um have been demonstrated
by Li et al, where graphene stabilized the porous structure formation and assisted the
graphitization process through the internal stress between the matrix and fillers.%® In the
same year, 3D reticulated titanium foams with low thermal conductivity and effective
EMI shielding at low frequencies (0.3-3000 MHz) have been displayed.®* Earlier,
Aluminium foams were reported to offer shielding effectiveness of 25-75 dB in the lower
frequency region of 130 MHz —1800 MHz for samples with porosity varying from 75.61
to 93.08 %.% One pot liquid foaming process derived silver nanowire hybrid polyimide

composites showed a very low density of 0.014-0.022 g/cm?® and high specific shielding
values of 772 dBg™cm? in the frequency range of 800-1500 MHz.%® 3D silver networks

facilitate high speed electron transport which effects excellent specific shielding
effectiveness even for a low Ag loading of 0.044 vol. %. Microcellular polyetherimide
(PEI)/graphene nanocomposite foams fabricated by a foaming process considerably
increased the value of specific shielding effectiveness from 17 to 44 dBg'cm?®, by
effectively reducing the percolation threshold for electrical conductivity.®” Lightweight

polypropylene/stainless-steel fiber (PP—SSF) foamed composites showed effective SE of
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75 dBg tcm?® even for a filler loading of only 1.1 vol. % compared to 38 dBg ‘cm? of the
solid PP—1.0 vol. % SSF composites.®®
1.8.4 Epoxy Based Composites in Microwave Shielding

Poor mechanical properties, high density and corrosiveness of metals, limit their use
as effective shielding materials. There arise the significance of polymer composites made
of a polymer matrix and metallic or conductive filler. These composites incorporate the
flexibility and low density of polymers and conductivity of metals; thereby providing
durable low weight shielding solutions.®® Though epoxies are highly insulating materials,
their composites are widely used in commercial electromagnetic shielding solutions such
as in Parker Chomerics CHO-SHIELD® 610 EMI coating; where low cost, mechanical
stability, corrosion resistance and easy processing techniques gave them huge advantage
over conducting polymers.™
Epoxy resins could be termed as low molecular weight thermosetting polymers

containing more than one epoxide group of the form;

/O

C'Hz\—\C'H—R

Curing agents required for epoxy resins could be categorized as amine-type curing
agents, alkali curing agents, anhydrides and catalytic curing agents, based on their
chemical compositions.”* Epoxy resins display good toughness, appreciable resistance to
moisture, chemical degradation and could be cured even at room temperature or by
applying heat, which make them attractive option for industrial scale applications.’
Various applications of epoxy resins include anticorrosive coating and decorative
paints,”® low cost adhesive in aerospace industry,” electronic packaging applications,”™

and biomedical applications.”
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Performance of an epoxy composite as EMI shield depends on the inherent conductivity
of the filler, interaction between the filler particles, interaction between the epoxy
polymer and filler, proper dispersion of the filler in the matrix etc. in order to achieve a
low percolation threshold.

Functionalised graphene/epoxy composite with a low conductive percolation threshold
of 0.52 % is reported to show a shielding effectiveness of 21 dB; even for filler loading as
low as 15 wt. % in X-band.”’ Single walled CNT/epoxy composites were studied as well
and a shielding effectiveness of 20-30 dB was obtained in X band, for loading of 15 wt.
%.’® Fluorination effect on surface of multiwalled CNT on shielding efficiency of
MWCNT/epoxy composite was studied in 800 MHz- 4 GHz range. It was found that
better dispersion of MWCNT in epoxy matrix, due to fluorination, resulted in better
shielding values.” In 2011, CNT embedded epoxy composite films were fabricated
through a cost effective technique called three roll milling and the films were stacked to
achieve a reflection loss of -10 dB.%

1.8.5 Metallisation of Composite’s Surface

For decades, researchers used metallic mesh films with less thickness as effective
shields in handheld gadgets like mobile phones, owing to the high electrical conductivity
of the metallic films. In 2016, a sacrificial crackle template based metallic mesh of silver
was fabricated Han et al., using a cost-effective lift-off method to obtain shielding
effectiveness of ~26 dB, and optical transmittance of ~91 %.8 Flexible and transparent
EMI shield using Ag mesh pattern was fabricated through self-assembly and coupling
method, which exhibited shielding effectiveness of -23 dB for frequency range of 1.5-10
GHz frequency with a transparency of 88 %.82 Interestingly, copper mesh patterns with
oxide layer formed by photolithographic methods on glass substrate even outperformed

commercial ITO sample as EMI shield. Here, mesh patterns achieved a SE of 24 dB in
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the Ku band while ITO samples could reach SE of only 18 dB for the same frequency
range.83 Chemical vapour deposition derived monolayer graphene transferred on metal
mesh obtained by crackle template based technique showed SE of 14.12 dB in Ku band
whereas graphene sheet could only exhibit a value of 1.88 dB.8 Practical metamaterial
design constraints and inability of thin film techniques to coat on conformal structures
restrict researchers using designed surface metallisation, as a tool to improve EMI
shielding.
1.8.6 Magnetic Nanomaterials in Shielding

Magnetic materials are preferred for absorption based shielding. Ferrites and
metallic magnetic materials are widely used as microwave absorbers. Ferromagnetic
metals exhibit high saturation magnetization and high permeability characteristic of
efficient absorbers, even at high frequencies. The permeability of ferrites is found to be
low at high frequencies according to the Snoek’s law.%® Fe-Ni alloys exhibit high
permeability of 80000 at 150 kHz which makes perfect shielding solutions.® Microwave
absorption of surface modified FesoNiso is studied in quasi microwave region and an
optimum reflection loss of -40 dB was reported at 1.1 GHz for sample with 2.3 mm
thickness.®® Gas atomized FesoNiso samples after shape modification by planetary milling,
have been analysed in the frequency range 1-4 GHz and maximum reflection loss of -8
dB was reported when measured in a polymer matrix.8” In 2011, Fe-40 wt.% Ni alloy
with flaky and granular structures were studied to deduce the effect of shape on
absorption, and flaky samples exhibited better reflection loss of -23.8 dB at 0.8 GHz.%®
Urchin like nickel micro spherical structures were reported with reflection loss of -21.98
dB at 17.4 GHz due to enhanced magnetic loss.®® Flower like Co superstructures/wax
composites have also exhibited a reflection loss of -40.25 dB at 6.08 GHz owing to the

high conductance, high magnetization and increased eddy current loss.®® Zhao et al., in
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2017 reported that FesOs4 nanorings/paraffin composite with 20 wt. % filler loading
showed a reflection loss of -17.4 dB at 18 GHz which was attributed to the enhancement
in permeability caused by magnetic nanorings acting as plasmon structures.* In another
study, 80 wt. % amorphous iron nanostructures/paraffin composites attained a reflection
loss of -53.2 dB at 6.4 GHz caused by the enhanced resistivity, creating an impedance
match and thereby contributing to the better absorbing properties.®> For Fe nanoflakes
with porous morphology, a reflection loss of -30.8 dB at 3.2 GHz was reported where the
porous structure and oxygen vacancies increased the number of dipoles, thereby causing
an increased absorption.®® FesO4 nanocrystals/paraffin wax composites with 30 wt. %
loading showed a reflection loss of -21.1 dB at 8.1 GHz for a thickness of 3 mm.%
Samples of dendritic FesO4 microstructures and y-Fe»Os dendritic microstructures with 4
mm thickness were found to have a reflection loss of -53 dB and -50 dB respectively. The
enhanced microwave absorbing properties could be due to the enhanced dielectric loss
and magnetic loss and the decreased coercivity of the hierarchical structures.® Iron and
nickel nanoparticles fabricated by DC arc discharge method displayed core-shell structure
with metallic core and oxide shell of few nanometers, giving a reflection loss of -47.5 dB
at 9.6 GHz for iron and -14.9 dB at 6.6 GHz for nickel. The higher performance in iron is
ascribed to its orientational polarization mechanism, bringing about a higher dielectric
loss.% A reflection loss of -45 dB at 8 GHz was reported for porous Ni/NiO disc like
structures where the NiO/Ni boundaries as well as enhanced conductive loss play a
crucial role in increasing the attenuation properties.®” Wu et al. reported superior
microwave absorbing properties of porous a-Fe;Os nanosphere/paraffin composites (-25
dB at 13 GHz for 3.5 mm thick samples) in comparison to porous y-Fe>O3 and Fe3O4
nanosphere/paraffin composites, obviously due to the higher permittivity of the former.%

Porous carbonyl iron flakes showed maximum value of reflection loss of -41.8 dB at 4
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GHz for thickness of samples varying from 0.9 to 4.5 mm, owing to porous structure of
the samples.®® The porous iron particles developed by corrosion technique showed a
reflection loss of -42.2 dB at 13.2 GHz, compared to -36.3 dB at 9.6 GHz for carbonyl
iron particles.’® In 2014, Fe nanospheres and nanowires synthesised by Li et al., through
a chemical reduction method which when composited in epoxy matrix resulted in
reflection loss values of -33 dB for 5 mm samples and -32 dB for 3.5 mm samples
respectively.!®* Prior to that, flake shape carbonyl iron obtained by ball milling of
spherical carbonyl iron samples composited with epoxy resin, reported a reflection loss of
-23 dB at 55 GHz for 3 mm thick samples.'% Flake-shaped FesoNiso alloy
particles/paraffin composites exhibited a reflection loss of -39 dB at 55 MHz for 5 cm
thick samples, due to the high permeability.1%
1.8.7 Conductive Fabrics
1.8.7.1 Polymer Based Fabrics

Fabrics could be defined as integrated fibrous structures developed by fiber
entanglement, yarn interlacing, multiaxial placement, intertwining, or interlooping.1%
Smart fabrics offer an exciting arena of research, by offering a platform for integrating
technologies for sensing, storing or generating electronic signals. Developing microwave
absorbing smart fabrics are extremely important for defence sector, since it can make the
wearer ‘radar invisible’. Lyocells with polyaniline/Co-Ni coatings were developed by
two stage process which involves polymerization and electroplating whose synergetic
effect resulted in shielding effectiveness values as high as 33.9-46.2 dB. Here the high
shielding is attributed to the Co-N, Ni-N bondings, causing effective interphase
interaction between PANI and Co-Ni coatings.!® Polyimide fabric decorated with
NiFe20s@PANI core-shell particles demonstrated reflection loss of -19.2 dB at 16.1 GHz

for a thickness of 1.5 mm, where the magnetic loss was originated from NiFe>O4 while
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dielectric loss was from PANI shell.}%® Recently, Jiyong et al. shown that stretchable
polytrimethylene terephthalatae coated with PANI and plated with Ni by electroless
deposition technique could exhibit a shielding effectiveness of 43 dB for a low frequency
range upto 2.5 GHz.2" Electroless Ni plating on polypyrrole (Ppy) deposited linen fabric
modified with 3-aminopropyltrimethoxysilane (APTMS) self-assembled monolayers
(SAMs) could also attain shielding values as high as 43.51 dB. On the other hand, linen
based fabrics, despite being durable and eco-friendly, showed inferior shielding
properties. For example, linen/Ppy composite had a value of only 15 dB whereas linen/Ni
showed about 20 dB at a frequency of 1000 MHz.1% Since it is highly breathable with 5
fold heat dissipation performance to wool and 19 times of silk, more focussed research is
required to develop efficient shielding cloths using linen.
1.8.7.2 Carbon Fibers and Fabrics

Carbonaceous materials offer exemplary solutions as microwave absorbing
materials with low densities, superior mechanical properties and higher degrees of
flexibility comparing to their metallic counterparts. Carbon fiber was brought into
limelight when Thomas Alva Edison in 1880 filed a patent for its first application as
filament for incandescent lamp after trying with 1600 types of materials.'® Carbon fibers
can be derived from polyacrylonitrile (PAN) based, pitch based or cellulose based
precursors. PAN based carbon fibers are non-graphitic while pitch based carbon fibers are
graphitic hence exhibit higher densities and thermal conductivities but lower mechanical
strength. Non-twisted continuous carbon filaments ranging from 5 to 10 pum in diameter
could be termed as a tow of carbon fibers.'° Carbon fabrics could be categorized as
woven or non-woven. In a woven fabric, warp is defined as the yarns parallel to the
weaving direction while those transverse to that direction are termed weft (or picks, fills

or woofs). Simplest category of 2D planar woven fabric is the plain weave pattern which
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possesses excellent structural integrity as well as fiber stability necessary for any practical
application.

Highly efficient carbon fiber nanomats were reported with properties superseding
that of graphene or reduced graphene oxide aerogels; their shielding effectiveness
reaching 52-81 dB at 1.5 GHz, for thickness ranging from 2.9 to 5.4 mm.!!* Ultrathin
shielding materials made of Ni plated carbon fabrics covered with polycarbonate showed
remarkable flexibility and excellent shielding effectiveness of 72.7 dB at 1.5 GHz.!!2
Mussel inspired dopamine modified 3D carbon nanofiber mats coated solvothermally
with FesO4 nanoparticles acquired shielding effectiveness of 62.6 dB in X-band region.%3
Chen et al. reported that reinforcement of carbon fiber with SiC caused an increase in
flexural strength but a decrease in shielding effectiveness from 43 to 31 dB for X band
frequency range; yet suggested as thermostructural material for corrosive
environments.** Carbon fiber/carbonyl iron core-shell structures fabricated by metal
organic chemical vapour deposition (MOCVD) process, reported a reflection loss greater
than -10 dB for a frequency range of 2-18 GHz for 0.9-3.9 mm thick samples.!'® The
increased dielectric loss and multiple reflections occurring at the core-shell interfaces are
believed to have enhanced the microwave absorbance for core- shell architecture
compared to the composites made between carbonyl iron and carbon fibers.!t®
Technologically, carbon fibers are advantageous for aeronautical shielding applications,
in addition to the fuel saving in aircraft due to their lower densities (1.6-2.0 g/cm?), are
easily processable through injection moulding. Hence, more research is needed to tap the
high EM wave attenuation characteristics of carbon fibers through proper material design

and engineering.
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1.9 Scope of the Present Thesis

In accordance with the present huge market demand of over 6 billion US dollars
annually, the development of novel EMI shielding solutions is a challenge due to the lack
of suitable materials available as well as the complex design & engineering involved. As
shown in the preceding discussion, the consumer electronic and defence sectors are
currently looking for surface modified, ultra-lightweight, porous, flexible and wearable
shielding structures. The present thesis is a gentle attempt to tackle some of these burning
issues through process design and engineering. Given below are some of the broader
objectives undertaken in this research through four working chapters:

» To develop a surface modification strategy to augment the EMI shielding
properties of the composites which are otherwise engineered for good mechanical
and thermal characteristics.

» To develop high temperature withstanding ultra-porous ceramic shield, which
could save the material and energy with excellent stability.

» To develop materials for cavity resonance damping using high permeability
materials which are conducting as well as magnetic, while possessing high
stability.

> Developing a flexible and wearable fabric which can serve as microwave

inhibitors and can have direct applicability in defence and consumer electronics.
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Chapter 2

LaosSrosCo0s-5-Epoxy Composites and their Surface
Modification Strategies for Effective EMI Shielding
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This chapter gives insight into the conducting perovskite LaosSrosCo0s.; and its epoxy composite
for electromagnetic interference (EMI) shielding characteristics in the X and Ku-band (8.2-18
GHz), with special emphasis on their thermal, mechanical and dielectric properties. Perovskite
LaosSrosCo0s.s are investigated for the first time and got excellent shielding effectiveness in the
range of 35-42 dB, with 99.9 % of attenuation. The absorption dominant shielding mechanism is
mainly attributed to the good conductivity values of LaosSrosC00s.;. When it was composited with
epoxy for coating shield applications, the EMI shielding values plunged down to 10 dB, measured
at 10 GHz. To augment the level of shielding, we have introduced a strategy of screen printing
predesigned silver (Ag) patterns on top surface of the composite sheets. It resulted in a dramatic
4-fold improvement in their EMI shielding effectiveness, with significant enhancements in the
reflection and absorption shielding efficiency of the composite. Compared to the conventional way
of blending silver to form epoxy-silver 0-3 composite above percolation, the present method of
screen printing needs only lesser amount of the conductor to generate a maximum shielding

efficiency of 99 %, with considerable easiness of processing.
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2.1 Thermophysical and Microwave Shielding Properties of
LaosSrosCo0s-5 and Its Composite with Epoxy

2.1.1 Introduction

As far as EMI shielding is concerned, the widely used materials were metals, due to
their high electrical conductivity and reflectivity. Besides oxidation issues, their major
disadvantages are poor wear and corrosion resistance.! Metal based EMI solutions are
significantly heavy too. To overcome these problems, researchers have developed a series of
conducting polymers and conducting oxides, fabricated in composite form. However, most of
the conducting polymers suffer from stability and solubility issues that require the introduction
of solubilizing substituents, which can further complicate the synthesis. To achieve effective
EMI shielding, a widely accepted strategy is to develop various conductive fillers which can
be conjugated with a polymer to get a processable composite form. So far as EMI shielding
applications are concerned, metal based fillers in composites are becoming less attractive these
days since they are heavy and stringent synthesizing conditions are required to control
oxidation of the fillers. However, in real applications, the inclusion of metals in composite
structures might cause problems due to the thermal expansivity difference between the metal
and matrix. Oxide conductors have an advantage in this regard since they are free from
oxidation-related issues. There were of course a few reports on semiconducting metal oxides,
which are found useful in EMI shielding applications.>® However, despite possessing
relatively high electrical conductivity, research on perovskite structured protonic conductors
is largely a grey area where not even a single material was qualified for promising EM wave

absorber applications.
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Against this background, we have taken up a detailed investigation on the development
of an all oxide EMI shielding solution based on the perovskite structured LaosSrosC003.s
(LSCO). It should be noted that the moderately high electrical conductivity (~1000 S/cm) for
its cubic crystalline phase makes it suitable for various applications.®” Obviously, this type of
perovskite oxides were traditionally used for specific applications such as cathode material in
solid oxide fuel cells,® catalyst in Li-air batteries,> ' oxygen separation membranes,? sensor
materials'®!* and so forth, but seldom used in EMI shielding applications. In the present
investigation, for the purpose of further enhancing the applicability of LSCO as a mouldable
coating, we have made a composite between LSCO and epoxy, by homogeneously dispersing
the conducting oxide phase in the epoxy matrix. The epoxy resin was chosen from a galaxy of
thermosetting polymers, because it has the advantage of high mechanical strength, water
resistance and low cure shrinkage, besides enhanced processability. The correlation between
electrical properties and EMI shielding of LSCO ceramic is probed in the present investigation.
Further, the microstructure, thermal, mechanical, electrical and microwave dielectric
properties of LSCO loaded-epoxy composites, along with EMI shielding effectiveness, were

also investigated in this report.
2.1.2 Materials and Methods

LSCO ceramic powder was prepared by conventional solid-state reaction route. The
constituent chemicals La>O3, SrCOs and Co020s3, (Aldrich, 99 %) were weighed
stoichiometrically and mixed thoroughly in distilled water through ball milling using zirconia
balls as the milling media, for 24 h. The uniform slurry, dried in a hot air oven at 100 °C, was
pre-calcined at 800 °C for 2 h in a furnace followed by calcination at 1100 °C for 4 h. The
phase pure LSCO powder was then ball milled again using zirconia balls, for 48 h. The
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composite was prepared using a motorized mechanical stirrer by mixing LSCO powder with
the room temperature curable epoxy resin (Huntsman resins; Araldite® GY 260) for 30 min in
a steel vessel. Before proceeding to the next step of addition of curing agent, there involved a
degassing procedure to eliminate the entrapped gas in the LSCO-epoxy matrix. Further step
involved the addition of amine-based curing agent (Aradur® 1012) to the degassed matrix.
The ratio of epoxy resin to the curing agent was kept to be in the ratio of 10:2.5 as suggested
by the manufacturer. After thoroughly mixing the curing agent with the LSCO-epoxy matrix,
it was then transferred to appropriate mould and kept at room temperature for 24 h for complete

curing.

The phase formation and crystal structure of the LSCO ceramic were identified by X-
ray diffraction analysis (PANalyticalX’Pert PRO diffractometer having Nickel filtered CuKa,
Netherlands). The microstructure of the composites was analysed using a scanning electron
microscope (SEM) (Jeol Model, JSM 5600LV). The DC conductivity of the samples was
measured using four probe method, using a current source Aplab 9710 P and nanovoltmeter
Keithley 2182 A. The EMI shielding testing was done using rectangular transmission
waveguides operating at X (8.2-12.4 GHz) and Ku-bands (12.4-18 GHz). The dimension of
samples for microwave characterisation at X-band is 22.86 x 10.10 mm, while that for Ku-
band is 15.80 x 7.90 mm. The appropriately machined samples were inserted into the
waveguide that was coupled to a vector network analyzer (Agilent E5071C). The error in
microwave dielectric measurements using waveguide method is estimated to be between 3 and
5 %. Proper calibrations were performed prior to the measurement, in order to eliminate the
errors due to directivity, source match, load match etc. The magnitude of complex scattering

parameters (S11 and Sp1) of these composites was measured using vector network analyzer.
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From the measured S11 and Sp1 parameters, absorption shielding effectiveness (SEa), reflection
shielding effectiveness (SEr) and the total EMI shielding effectiveness (SErt), were calculated.
The complex permittivity at microwave frequencies was determined using Agilent software
85071E from the measured scattering parameters. The thermal expansion measurements of the
composites in the present work were performed using thermo mechanical analyser (SlI
Nanotechnology Inc., Tokyo, Japan). Thermal conductivity of the samples was measured by
the laser flash technique®® using thermal conductivity analyzer (Flash Line TM2000, Anter
Corporation, USA). Mechanical tests were performed by a universal testing machine (Instron
5500 R Universal Testing Machine, USA) at a constant crosshead speed of 2 mm min™,

2.1.3 Results and Discussion

2.1.3.1 Structural, Electrical and EMI Shielding Properties of LSCO

The conducting oxide used in the present investigation, La;—xSrxCoOs-5 is a derivative
of LaCoOs that belongs to the group of ABOs perovskites, with a trivalent rare earth in the A
site (La) and a trivalent metal ion in the B site (Co). When the trivalent La®* ions in LaCoOs
are partially replaced by divalent Sr?* ions to form Lai-«SrxCoQs-5, an excess positive charge is
generated. Because the Co?* ions can have a different oxidation state, the charge neutrality is
maintained by the formation of oxygen vacancies resulting in a change in the valence state of
the Co™ ions. Therefore, the complex oxide is believed to have an oxygen deficiency 8, due to
the effect of oxygen vacancy mechanism. As the Sr doping reaches molarity level of x > 0.4
in La1-xSrxCoOg, there is a predominant change in crystal structure from rhombohedral to cubic.
Fig. 2.1 (a) shows the X-ray diffraction (XRD) pattern of synthesized Lag 5SrosC003.5 powder
calcined at 1100 °C for 4 h. All the detected diffraction peaks of samples calcined at 1100 °C

are indexed, indicating a complete formation of the phase LaosSro5C003.5 (JCPDS: 48-0122).
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Fig. 2.1: (a) X- ray diffraction pattern of LaosSrosC003.5 (LSCO) calcined at 1000 °C and 1100
°C, (b) I-V plot of sintered LSCO at room temperature, (c) and (d) SEM micrographs of
calcined LSCO powder and the polished surface of sintered LSCO sheet.

LSCO, due to its desirable electrical properties and structural compatibility with ferroic
perovskite oxides, has been widely used as an electrode material. In this investigation we have
tested the dc electrical characteristics of sintered LSCO ceramics at room temperature. From
the slope of the I-V plot, the resistance (R) value is obtained and the conductivity could be

derived from the relation,

g=— (2.2)

As given in I-V plot of Fig. 2.1(b), its apparent electrical conductivity is found to be in the

range of 1400 S/cm, which is obviously two order less than the most conducting metals.*%*
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The specific composition Lao.sSrosC00s3-5, was previously reported to have moderately high
electronic conductivity (>1000 S/cm). Its metallic behaviour can be explained based on the
existence of an overlapped electron band structure in the Co-O-Co bond, as suggested by the
itinerant electron model.31° In order to investigate the EMI shielding properties of LSCO we
used sintered LSCO blocks having precise dimension to fit to the wave guide port. The calcined
LSCO powder was ground for one day in a tumbling ball mill and the average particle size of
the ground LSCO powder is found to be 0.4-0.5 um (see Fig. 2.1(c)). The ground LSCO
powder was then pressed in a hydraulic press at 150 MPa in a 40 x 40 mm die. The LSCO
sheets thus obtained were sintered in furnace at 1150 °C for 4 h, yielding 95 % dense sintered

bodies. The SEM image of polished surface of the sintered LSCO sheet is shown in Fig. 2.1(d).
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Fig. 2.2: The frequency dependent variation of total shielding effectiveness (SEr), reflection
shielding effectiveness (SEr) and absorption shielding effectiveness (SEa) of sintered LSCO at X
and Ku band.

When an electromagnetic wave passes through a material, some part of it gets reflected,

some get absorbed, while a part of it undergoes multiple internal reflections between various
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filler components dispersed in a matrix.2> The primary mechanism of EMI shielding is
reflection where the shield must have mobile charge carriers (electrons or holes) that interact
with the electromagnetic fields in the radiation. For significant absorption of radiation, which
is considered as the secondary mechanism of EMI shielding, the shield should have electric
and/or magnetic fillers that interact with the electromagnetic fields in the radiation. Thus, the
total shielding effectiveness is the sum of reflection and absorption shielding effectiveness and
the relation connecting these parameters are commonly presented in literature.?2?? The
reflection shielding efficiency, SEr, and Absorption shielding efficiency, SEa, are calculated

using the scattering parameters Si1 and Si2 as given below;?®

SEp = —10log(1 — S112) (2.2)

SE 4 = —10log (3122 2.3

A 0g (1—_?117) (2.3)

and the total shielding effectiveness, SEt = SEr + SEA+SEm (2.4)

Since the SEt of LSCO is high, the contribution of SEwm is negligible and the final equation
will be, SEt = SERr + SEa (2.5)
Interestingly, the EM wave shielding effectiveness of sintered LSCO samples were
observed to be in the range of 35-42 dB, as shown in Fig. 2.2. Here, the inherent nature of high
conductivity of LSCO plays a major role in achieving such a high value of shielding
effectiveness. An SEa value in the range of 20-30 dB itself depicts the absorption efficiency
above 99 %, which is good for absorption based shielding applications. A relation connecting

SEa, SER, conductivity, frequency, permeability and thickness is shown.?4%>
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SEp = —1010g10( ) (2.6)

16cwpn

owun
SEq = —8.68t< T) (2.7)

While looking at the conductivity (o) parameter in equations (2.6) and (2.7), it can be
elucidated that the change in the conductivity value has a major influence to the SEa value than
SEr value. From the above relation, we can state that the absorption dominant shielding
effectiveness for LSCO sheet were due to the direct relation between the conductivity and SEa.
Noteworthy is the fact that a total shielding above 20 dB is well acceptable for practical EMI
shielding application. In the present study, all the tested EMI shielding structures have a
normalized thickness of 2 mm. Achieving a high shielding effectiveness above 35 dB means

that 99.9 % of the incident radiation is getting attenuated.

2.1.3.2 Microstructure of the LSCO-Epoxy Composites

Fig. 2.3: SEM micrographs of fractured section of composite containing 10 wt. % LSCO and 70
wt. % LSCO filler

This high shielding LSCO powder has been employed in developing a light weight and
easily processable shielding structure by adopting a composite approach with epoxy matrix.

In the present investigation, the chosen polymer is a thermosetting epoxy resin, which has
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proven advantages like weight reduction, design freedom, cost effectiveness and good physical
properties like corrosion resistance as well as high strength to weight ratio. The composites
were prepared by mixing different weight loading of LSCO powder (10-70 wt. %) to the epoxy
matrix. The SEM micrograph in Fig. 2.3(a) shows fractured surface of least loaded (10 wt. %)
composite, marked by more distinct dispersion of the filler. On the other hand Fig. 2.3(b) shows
the fractogram of the maximum loaded epoxy (70 wt. % LSCO), in which there is enough

evidence for some agglomeration of filler particles.
2.1.3.3 Thermophysical Properties of the Composites

High density electronic devices expand on significant heat build-up, which can
compromise the performance and lifetime of computing devices and network systems.
Thermo-mechanical management of composites are very critical for composites with good
EMI shielding where high thermal conductivity is preferred to dispel away the heat generated.
However, it is well-known that thermal conductivity of a composite depends on factors like
polymer-filler interaction as well as filler characteristics, namely type and shape of the filler.
In the present investigation, thermal conductivity (TC) of the LSCO-epoxy composites were
computed using the relation TC = 4 x C, X p where 1 is the thermal diffusivity, Cy is the specific
heat capacity at room temperature, and p is the density of the sample.?®2” As seen in Fig. 2.4(a),
the TC of the composite shows a gradual increment with the LSCO filler addition. This is
understandable since the TC of pure epoxy is 0.25 W/m.K, which gets improved by 2.5 folds
with the incorporation of 70 wt. % of filler LaosSrosC00Os.s that has higher reported TC.?
Interestingly, the increment in TC is more predominant after 40 wt. % of LSCO addition. It is
believed that more the amount of LSCO particles in the epoxy matrix, that forms an inter

linking network that can sufficiently exchange the heat energy along the shorter interfaces.
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Fig. 2.4: (a) Thermal conductivity and (b) thermal expansion behaviour of various weight
loaded LSCO-epoxy composite.

Table 2.1: The variation of CTE with weight loading of LSCO before and after glass transition

temperature.
Wt. % of before Ty after Ty
LSCO
0 76.9 181.1
10 75.0 178.0
20 73.2 176.0
30 71.1 174.0
40 69.5 168.0
50 62.2 160.0
60 53.4 154.0
70 67.8 132.0

Usually, polymers are likely to possess large coefficients of thermal expansion (CTE)
in comparison to metals, semiconductors and ceramics. In real applications, the widely
accepted strategy is to fabricate a 0-3 composite between the polymer and ceramic filler to

tailor the high CTE of polymers, which can effectively manage the thermal stress. The mean

=1y
lo(T2—T1)

CTE was computed by the equation, CTE = where [, is initial length and [, and [,
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are the changes in length at temperatures T; and T,, respectively. Fig. 2.4(b) shows the change
in linear dimension of the composite with LSCO addition, as a function of temperature. In
principle, uncured epoxy resins are noted for poor mechanical, chemical and heat resistance
properties which usually improve upon curing with suitable curatives, thereby forming three-
dimensional cross-linked thermoset structures. The glass transition temperature (Tg) of the
linear epoxy resin used in the present study is 64.2 °C, obtained from the Fig. 2.4(b). The
ultimate Tqof epoxy resin is influenced by several factors such as the chemical structure of the
epoxy resin, the type of hardener used, the degree of cure etc. In CTE plots involving glass
transition, the plot consists of two stages, characterized by different slopes: (i) thermal
expansion before Tq (30-50 °C) and (ii) after Ty (80-120 °C). In both stages, the value of CTE
is found to be decreasing with filler content. The calculated values of CTE of the composites
were tabulated in Table 2.1. At lower temperatures, the value of CTE for LSCO loaded epoxy
gradually decreases from 77 to 53 ppm/°C with respect to the filler loading from 0 to 60 wt. %
and at the maximum loading the value of CTE increased to 68 ppm/°C which may be attributed
to the agglomeration of filler particles. When the filler loading increases, the LSCO particles
tend to agglomerate which results in the reduction of the interfacial area between LSCO and
epoxy. The decrease in the interfacial area results in higher thermal expansion coefficient for
highly loaded epoxy matrix.?° Beyond Tqwhere it is believed that the mobility of the polymer
chains increase significantly, the CTE varies from 181 to 133 ppm/°C (Table 2.1). In general,
with increasing amount of LSCO filler loading, the CTE is found to be gradually decreasing.
This is due to the lower CTE of LSCO (which is about 16 ppm/°C)* and increase in the
interfacial area between the LSCO and epoxy matrix, which may pose restriction to the heat

induced expansion of epoxy chain. The interface between filler and epoxy also have a crucial
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role in transmitting the thermal stresses which can result in a reduction in the expansion of the
matrix.>!

2.1.3.4 Mechanical Properties of the Composite
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Fig. 2.5: (a) Stress-strain curves of LSCO-epoxy with varying weight loading of LSCO and (b)

variation of compressive strength with weight loading of LSCO.

The strain behaviour of various epoxy-LSCO composites subjected to increasing
compressive strains, is plotted in Fig. 2.5(a). Fig. 2.5(b) shows the compressive strength plotted
as a function of the filler loading. The compressive strength of the composite is found to be
improving with addition of filler. As shown, the stress-strain curve is slightly non-linear and
mechanical failure occurs catastrophically in all cases. The pure epoxy has a compressive
strength of 62 MPa which gets modified to 107 MPa with 60 wt. % LSCO loading. It is
assumed that the interfacial bonding between the LSCO ceramic particles and the polymer
matrix is strong enough and therefore, the ceramic could provide an efficient stress transfer to
the matrix. This in turn causes an increase in the mechanical strength of the composites with
increasing LSCO filler loading.3? It should be noted that the mechanical strength need not

increase proportionately for all ratios of filler loading. However, we observed a fall in the
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compressive strength with higher filler loading (70 wt. %) that may have arisen from the chance
for non-wettability of few filler particles which were agglomerated in the matrix, which are
visible in the microscopic images also (see Fig. 2.3(b)). In this challenging case, the LSCO
particles inside the agglomerates are not in direct contact with the epoxy matrix and thereby

not involved in the reinforcement of the epoxy matrix.

2.1.3.5 AC Electrical Properties at Microwave Bands

Since the rationale being EMI shielding, estimating the microwave electrical
parameters like permittivity (&), loss tangent (tand), AC conductivity and skin depths () can
provide vital information about the electromagnetic interference shielding efficiency of the
composite. The real and imaginary part of permittivity (e and &") and permeability (" and

ur') were derived by substitution of generated scattering parameters (S11 and S12) in Nicolson—

Ross-Weir equation.®*3* From these parameters, the relative permittivity, &, = /&/2 + &//2

and the dielectric loss tangent, tan § = Sg—r, were further calculated and analyzed. For the sake

T

of comparison, the optimum thickness of epoxy-LSCO composites was kept to be 2 mm
throughout the study. The variation of &-and tand at 10 and 15 GHz as a function of the LSCO
filler loading are given in Table 2.2. The dielectric parameters, & and tano of epoxy-LSCO
composites show an increasing trend with filler loading both in X and Ku band. At 10 GHz,
the value of &rincreases from 2.81 to 14.76 as the weight loading increases from 0 to 70 wt. %
while the change is from 2.81 to 12.04 for 15 GHz. It should be noted that as the ceramic
loading increases, the inter-particle distance between the LSCO particles in the epoxy matrix
decreases, giving rise to a more effective conduction channel between the particles. This in
turn may result in enhanced electromagnetic coupling between neighbouring particles due to

cloud overlapping. Thus, above certain filler loading, the composite changes to a multipolar
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system resulting in the overall enhancement of electrical conductivity and permittivity.
Another feature contributing to the permittivity of the system is the polymer-ceramic
interfacial effects.® With a change in the filler particle size, the surface area and hence the
chemical structure of the interface will change, that also effect the dielectric permittivity of the
medium.3® Similar to permittivity, the dielectric loss tangent of epoxy-LSCO composites also

show an increasing trend, as a function of the LSCO loading.

Table 2.2: The variation of & and tand with LSCO addition at 10 and 15 GHz.

Wt. % of
LSCO
0 2.810 2.810 0.025 0.027
10 3.080 3.079 0.029 0.032
20 3.366 3.365 0.031 0.034
30 4.204 4.296 0.031 0.039
40 4.957 5.250 0.032 0.035
50 6.032 6.080 0.044 0.044
60 10.098 7.880 0.081 0.061
70 14.759 12.042 0.156 0.098

As shown in Table 2.2, the value of tand increases from 0.02 to 0.156 at 10 GHz when the
filler content increases from 0 to 70 wt. %. It is believed that the higher amount of protonic
conductive component LSCO contributes to an aggravation of the dielectric loss since tano is
proportional to the AC electrical conductivity. A combination of high AC conductivity and

low skin depth are ideal for a typical EMI shielding material. Interestingly, the undoped
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LaCoO3 is a p-type semiconductor at temperatures below 800 °C which undergoes a phase
transition from semiconducting rhombohedrally distorted perovskite (space group R3c), to
cubic perovskite (spacegroup Pm3m) when Sr is doped at the A-site based on Lai-xSrxCoO:s.

Obviously in any microwave frequency band, the AC conductivity increases as a function of
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Fig. 2.6: (a) and (b) Variation of AC conductivity with different weight loading of LSCO in X
and Ku band and (c) variation of skin depth with different weight percent of LSCO in X and
Ku band.

the LSCO loading as shown in Fig. 2.6 (a) & (b) that shows the variation of conductivity for
different loadings of LSCO in 8.2-18 GHz frequency ranges. The AC conductivity is directly
related to loss factor &" and can be obtained from the relation, 2zfé.c” where f is the frequency

and & is the relative permittivity of free space.3”*® From the Fig. 2.6, it is clear that the AC
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electrical conductivity shows an increasing trend as a function of filler loading. With filler
loading increases from 0 to 70 wt. %, the conductivity varies from 0.05 to 0.65 S/m in the mid-
X-band (10 GHz). Despite LSCO having a higher electrical conductivity in sintered ceramic
form, the conductivity values of LSCO added polymer composites are not appreciably high for
practical EMI shielding applications. The reasons for the observed low conductivity of the
composite can be attributed to the high electrically insulating nature of the polymer matrix,
along with the inferior electrical conductivities of oxide conductors in comparison with metals.
However, as the weight percent of LSCO is increasing, the inter-particle distance is decreasing
forming clusters of connected LSCO particles which span the entire volume to get high values

of AC conductivity.

When electromagnetic radiation interacts with a conducting/semiconducting material,
it penetrates only the near surface region of the material which is popularly known as the skin
effect. Due to skin effect, a polymer-ceramic composite having conductive filler with a smaller
particle size of the filler can shield electromagnetic waves better than one having a conductive
filler with larger particles. In other words, for effective EMI shielding results, the unit size of
the filler should be comparable to or less than the skin depth. From the SEM image (Fig.
2.1(c)), using the distribution analysis the particle size is found to be in the range of 0.4-0.5
um. The skin depth () is computed using the relation, 6= (zfic) ™2, where f is the frequency,
W is the magnetic permeability, o is the conductivity in S/m while g = popr, o= 4m x 107" H/m,
and i is the relative permeability. Fig. 2.6(c) shows the variation of skin depth for different
LSCO loading as a function of microwave frequency in the 8.2-18 GHz range. From Fig. 2.6(c)
it is analysed that at 10 GHz, the skin depth decreased from 0.04 to 0.02 m when LSCO content

increases from 0 to 70 wt. %, while the corresponding change is from 0.03 to 0.01 m at 15
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GHz. It is clear from the observations that, as the weight loading of LSCO increases, there is
considerable improvement in the conductivity and permeability of the composite. Skin depth
being inversely related to frequency and conductivity; it is natural that with increment of these

parameters the skin depth is going to be lowering.

2.1.3.6 EMI Shielding of LSCO-Epoxy Composites
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Fig. 2.7: Pictorial representation of EMI shielding mechanism of LSCO sheet and LSCO -

epoxy composite.
Fig. 2.7 describes the overall shielding possibilities of bare LSCO and its epoxy composite.
Transmission of EM wave is least in LSCO compared to composite, due to the favourable
factors as mentioned in earlier section 2.1.3.1. The shielding effectiveness of the LSCO-epoxy
composite was investigated in the same way as prescribed for sintered LSCO sheets. Specific
parameters of the composite like geometrical shape of filler particles and filler/matrix

interactions are also critical towards the effectiveness of shielding mechanism. The distribution
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of the filler in epoxy medium is confirmed from the SEM micrograph (Fig. 2.3(b)), and
improved mechanical strength for the composite are the result of good interfacial interactions

between filler and matrix.

The frequency dependent behaviour of SEr, SEa and SEt of the composites in the entire
frequency range (8.2-18 GHz) for different loading of LSCO is given in Fig. 2.8. In the case
of 70 weight loaded epoxy-LSCO composite at 9 GHz, the total SE of 9.8 dB is majorly
contributed by reflection parameter, ie SEr of 8.1 dB and that of SEa is 1.7 dB only. A distinct
domination of reflective shielding over absorptive shielding is evident for each and every
composition of epoxy-LSCO composites (see Fig. 2.8(c) and 2.8(d)). It is interesting to note
that, from the bare epoxy matrix showing a SE ~1 dB, a gradual improvement in shielding
value is observed with LSCO filler addition and at 70 wt. % loading, SE attains values around
10 dB throughout the first half way range of X band, i.e. from 8.2 to 10 GHz. Fig. 2.9(a) shows
the dependence of SEr, SEa and SEt on the LSCO loading at mid X band region. All these
parameters are showing a rising trend with increasing LSCO loading in the composite. A
similar behaviour is observed at mid Ku band also (see Fig. 2.9(b)). At higher loading the inter
particle distance between LSCO units decrease which creates a conduction path. In addition to
that the composite become a multipolar system having greater interfacial areas between LSCO
and epoxy matrix. This may ultimately add to the dielectric loss of the composite and observed
enhancement in electromagnetic wave shielding. Furthermore, the multiple reflection
possibilities from the far end of the LSCO composite surface can be another contributor to the
total shielding effectiveness of the composite. The permittivity, dielectric loss, AC
conductivity and skin depth values are showing optimum values for the maximum loaded

composite which are in agreement with the observed shielding effectiveness values.
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Fig. 2.8: (a) and (b) Frequency dependent variation of total EMI shielding effectiveness (SEr),
(c) and (d) variation of reflection shielding (SEr) and (e) and (f) of absorption shielding (SEx) of
variously loaded LSCO-epoxy composites over X and Ku band frequency range (8.2-18 GHz).
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Fig. 2.9: (a) and (b) variation of total EMI SE (SEr), absorption SE (SE,), and reflection SE
(SERr) with LSCO loading at 10 & 15 GHz.

2.1.4 Conclusions

Perovskite conducting oxide, Lao.sSrosC00z3-5 synthesized through solid state reaction
technique, was investigated that was found to possess high EMI shielding effectiveness (35-
42 dB in the 8.2-18 GHz range). The high microwave shielding where 99.9 % attenuation of
the incident radiation occurred, was supplemented by its high dc conductivity (1400 S/cm) at
room temperature. Further, LSCO was made 0-3 composite with epoxy, with purpose of
improving its applicability on solid surfaces. The thermal conductivity, thermal expansivity
and mechanical strength of the composite were improved as a function of LSCO filler loading.
The gradual improvement in the shielding effectiveness was complemented by the gradual
improvements in dielectric permittivity, dielectric loss and AC conductivity parameters, with
increasing filler content. On the other hand, the AC skin depth values of the composites were
decreasing, as a function of filler loading due to enhanced conductivity in both X and Ku bands.
The maximum weight loaded (70 wt. % of LSCO) epoxy composite could provide a shielding

efficiency around 10 dB in the 8.2-10 GHz range. However, the coefficient of thermal
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expansivity and compressive strength were displaying anomaly at 70 wt. % LSCO loaded
epoxy composite. Such mouldable EMI shielding structures are useful in electrostatic
dissipation applications, where high mechanical strength, high thermal conductivity and low

thermal expansivity are important.
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2.2 Screen Printed Silver Patterns on LSCO-Epoxy Composite as
a Strategy for Many-Fold Increase in EMI Shielding

2.2.1 Introduction

While searching for EMI shielding materials, a variety of materials can be suitable with
wide range of properties like electrical conductivity, magnetic permeability and geometries.
Metal based shielding materials are widely explored and are effective in reflective shielding.*®
The easy way to incorporate a shielding structure, say a metal, to a component is through the
route of polymer composites. However, most of the polymers are insulators and are transparent
to electromagnetic radiation.* To metalize the polymers, there are several techniques
available. Some of the available techniques includes making composites of polymer with
metallic particles, 4** making conductive coatings through various printing techniques, *
direct metallization through vacuum metalizing, electro and electroless plating,**" or
establishment of intrinsically conductive polymers.*-*® Among all, the composite approach
and conductive coating through printing are seems to be cheaper than other techniques of
metallization. Conductive filler incorporated composite is widely used in EMI shielding
purpose and the metals used were silver, copper, aluminium, nickel, iron etc. Now the metals
are replaced with conducting carbon based materials such as carbon black, carbon nanotube,
graphene etc. which are advantageous in a way, as they are light weight and non-corrosive,
compared to the metals. Thus it became evident that developing novel percolative composites
has been a widely adopted strategy to achieve EMI shielding, and relatively less attention has

been given to the surface modification of the composites.
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Over the years, a few groups adopted screen printing of conducting pastes, especially
carbon based pastes, as a means to improve their microwave absorbance on a variety of
polymer surfaces.®>® EMI shielding filters made of Ag-conductive patterns printed on plasma
display panels have recently been demonstrated in a few patents as well.>** Designing and
printing Ag-based metamaterial patterns on polymer substrates is another popular strategy to
suppress certain selective frequency bands detrimental to the operating bands of specific
devices.®® Such structures are termed as frequency selective surfaces that can be easily applied
as wallpaper on the walls of rooms without any structural loading issues to existing
architecture. In another interesting work, silver oxide mesh patterns were bar-coated on a PET
film with a thickness of 30 um.>” However, this method requires a curing at 150 °C and the
synthesis procedure of silver neoalkanoates involves complex procedures. A few isolated
studies have also been attempted to print metallic patterns on polymer, as a means to enhance
the shielding effectiveness.>®° In the present work, LSCO - epoxy composites were employed
as the platform for building up novel EMI shielding structures. In order to make a dramatic
improvement in its EMI shielding characteristics, a unique approach of printing patterns of
conductive Ag on top of the composite surface, was adopted. The microstructure, electrical
and microwave dielectric properties of the various printed EMI shielding structures were

investigated in this manuscript.
2.2.2 Materials and Methods

LSCO powders were prepared by conventional solid-state reaction route and later made
in to a composite with epoxy as explained in section 2.1.2. The prepared composite sheets were
polished to suitable dimension for EMI shielding studies. Screen printing technique were

implied on small rectangular composite sheets using a home-made screen printer (Plastomek,
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Kerala). For coating of the conductive metal patterns, a commercial grade silver ink (Metalon
HPS-030LV, Novacentrix, USA) was used. The optimal level of Ag line width was adjusted
to be ~300 pum and the same width was maintained for the vertical, horizontal lines as well as
mesh designs. All the characterization techniques employed were same as that explained in
section 2.1.2. Additionally, atomic force microscopy (AFM) imaging was performed in this
research, using MultiMode 8 AFM equipped with NanoScope V controller (Bruker, Santa
Barbara, CA, USA). Si cantilevers (NSG 01, NT-MDT) were used with force constants in the
range of 2.5-10 N/m and with resonance frequency in the range of 120-180 kHz. The scan rate
used was 0.5-1 Hz. Raw data were processed offline using Bruker’s NanoScope Analysis
image processing software. Surface roughness was reported both in average roughness, root

mean square (RMS) values.
2.2.3 Results and Discussion

2.2.3.1 Improved Thermal, Mechanical and Dielectric properties

The effect of LSCO addition on the physical properties of the LSCO-epoxy composite
has been detailed in the part 2.1 of chapter 2. That study revealed that the optimal mechanical
and thermal properties of the composite were at 60 wt. % of LSCO loading.®® For example, the
thermal conductivity (TC) of pure epoxy was 0.25 W/m.K, which got improved by 2.3 folds
with the incorporation of 60 wt. % of filler LSCO. On the other hand, a decreasing trend was
observed for thermal expansion with filler loading and the least expansion was optimised to be
for 60 weight loaded LSCO-epoxy composite (Fig. 2.10(a)). The lower coefficient of thermal
expansion (CTE) of LSCO and increasing interfacial area were posing restrictions to the heat

induced expansion of epoxy chain. The mechanical behavior of pure epoxy and 60 wt. % LSCO
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loaded epoxy composites (60 LSCO), subjected to increasing compressive strains, is plotted in

Fig. 2.10(b).
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Fig. 2.10: (a) Thermal expansion behaviour of neat epoxy and 60 wt. % LSCO loaded epoxy
composite, (b) Stress-strain curve of pure epoxy and that of 60 wt. % of LSCO loaded one. Inset
figure showing improved compressive strength with 60 wt. % of LSCO. Fig. 2.10: (c) AFM
surface topography images (3D) of the 60 wt. % LSCO loaded epoxy composite surface and (d)

SE of 60 wt. % LSCO loaded epoxy composite, as a function of varying thickness.

The compressive strength of the composite was found to be improving with addition of
LSCO and observed a maximum compressive strength for the composite with 60 wt. %
loading. Further addition of filler keeps the compressive strength decreasing due to the
inevitable filler agglomeration. The inset of Fig. 2.10(b) shows the compressive strength of
bare epoxy and that of 60 LSCO. Evidently, the value of 62 MPa for pure epoxy got improved
to 107 MPa with 60 weight percent of LSCO filler addition. The strong interfacial interaction
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between LSCO and epoxy matrix with an effective stress transfer between them contributes to
the observed trend.®*%2 The AFM (3D) surface topography images of the polished surface of
the 60 LSCO is shown in Fig. 2.10(c). From the analysis of the AFM image, it is clear that the
average and the root mean square (RMS) roughness values of the surface obtained are 144 and
179 nm, respectively.

2.2.3.2 Modification Using Conductive Surface Designs

Photoemulsion

Squeegee__ (o) 'mage

hardner

Vertical line
Horizontal line Full coated Sample holder

Fig. 2.11: (a) Schematic representation of the development of Ag coated LSCO-epoxy
composite, (b) various patterns screen printed on the LSCO-epoxy composite and (c)
photographic images of sample holder of the waveguide with bare composite and Ag pattern

printed composite.
Even though various physical properties such as thermal, mechanical and dielectric
parameters of epoxy matrix got improved with 60 wt. % loading, the improvement in EMI
shielding values were feeble and this situation demands for further modification of the already

developed composite. A simple strategy was implemented, which involved the introduction of
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conductive coating on the surface of composite. A schematic representation of the different
processes involved in the development of Ag coated LSCO-epoxy composite, is briefed in Fig.
2.11(a). The different schemes of silver patterns printed on top of LSCO-epoxy composite are
pictorially represented in Fig. 2.11(b). Photographic images of sample holder of the waveguide
with bare composite and Ag pattern printed composite were given in Fig. 2.11(c). A
commercially available silver ink (Metalon HPS-030LV) was chosen for screen printing.
Composite sheets with optimum thickness (2 mm) and solid loading (60 wt.% LSCO) have
been selected for implementing the patterns, based on the EMI shielding measurements made
on specimens with varying thickness (Fig. 2.10(d)). The line patterns of silver ink on the
composite surface can be assumed as vertical and parallel rectangles (see Fig. 2.11(b)), with
respect to their position in the rectangular slot of the wave guide. Mesh patterns, in a way, is a
combination of vertical and parallel rectangular lines, one laid over the other, while the final

choice was the blanket coating of ink over the composite surface.

In addition to silver screen printing, for the sake of comparison, we have attempted an
alternative strategy which was the direct mixing of silver to the LSCO-epoxy matrix. Only one
combination was tested, where out of the total additive, fifty weight percent of the composite
filler was silver powder while the other fifty weight percent was filled by LSCO powder. In
other words, the 1:1 combination of LSCO:Ag means that out of total filler content in epoxy,

each filler is in 1:1 proportion which is equal to 60 wt. % of the epoxy matrix.

2.2.3.3 Structure and Microstructure of Surface Designs
Fig. 2.12(a) shows the top view of the printed silver mesh patterns. It is clear from the

images that the width of the lines is 300 um and is equally spaced on the surface layer. From
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\\ / { 2.0 lJm

Fig. 2.12: (a) & (d) The SEM images of silver coated surface under different magnifications, (b)
cross section of the LSCO composite with silver screen printed over the surface, (c)
photographic image of the different silver patterns screen printed on the sample sheets and (e)
shows the AFM surface topography images (3D) of the silver printed layer (10 x 10 um).

the cross-section electron micrographs (Fig. 2.12(b)), the average thickness of silver pattern is

estimated to be around 2-4 um. The actual photographic image of the different patterns of
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silver screen printed on the composite sample sheets is depicted in Fig. 2.12(c). Fig. 2.12(d)

and (e) are the SEM and AFM (3D) surface topography images recorded from the conductive

silver layer. From the AFM image, it is clear that silver particles possess broken plate-like

morphology with feature sizes in the range of 1-4 um. The average and the root mean square

(RMS) roughness values of the surface obtained are 115 and 142 nm, respectively. The surface

kurtosis of 2.628 highlights the uneven nature of the silver layer with skewness of -0.049 nm

points the majority of shallowness of the surface.

2.2.3.4 AC Electrical Parameters of Surface Modified Composites
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Fig. 2.13: The frequency dependent variation of (a) skin depth () and (b) AC conductivity (6ac)

of composites with various screen printed patterns, at X band. The variation of (c) skin depth

and (d) AC conductivity at Ku band for various samples of 60 wt.% loaded LSCO-epoxy sheets

which were modified differently using silver patterning.
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Fig. 2.14: (a) and (b) variation of & and tand with Ag modification at mid X and Ku band.

The microwave electrical parameters like permittivity (er), loss tangent (zand), AC
conductivity (cac) and skin depths (3) were crucial in determining the electromagnetic
interference shielding efficiency of the modified composite. The frequency dependent
variation of skin depth and AC conductivity of the composites with various screen printed
patterns, at X band. Ku bands are depicted in Fig. 2.13. In the earlier work on LSCO-epoxy
composites, it was observed that the AC conductivity for pure epoxy at mid X band, was 0.05
S/m and an enhanced value of 0.5 S/m for 60 wt. % LSCO loaded composite. Later, with the
additional silver incorporation into the matrix in such a way that half of the LSCO filler when
replaced with silver, there was no remarkable change in the AC conductivity. In sharp contrast
to this, screen printing of silver patterns on 60 wt. % LSCO loaded composite resulted in
enhancing the AC conductivity values to a greater extent (see Fig. 2.13). This noticeable
variation is believed to have come from the difference in connectivity in the two approaches.
Evidently, the screen printed silver particles were well connected to form a continuous coating.
On the other hand, in the case of dispersed silver in the matrix, the connectivity between Ag

particles may be insufficient to form a conductive pathway. This was evident at 10 GHz, where
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the AC conductivity value of 0.5 S/m for 60 wt. % LSCO-epoxy composite got enhanced to
10.9 S/m with Ag mesh coating. With the increase of connectivity between silver line patterns,

the loss factor (¢") was also found to be increasing, similar to AC conductivity.

Evidently, the performed modifications with silver ink designs resulted in enhancing
the AC conductivity and lowering the skin depth, which can be beneficial for EMI shielding.
Fig. 2.14(a) and (b) shows the variation of &rand tano at 10 and 15 GHz for different silver
pattern incorporation schemes made on the 60 wt. % LSCO loaded composite. As shown, the
apparent dielectric permittivity has improved from 7.3 to 37.6 (at 10 GHz) with mesh design
coating. Obviously, the AC conductivity observed a 60-fold increase while the dielectric loss
increased by 15 times. The enhancement of the electromagnetic parameters and SE values
especially the absorption shielding (SEa) values are accounted by the maximum interconnected
conducting channels with optimum coverage of the composite surface with silver coating. The
skin depth drops from 0.0196 m to 0.0033 m range at 10 GHz, indicating how well the
electromagnetic waves were attenuated at a shorter range on the surface of silver modified
composite. It is obvious that the electromagnetic radiation can penetrate only the surface layer
of a conductor. Thus it was important to examine whether the above-mentioned surface
modifications with silver ink designs resulted in improving the SE value of the LSCO-epoxy
composite.

2.2.3.5 EMI shielding of modified composites

The optimally loaded 60 wt. % LSCO-epoxy composite, which shows better
mechanical and thermal properties, were analyzed for EMI shielding at varying thickness as

given in Fig. 2.10(d).
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Fig. 2.15: (a) and (b) are shielding effectiveness of variously modified LSCO-epoxy
composite with silver, in the X band and Ku band. (c) and (d) Improvement of total
shielding effectiveness (SEr), reflection shielding effectiveness (SEr) and absorption

shielding effectiveness (SEa) with silver pattern modification at 10 and 15 GHz.

As the thickness increased from 0.5 to 2 mm, the SE value improved from 1.8 to 7.0 dB. From
equation (2.7) it is clear that EMI shielding by absorption, depends mainly on the material
thickness and electrical conductivity. Hence for the same composition, the increase in SEa
with increase in shield thickness, is obvious. Thus far, the maximum EMI shielding for epoxy-
60 wt. % LSCO composite, 7 dB, is not appreciably high for useful practical applications.

Some of the feasible strategies for the betterment of EMI shielding in composites are (a)
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introduction of conductive coatings (b) compounding with conductive fillers or (c) replace the
polymer with intrinsically conductive polymers.®® As hinted before, the principal reason behind
the inefficiency of the LSCO-epoxy composite to achieve high shielding efficiency, lies in the
fact that the intrinsic conductivity of LSCO fall below three orders of magnitude to that of
most conducting metals like silver and copper. In order to enhance the shielding efficiency to
practical application levels, the aforementioned modification strategy involving printing of
metallic patterns onto the optimally developed composite, has been adopted. Here the principal
mechanism of EMI shielding is reflection which requires the presence of mobile charge carriers
that interact with electromagnetic radiation and the electromagnetic field thus undergo ohmic

losses due to the presence of these carriers.%*

Though a conducting polymer could act as an electromagnetic wave shield, a high
electrical conductivity is not the scientific pre-requisite for shielding, since conduction requires
connectivity in the conduction path, whereas shielding does not. With the introduction of the
silver patterns on the LSCO-epoxy composites, its EMI shielding efficiency improves
dramatically. For example, the composites bearing mesh design and those with complete
coating enhance the SE values to three to four-fold than uncoated ones. The SE of mesh coated
and fully coated composite are 22 dB and 24 dB respectively at 10 GHz which are ideal for
practical applications (see Fig. 2.15(c)). A total shielding effectiveness of 31.3 dB (at 8.2 GHz)
is the maximum EMI shielding observed in this investigation for LSCO-epoxy composite
specimen whose surface is blanket coated with silver, as shown in Fig. 2.15(a). As the area of
the conductive surface coating is increasing, its AC conductivity is improving and the
maximum is expected for full coated surface. From equation (2.7), it is clear that electrical

conductivity (c) and SEa are directly related. Eventually that will be reflected in the overall
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shielding effectiveness of the blanket coated sample. Interestingly enough, the composites
bearing rectangular patterns horizontal to the major axis of the shim, gives better shielding of
21 dB than those of 7 dB for vertical pattern to the major axis of the shim, probably due to the
more number of rectangles per unit area. The values in the range of 14-20 dB (at 10 GHz) for
horizontal line printed composites can also be qualified for practical applications. Interestingly,
though the horizontal and vertical line patterns improve the overall conductance of the
shielding structure, they are obviously having inferior surface conductivity than mesh patterns,
due to the higher connectivity among the conductive lines. Notwithstanding the fact that
shielding does not require connectivity, it is largely enhanced by it which is the main reason
behind the high EMI shielding of the composite structure where mesh type pattern was printed
on top of them. The shielding effectiveness of silver printed LSCO-epoxy composites at Ku
band (12.4-18 GHz) is given in Fig. 2.15(b). In general, of all the silver modified LSCO-epoxy
composites considered in the present investigation, two distinct specimens namely mesh-
patterned and full-coated ones showed a high shielding efficiency (> 20 dB) consistently in a

broad frequency range (8.2-18 GHz).

Also for a comparison, we have made a composite in the conventional way by mixing
silver along with LSCO filler (see the bar diagram for 1:1 LSCO-Ag in Figs 2.15(c) and (d)),
in the epoxy matrix. However, this strategy is proven to be ineffective in improving the overall
SE of the composite in comparison with surface coated specimens. In fact, 2D printing
techniques requires much lesser amount of conductive materials for achieving good EMI
shielding, than a typical 0-3 polymer-metal composite with filler loading above the percolation

threshold. Hence using these innovative surface level modifications, one can transform
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traditional composites with moderate EMI shielding into highly shielding structures, which is

ideal for light weight aeronautical EMI shielding applications.

2.2.3.6 Conclusions

With the objective of achieving higher shielding efficiency, a novel surface
modification strategy was adopted wherein predesigned silver patterns were screen printed on
the surface of the LSCO loaded epoxy composite. Upon this, a dramatic 4-fold increment in
the shielding efficiency (22-31 dB SE in the X and Ku-band 8.2-18 GHz) was observed with
visible enhancements in the reflection as well as absorption shielding values. For example, the
EMI shielding values of 4.7 dB (at 10 GHz) was remarkably enhanced to 24 dB with printing
of Ag patterns on top of optimally loaded LSCO-epoxy composite structures. For silver design
printed composites, this high shielding has been authenticated by visible increments in the AC
conductivity, relative permittivity, and dielectric loss as well as a corresponding lowering of
skin depths. Interestingly, instead of screen printing, the incorporation of silver powder
replacing even up to 50 wt. % of LSCO in the matrix to form a 0-3 composite could not fetch
any visible improvement in the EMI shielding effectiveness. While moving from simple line
pattern to mesh design to full coating, the EMI shielding effectiveness is found to be
progressively increasing, reaching up to 31 dB (at 8.2 GHz). The present strategy of
introducing screen printing based design structures on composites can be used as a precursor
for achieving the high SE values on materials with mediocre shielding habits. Such structures
are ideal for absorber applications in aeronautical engineering where a combination of
lightness, high mechanical strength, high thermal conductivity, and low thermal expansivity,

in addition to high EMI shielding are needed.
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Laos5SrosCo0s-5 Foam Structures and Nanowires for Microwave
Shielding Applications
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LaosSrosCo0s.;foams with broad range of porosities (76.9 to 90.3 %) having near spherical cells
were prepared through emulsion freeze gelcasting route. The LSCO foams have compressive
strength and Young’s modulus in ranges of 1 to 7 MPa and 57 to 428 MPa, respectively. Impressive
EMI SE as high as 33 dB has been achieved for LSCO foams prepared at a porosity level of 80 %
with 10 vol. % LSCO in the composition. The developed LSCO foams are lightweight and capable
of withstanding harsh environmental conditions, since they are free from oxidation and survivable
enough at high temperature. Alternatively, in an attempt to investigate the trend in the physical
characteristics of LSCO based nanosystems, a microemulsion technique was adopted to synthesis
the LSCO nanowires. The as-grown nanowires having a diameter range of 15-35 nm, exhibited a
room temperature conductivity of 120 S/cm and Tc of 225 K. LSCO nanowires also exhibited
promising SE in the range of 28.5-32 dB, which is near to a shielding efficiency of 99.9 %. The
non-corrosive, high temperature withstanding LSCO nanowires can be used as fillers for flexible

and bendable EMI shielding solutions after suitable chemical engineering.
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3.1 Conducting LaosSrosC003.5 Based Macroporous Foams for
Harsh Condition Microwave Shielding

3.1.1 Introduction

As far as satellite and aeronautical applications are considered, light weight porous
ceramic EMI solutions are more suitable since they can save materials and energy. These
porous ceramic structures possess several advantages over traditional metal and carbon-based
EMI shielding materials, thanks to former’s high mechanical strength and thermal stability,
which could guarantee their smooth functioning at harsh environments. Among different
porous structures, foams are unique since they possess well connected conductive network
structure with low density, thermal insulation and enhanced microwave absorption properties.
In the context of microwave shielding applications, metal oxides (either conducting or
magnetic) can be a promising candidates; since they are free from oxidation and can withstand
high temperatures. There are a few reports on conducting oxides which are investigated for
EMI shielding applications.}* Although perovskite oxides are regarded as the benchmark
materials for high proton conductivity oxides, noteworthy attempts aimed at exploring their
EM wave management, are feebly less. This can be partly due to the brittleness and high
density nature of these oxides in hard ceramic form, which are some difficult challenges in EM
shielding coatings. A possible solution is polymer composite way, which can circumvent some
of the above mentioned drawbacks at the cost of diminished EMI shielding performance.
Rather than compositing, a promising strategy will be making foam structures, which will
lower both the density and thermal conductivity while maintaining the EMI shielding nature

of the material to the required level. In this way, creative introduction of systematic porosity
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augments the applicability of conductive ceramic materials, which are already having EMI

wave attenuation properties.

Due to the wide usage of porous ceramics for aeronautic and avionic applications, a lot
of research is going on in the direction of tuning the sizes, shapes, amounts and
interconnections of distributed pores. Depending on the pore diameter porous materials are
classified as macro (pore diameter (d > 50 nm), meso (d = 2 to 50 nm) and micro (d < 2 nm)
porous foams.> Macro porous ceramics are ideal for harsh environment EMI shielding
applications. In a macro porous shielding foam®, multiple internally reflected waves enable

prolonged path lengths, thereby creating an increased opportunity for EM wave absorption.”®

In the present investigation, our interest was to develop a novel macroporous system
derived from the conducting pervoskite oxide Laos5SrosC0035 (LSCO). These oxides possess
moderately high electrical conductivity (>1000 S/cm) for their cubic phase, that entitle them
suitable applications in lithium-air batteries®** solid oxide fuel cells,*> and sensor
materials.*®* Until recently their microwave absorbing abilities are unknown, wherein our
group developed an EMI shielding composite employing LSCO as the filler in epoxy matrix.*
Usually macroporous ceramic architectures are realized mainly through one of the following
routes- direct foaming, partial sintering, sacrificial fugitives and replica template route. Herein,
we followed an emulsion route which is simple, low cost and environmental friendly.® This
was achieved by systematically introducing macropores in the LSCO matrix, yielding better
microwave absorption and specific shielding characteristics. This is the first report on the EM
wave attenuating characteristics of high temperature stable pervoskite based conductive oxide

foams whose synthesis do not require any special atmosphere, as we do in carbonaceous foams.
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3.1.2 Materials and Methods

The oil phase which has a melting range of 40-41 °C, is a food grade hydrogenated vegetable
oil (HVO) (Dalda, Bunge India Pvt. Ltd., India) procured from local market. Sodium dodecyl
sulphate (SDS) (Merck) and carrageenan (Sigma—Aldrich) were used as emulsifying agent and
gelling agent, which are of analytical reagent (AR) grade. An aqueous ammonium
poly(acrylate) solution — 35 wt. % (Darvan 821A, Vanderbilt company Inc. Norwalk, CA) was

selected as a dispersant. AR grade toluene (Merck) served as the solvent.

LSCO was prepared from the precursor oxides through solid state route, as reported in
Chapter 2.2° Solid state derived LSCO powder was milled in a tumbling ball mill for 24 h using
distilled water and zirconia balls with powder to ball ratio of 1: 3. The fine slurry obtained was
dried to get the fine LSCO powder. This LSCO powder was used as the precursor for the
preparation of LSCO foam. The synthesis of LSCO foam involves two stages: Stage | involves
the slurry preparation, where the LSCO powder, ammonium poly(acrylate) dispersant and
distilled water were mixed according to the required volume ratio (20 or 10 vol. %) and ball
milled for 12 h. Since the volume percentage of aqueous LSCO slurries (referred hereafter as,
ALS) were maintained as 20 and 10 in the present case the corresponding dispersant
concentration was kept to be 1 wt. % of that of LSCO powder loading. After 12 h of mixing
the slurry was transferred to a round bottom (RB) flask which was kept in a water bath at 90
°C. The gelling agent which is 1.5 wt. % of the water content in the aqueous slurry was added
to the RB and kept for mechanical stirring using a Teflon paddle for half an hour. The stage 11,
involving mixing of both HVO and SDS in a separate beaker in a water bath at 85 °C. The
amount of oil phase is fixed according to the volume percentage of aqueous phase. It can be in

1:1 or 1:2 ratios with the aqueous phase as per the composition in consideration. The amount
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of SDS was 0.4 wt. % of oil phase. The molten HVO containing SDS was transferred to the
aqueous LSCO suspension kept at 85 °C. The stirring was continued for half an hour to get a
stable emulsion. Later the emulsion was cast into a suitable mould and cooled under 5 °C in a
refrigerator for half an hour. The gelled bodies were dried at room temperature. Next process
involves removal of HVO from the dried body using toluene solvent in a soxhlet extraction set
up. The oil free samples obtained after soxhlet extraction were sintered in a high temperature
furnace at 1150 °C for 4 h. The heating rate was kept to be 1 °C /min up to 700 °C and 5 °C
thereafter. There was a dwell at 300 °C for the removal of residual oil or solvent. The porosity

of the sintered samples was calculated from the density measurements.

Table 3.1: Given the composition and properties of the three LSCO foam compositions.

Material Composition Green Sintered Porosity (in %)
code of foam samples foam foam (Archimedes
density density method)
(g/cm?) (g/cm?)
LOF A 20 vol % LSCO 0.75 1.41 76.8
Oil towater ratio=1:1
LOF B 10 vol % LSCO 0.61 1.16 80.9
Oil to water ratio=1:1
LOFC 10 vol % LSCO 0.31 0.59 90.3
Oil to water ratio=2: 1

In the current study by varying the volume percentage of LSCO powder as well as by changing
the ratio of oil phase in the composition of slurry, three different LSCO foams having diverse
porosities and densities are derived. Hereafter, the LSCO foam prepared from 20 vol.% ALS
with HVO to ALS volume ratio of 2, is termed as LSCO Foam Sample-A (LOF A) and those
prepared from 10 vol.% ALS with HVO to ALS volume ratios of 1 and 2 are termed as LSCO

Foam Sample-B (LOF B) and LSCO Foam Sample-C (LOF C), respectively. The density
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observed for sintered LOF A, LOF, B and LOF C are 1.41, 1.16 and 0.59 g/cm?, respectively.
The corresponding porosities are 76.8 %, 80.9 % and 90.3 %, respectively. The three studied

emulsion compositions are given in Table 3.1.
3.1.3 Results and Discussion

3.1.3.1 Structural Evolution
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Fig. 3.1: (a) X-ray diffraction pattern of LagsSrosC00s5 (LSCO) calcined at 1100 °C and (b)
gives the thermogram of green LSCO foam.

The conducting oxide, La;xSr«Co0s-s is derived by the substitution of Sr?* with the
La3* ions in the parent compound LaCoOs. Among the various Sr>* doped LaCoOs systems,
Lag.5Sro5C003-5 shows the best conductivity value,'® which brought the system to the broad
arena of EMI shielding applications recently.®™!” Fig. 3.1(a) shows the X-ray diffraction
(XRD) pattern of synthesized LaosSrosC003-5 ceramic calcined at 1100 °C for 4 hours. All the
detected diffraction peaks could be indexed with JCPDS: 48-0122, signifying a complete phase

formation of LSCO.
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The prepared LSCO powder disperses well in agueous medium using the ammonium
poly(acrylate) dispersant to form slurries. The HVO containing the SDS disperses well in the
aqueous LSCO suspension upon mechanical mixing to form a stable emulsion. The emulsions
cast in a mould undergo gelation on cooling due to the freezing of HVO and physical cross-
lining of carrageenan. The gelled bodies upon drying at ambient condition followed by oil
extraction using toluene, produces porous green LSCO foam bodies of densities 0.75, 0.61 and
0.31 g/cm®. These green bodies were analyzed for thermal characteristics. Fig. 3.1(b) shows
the thermogram of green LSCO foam. The first region between 35 to 220 °C having 8 % weight
loss may be due to the escape of moisture and solvent trapped inside the porous network. The
second region i.e., from 220 to 320 °C, consists of about 8.9 % weight loss as a result of the
burning of carrageenan network from the green foam. The LSCO green foam undergoes
uniform shrinkage during sintering due to densification. As mentioned, there can be multiple
microstructural transformations happen during heating and the final sintered body is expected

to be stronger than the initial green bodies.
3.1.3.2 Scanning Electron Microscopy

Micrographs for all the studied composition give a clear indication about the kind of
foam structure we derived. The open cellular foam with macroporous structure is clearly
visible in Fig. 3.2. The LOF A shows a very low cell size in the range of 8 to 15 um, whereas
the LOF B and LOF C shows relatively large cell sizes of 15 to 30 and 60 to 90 um,
respectively. That is, a large increase in cell size was observed by decreasing the ALS
concentration while keeping the HVO to ALS volume ratio same (LOF B) and later by
increasing the HVO to ALS volume ratio at a constant ALS concentration (LOF C). Another

interesting feature of the foam structure is that, within the micron sized pores (see Fig. 3.2(h))
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Fig. 3.2: (a) and (c) are the micrographs and (b) is the photograph of green and sintered foam

(d) and (e) are scanning electron micrographs of different magnification of LOF A, (g) and (h)

are of LOF B sample, (j) and (k) are different magnification of LOF C samples. (f), (i) and (I)
indicates the strut region of three foam samples.

there are noticeable submicron sized pores which may have arisen due to the escape of oil
phase. Such submicron sized pores are more predominant in the LOF C composition. Fig.

3.2(h) clearly portrays macropores with cells having numerous submicron sized pores within
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each cells, which are ultimately the openings between the fused LSCO particles left by the
thermally evaporated oil phase. These connected particles inside the cells is having a major
role in enhanced physical characteristics. Fig. 3.2(j) clearly indicates the larger cells, and
improper connectivity between particles are visible in each cells of Fig. 3.2(k). The strut region
in all the foam samples are shown in Figs 3.2(f), (i) and (l). Strut regions are pronounced in

the case of LOF A and LOF B samples, while they are lesser and thinner in LOF C samples.

3.1.3.3 Mechanical Properties
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Fig. 3.3: (a) Stress—strain graph of the LSCO foams prepared at various weight loading of filler
and HVO to ALS volume ratios. (b) The effect of various weight loading and HVO to ALS

volume ratio on the compressive strength and Young’s modulus of the LSCO foam.

The mechanical strengths of the three foams were investigated using standard ASTM
protocols. Fig. 3.3(a) shows the stress—strain plot of the LSCO foams prepared at different
HVO to ALS volume ratios. The macroporous LSCO foam prepared from 20 vol.% aqueous
LSCO slurry shows higher compressive strength. For LOF A and LOF B the stress-strain
behavior is similar to a brittle solid. That is, the stress rapidly declined after reaching a
maximum value. On the other hand, the foam with the highest porosity (~ 90) showed a plateau

region after the peak stress value characteristic of a brittle elastic foam material. The effect of
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various weight loading and HVO to ALS volume ratio on the compressive strength and
Young’s modulus of the macroporous LSCO ceramics are shown in Fig. 3.3(b). The highest
stress value in the stress—strain graph is the compressive strength, which has got considerably
lowered with increasing porosity. That is, from LOF A to LOF C, the porosity changes from
76.9 t0 90.3 % and the corresponding change in the average compressive strength value is from
6.51 to 1.04 MPa. On the other hand, the average Young’s modulus decreases from 428.39 to
57.95 MPa with increment in porosity. The highest strength is observed for LOF A sample
which is attributed to the strong connectivity of small spherical cells through thicker strut
regions. But the least dense LOF C foam is having lowest strength among the three, since the
porosity is on the highest side with pore size in the sub millimeter range. In a nut shell, the
compressive strength and Young’s modulus exhibited a monotonous relationship with porosity

as expected.

3.1.3.4 Electrical Properties
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Fig. 3.4. R-T analysis of various LSCO foams in the temperature range of 4 K to 350 K.
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Solid state derived LSCO is reported to have a metallic nature.'® The perovskite
structured LaosSrosCoOs was previously reported to possess high electronic conductivity
(>1000 S/cm).t820 The metallic behavior of these oxides can be explained on the basis of
existing overlapped electron band structure in the Co—O-Co bond, detailed in the itinerant
electron model.?%?2 Fig. 3.4 shows temperature dependent electrical resistivity studies for
LSCO foam samples in a temperature range from 4 K to 350 K, recorded at 0 T. As for all
metallic structures, the electrical conductivity of LSCO decreases with increasing
temperature.?® Electrical conductivity of foams depends on various parameters like foam
topology (whether open or closed structure) and pore size.?* Interfacial area and thickness of
the cell wall plays a major role on determining the electrical conductivity for open cell foams.
A bump is visible over 210 - 260 K representing ferromagnetic to paramagnetic transition due
to the change in the spin state of cobalt ions.*® In porous LSCO samples, the resistivity depends
on the connectivity between conductive grains. For LSCO foam samples, air act as insulating
interfaces between the particles. Here the least resistance is observed in the case of LOF B. As
observed in the micrographs, the stronger strut region and well-connected grains in each cell
make the LOF B unit a better conductor than the rest. In the complex perovskite LagsSrosCo0s,
divalent Sr?* ions partly replace trivalent La®* ions, thereby inducing a transition from Co®* to
Co* and this [Co* Co>'] species contribute to the electrical conductivity. Obviously,
LaosSro5C003-5 is a p-type conductor, since conduction mechanism is dictated by holes. The
important characteristics of these oxides are high density of electrons through low conductivity
and existence of metallic state for even 6 << omoTT Or could be considered as systems with low

electron diffusivity.?®
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3.1.3.5 EMI Shielding Properties

The EMI shielding values of the LOF series having 2 mm thickness are shown in Fig. 3.5(a).
The highest SE value was observed for LOF B samples, i.e. 32 - 33 dB and for LOF A and
LOF C the values are in the range of 25 - 28 dB and 18 - 21dB. The trend in the conductivity
(as seen the earlier Fig. 3.4) follows the order LOB > LOF A > LOF C and so are their EMI

shielding values.
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Fig. 3.5: (a) Shielding effectiveness and (b) specific shielding effectiveness of developed

macroporous LSCO foams having 2 mm thick in the X band. (c) is a schematic representation

of the electromagnetic wave attenuation mechanism inside the macroporous LSCO.
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Our earlier investigation revealed that dense 2 mm thick LSCO sheets showed an EMI SE of
38 - 40 dB.® As expected, foam samples possess porosities ranging from 76 to 90 % when we
move from LOF A to LOF B to LOF C. Out of the total shielding effectiveness of all the
studied LSCO foams, the absorption shielding overwhelms the reflection. The hierarchical
structural skeleton of the foams may favor the observed trend. For example, in the dense
materials, the incoming EM wave will be facing greater impedance mismatch at the interface
between material and air than they do in foam structure. In the current foam structures, the
porosity varies from 76 to 90 %, which means the majority of the shield’s volume is filled with
air. A schematic representation of the interaction of LSCO foam with EM wave, alongwith the
possible shielding mechanisms especially the multiple reflection possibilities are depicted in
Fig. 3.5(c). Inside the foam, the EM wave is encountering obviously more interactive surfaces
than the dense material (see Fig. 3.5 (c)). So when EM waves enters into pores, there created
a low impedance path for them which undergo multiple internal reflections. It will definitely
add to the absorption shielding efficiency of the system. The electrical conductivity and EM

wave shielding can be theoretically correlated by the following equations,5:’

A = at(furor)? (3.1)
R = b-10 log (fu/o) (3.2)
B =20 log (1- %) (3.3)

where A, R and B are absorption, reflection and multiple reflection factors. a and b are
constants while f, ur, or, & and t are the frequency, permeability, conductivity, skin depth and
thickness respectively. From the above relations, it is clear that the electrical conductivity plays

a major contribution to the absorption shielding mechanism. As the system is conductive in
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nature, there is a possibility for micro-current generation inside the system on exposure to the
EM waves. This will eventually damp the incoming wave. Furthermore, the higher microwave

dielectric loss nature of the LSCO system will be promising in its wave attenuation nature.?

48 [
LOF A (a) — mm 44} LOFB (b) — Bmm 30F 1orc (c) — Bmm
“ == 6mm L == 6&mm 281 == 6mm
~. SE, = 4mm oS- _sE Digme ~ SE,  Tlgmm
40+ .___.\. L, 2mm a0l -...__-_b 26 L ‘_"‘-—-..q....\ ..... 2mm
Se ~ T -~ S .
36} -o - - - - —
DL E TR Y. 38 - ~
..... -:‘ ' T esssssETeE St tan. % “"h
32} =mcemcem.=— -~ iemem 36l - -“___,.a----._‘.- 221 hs..
- et
BE e sar 00 TUTTT i mnmesiel
24} 32p
- - 18
@ 2] 18 o« <8 - SE <
g8 r. . w 36 hon SE, - 2} ;'-'\h..._,-\ A T
@ n @
2 ,' \ h s %2f .1" o £ 20f },
c
< AE . 7. & fas. vt 2
= v o L o LY A | = 18¢
E 20 ' ~. ) Ve ﬁ 28 “ :;\. \ é _,.__.-\?1‘
> - : ‘ﬂ "“w 1] S— - ..
g N e ~ T 22l if LN i Khatl o TN
o 16} .z N T £ ¥ . o 44l SN s ~._ %=
£ ""'!-l--mo\_, /- s -\, }-\s" L PN 3 S R
3 . o [ERF ooy ETECUST |3 ' N
g o x Aol [ |
7 g 5k \- hE 1 SE 1
28 L - SE g 10+ R
y 241 R ,ﬂ - _r;
\ of 7
20 ~, - o
241 . SER . .,v/-‘. \\‘- \ . //:. .
\ 16} / R (13 AT A .
20 X AN R Al M-
. AP R 12} . S oA, A al "-“;:-,:.-»/ :
B e X ok Ay BN ’ .
16 e 8 (2] 2
ALY R N D A r
o LTS ST )
12 . TR . 0
............. or
8 9 10 11 12 8 9 10 1 12 13 8 9 10 11 12 13
Frequency (GHz) Frequency (GHz) Frequency (GHz)

Fig. 3.6: Frequency-dependent variation of total EMI shielding effectiveness (SEr), absorption
shielding effectiveness (SEa), and reflection shielding effectiveness (SEg) of various thickness of

developed LSCO foams over the entire X band frequency range (8.2-12.4 GHz).
Another peculiarity of the foam materials is their higher specific shielding effectiveness (SSE),
which is defined as the SE per density of the material. The current system of LSCO foam,
compared to the parent dense LSCO, possess promising SSE values. The calculated SSE values
of foam structures of the LSCO are shown in the Fig. 3.5(b). The maximum SSE of 32 - 36
dB.cm®/g is observed in the case of least dense LOF C sample, where the density is only 9.7
% of its parent material. The dense LSCO sample is showing a SSE value of 6 - 6.5 dB.cm®/g.

The SSE of LOF C is 5 times greater than that of dense LSCO.
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Table 3.2: Comparison of high temperature withstanding ceramic foam for microwave

Material

shielding applications (RL: return loss).

Method of
preparation

Nature of
pore/Pore
size

Measured
frequency

range

Thick

ness

EMI
SE/RL

1 | Three- Template Macroporous | 4-18 GHz | 2mm | >-30dB
Dimensional method using | size 148 nm at 16-18
Honeycomb polystyrene GHz
Sno; beads range

2 | Hierarchical Carbothermal | Macro- 82-124 |[3mm | >-20dB | %
Porous SiC reduction of | meso-micro | GHz at
Foam carbonized pores coexist 82-124

dried dough GHz

3 | 3D porous Hydrotherma | Macroporous | 1-18 6mm | -27.1dB
Mn;O3 network | | route and size 50-100 | GHz at3.1

subsequent nm GHz
annealing.

4 | Porous Chemical Macroporous | 8.2-124 |3mm |-20.3dB |°©
YSZ/SiC vapor GHz at
composite infiltration 15-18

GHz

5| Zr/Si/CIO Self- Mesoporous | 1-18 7 mm -30dB | *

Ceramic Foams | sacrificial GHz at
template 4-5
method GHz

6 | Porous SisNs— | Chemical Macroporous | 8.2-12.4 | 3.8 -30dBat | %
SiC composite | vapor size 0.5-1 GHz mm 8.7 GHz
ceramic infiltration um

(CVI)

7 | Macroporous Emulsion Macroporous | 8.2-124 | 2mm | >-32dB | current

LaogsSrosCo0s.5 | freeze size10-120 | GHz at8.2 - work
gelcasting um 12.4 GHz
route

As the density changes from 6.10, 1.41, 1.16 to 0 .59 g/cm?3 the corresponding change in the
average SSE value is 6, 18, 28 and 33 dB.cm®/g at 10 GHz. Another observed trend in the

results is that the increase in the SE value with the increase of the thickness of the LSCO foam
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having the same pore-size distribution and porosity. Here the variation of SE with thickness is
shown in the Fig. 3.6. The trend can be clearly explained on the basis of equations (3.1) and
(3.3), where an increase in the thickness is observed to be influencing the absorption and
multiple reflection loss simultaneously. For a system with same porosity, the larger thickness
of the sample indicates more solid content and larger effective surface area. This in turn will
provide more opportunities to EM wave to interact with the lossy LSCO and the attenuation
will be more effective.

A comparative table of EMI shielding performance of the best attenuating ceramic
foams are given in the Table 3.2. Here we have deliberately excluded carbonaceous foams for
the sake of ease of comparison. As seen from the Table, the total shielding effectiveness of the
shield largely depends on its thickness. In the case of porous structure like foams, the incoming
EM wave must spend at least a wavelength in the absorber, in order to obtain reasonable
absorption. Thus, thicker shields will have high attenuation since they could accommodate
more wavelengths. Interestingly, the present shielding material, LagsSrosCoQO3.s foam,
outperform most of its ceramic foam counterparts, even at a normalized thickness of 2 mm.
Such porous ceramic EMI solutions are ideal for satellite and aeronautical applications, where
lightness and high thermal stability are critical.

3.1.4 Conclusions

In this study, macroporous forms derived from proton conductive perovskite ceramics
are being reported for the first time. Lao.sSrosC003.5 foams with tunable range of porosity and
cell sizes were prepared through an emulsion freeze-gel casting route. The compressive
strength of foams shows a dependency on their tailorable skeletal structure and porosity.

Temperature dependent resistance studies convey their metallic nature. The SE of 32 - 33 dB
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for the low density LSCO foam candidate having 2 mm thickness is excellent. For the studied
samples, the variation trend in the EMI shielding values follows the same order of their
respective electrical conductance. Here the major contribution to the total shielding is provided
by the absorption component which is supplemented by the conducting nature of LSCO, as
well as the peculiar void structure of the foam that enable multiple reflection possible at each
cell. The SSE parameter of the LSCO foams were found to be better than their dense
counterparts. Overall, the foaming procedure qualifies any oxide conductor to the broad
domain of light weight EMI shielding applications. Such lightweight EM attenuating structures
are most suitable for satellite and aeronautical structures that are subjected to under harsh
environmental conditions where polymer composites fail, while macroporous ceramics can

save materials and energy.
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3.2 LaosSrosCo03-s Nanowires for Microwave Shielding
Applications

3.2.1 Introduction

Nanotechnology has contributed tremendously to the development of smart devices
with fascinating electronic, optical, mechanical and thermal properties.3* Nanowires, nanorods
and nanotubes are different classes of 1D nanomaterials and they outperform the nanoparticles
in many electronic applications, due to their interconnected nature; hence used in the
fabrication of interconnects in smart devices. Smooth surfaces promote easier paths for
electronic conduction and conducting polymers based nanowires and metal oxide derived
nanowires have been largely reported in this regard. Most of the metal nanowire synthesis were
based on template method; while electropolymerization technique was also widely employed
for developing nanowires based on conducting polymers.® High surface area and connectivity
are two important attributes that make them useful for multitude of applications. Metal and
polymer based nanostructures suffer from oxidation and stability issues when used in high
temperature applications. Hence ceramic based nanostructures are gaining wide attention in
the context of high temperature EMI shielding applications. Last year, W. Zhou et al.
investigated silicon nitride modified with silicon carbide nanofibers prepared by catalysis
chemical vapour deposition through a gel casting procedure and reported a moderate SE in the
range of 9.31 dB.%® Perovskites nanomaterials are better choices for industrial applications due
to their high conductivity in addition to the chemically inert and corrosion resistant nature.*’
There were only very few reports on perovskite nanowires as EMI shielding solutions.
Recently, Liu et al. reported 2D nanocomposites with amorphous carbon and lanthanum ferrite,

showing promising EMI shielding properties. These cation deficient composites exhibited a
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SE of —26.6 dB at 9.8 GHz, for sample thickness of 2.94 mm.*® As we discussed in Chapter 1,
only a few conducting oxide nanostructures were reported to achieve 99.9 % shielding
efficiency throughout the high frequency bands at a practical thickness limit of 2 mm.*42 As
we have already observed EMI trends in LSCO bulk and foam structures which were found to
have promising microwave attenuation, a detailed investigation is performed here on EMI
properties of LSCO based nanostructures, prepared through microemulsion route.

3.2.2 Materials and Methods

Conducting perovskite LSCO nanowires were synthesized employing a microemulsion
route. Microemulsion system consists of 30 mL isooctane, 6 mL butanol and 6 g CTAB, which
form a miscible solution at ambient temperature (~60 °C). The prepared solution was divided
into two portions. To the first portion, La(NOs)s, Sr(NOs)2 and Co(NOz), were added according
to the stoichiometric ratio of the final composition. In the second portion KOH were added
which would serve as the precipitating agent. After 15 min stirring, both these solutions were
mixed together and vigorously stirred for few hours. Further the solution was kept at low
stirring rate for 6 h at ambient temperature. Metal hydroxides precipitated inside the miscelle
were retrieved by washing continuously with ethanol and deionised water. After thorough
washing, the dried residue was calcined at 850 °C by slow heating at the rate of 1 °C/min in
argon atmosphere to obtain perovskite LSCO nanowires. Thermogravimetric analysis was
done to study the changes in precursor as well as phase formation. The phase purity of the
synthesized nanowires was studied using XRD. The morphology and elemental mapping was
performed using SEM and the lattice spacing, selected area diffraction patterns and energy

dispersive spectroscopy of the nanowires were analyzed using TEM. The magnetic properties
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of the nanowires were studied using VSM probe in PPMS and electrical conductivity was

measured using four probe method.

3.2.3 Results and Discussion

3.2.3.1 Structural Characterization

LSCO foams & nanowires
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Fig. 3.7: (a) X- ray diffraction pattern of LaosSrosCo0Os; (LSCO) calcined at 850 °C and
(b)TGA-DTA of LSCO nanowires.

The phase purity of the LSCO nanowires synthesized by microemulsion method is
examined using XRD. Fig. 3.7(a) shows the XRD peaks of synthesized LSCO nanowires
calcined at 850 °C. The peaks of the nanowires could be well indexed using JCPDS file no.
48-0122. The peaks are visibly broader than those obtained for solid state derived LSCO shown
in Chapter 2.1, which may be due to their nanostructure. Thermogravimetric studies carried
out for temperature range of 30-1000 °C depicted in Fig. 3.7(b), explain the formation stages
of LSCO nanowires. A steady weight loss is observed from 30 to 825 °C, which includes the
removal of solvents, burning of surfactants and crystalline phase formation. After 825 °C,
there is no major visible weight loss which confirms the complete phase formation. The

diffused exotherm around 150 to 350 °C comes from the decomposition/oxidation of residual
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surfactants and co surfactants. The second exotherm is at 825 °C, which arises due to the

crystalline phase formation of LSCO nanowires.

3.2.3.2 Morphological analysis

Fig. 3.8: (a) SEM micrographs of calcined LSCO nanostructures at low magnification
and (b) at high magnification.

Cross section micrographs of pelletized LSCO nanowires are given in Figs 3.8(a) and
(b). Aggregated nanowires with very few nanoparticles are seen in the micrographs. From the
high magnification image in Fig. 3.8(b), the diameters are found to be in the nanometer range
(< 50 nm). Elemental mapping has been performed on different sections of pelletized sample
and representative image is shown in Figs 3.9(a-e). Fig. 3(a) shows the distribution of all the
constituent elements in LSCO nanowires. The elemental distribution corresponding to La, Sr,
Co and O are individually shown in Figs 3.9(b), (c), (d) and (e) respectively. Morphology of
the nanowires obtained from TEM is depicted in Figs 3.10(a) and (b). From the low
magnification image in Fig. 3.10 (a), it could be observed that nanorods are connected to each
other forming a nanowire structure. The image analysis was done using ImageJ software and
the diameter of the nanowires were obtained in the range of 15-35 nm. Using HRTEM (High

Resolution TEM), their microstructure was further studied which is presented in Fig. 3.10(c).
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As shown, the spacing between the periodic fringes is 0.27 nm which represents the (110) peak.
This result matches well with the d spacing obtained for (110) peak from X-ray diffraction

analysis.

Sr
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Fig. 3.9: (2) SEM micrograph with elemental mapping of LSCO nanowires. Figs 3.9(b),
(c), (d) and (e) Mapping of La, Sr, Co and O respectively.
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Fig 3.10: (a) Low and (b) high magnification TEM micrographs of LSCO nanowires, (C)
HRTEM of nanowires showing lattice fringes, (d) SAED of LSCO nanowires and (e) TEM
EDAX spectrum of the LSCO.
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Fig. 3.10(d) shows the selected area diffraction pattern of the nanostructure and the diffraction
spots represents the polycrystalline nature of the sample. Here the bright diffraction spots could
be indexed using Gatan software. Fig. 3.10(e) shows the elemental analysis obtained from
TEM. In the graph, Cu peak arises from the copper grid employed for dispersing the nanowire
samples. The energy peaks corresponding to La, Sr, Co and O are clearly indexed in the
spectrum.

3.2.3.3 Magnetic Properties of LSCO Nanowires
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Fig. 3.11: (a) Magnetization vs magnetic field (M-H) curves of LSCO nanowires for various
temperatures and (b) magnetization vs temperature curve of LSCO nanowires.
Magnetic analysis on the nanowires was done in the magnetic field ranging from -50
kOe to 50 kOe. The magnetization curves for 5 K, 100 K, 200 K, 300 K and 350 K were
recorded and shown in Fig. 3.11(a). At 350 K and 300 K, LSCO nanowires shows straight line
behaviour typical for a paramagnetic material. The same trend has been reported for bulk
samples. When the temperature is lowered to 200 K; the behaviour changes from paramagnetic
to ferromagnetic nature. At 5 K, hysteresis loop is clearly visible corresponding to the

ferromagnetic interaction in the system.
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The magnetism of one dimensional LSCO structures should be understood in details. In the
original LSCO perovskite structure, there exists two sublattices containing (111) planes; one
being rich in high spin state trivalent cobalt ions and other with low spin tetravalent cobalt
ions. The trivalent cobalt ions give rise to antiferromagnetism and ferromagnetic interaction
occurs due to the interaction between low spin (tetravalent) and high spin (trivalent) ions. The
intermediate oxygen ion mediates the magnetic exchange interaction in these types of
perovskite structures. From its M-H plots, it is evident that the transition temperature lies
between 200 and 300 K. For understanding the transition, M-T analysis was done and field
cooling (FC) and zero field cooling (ZFC) magnetization studies are depicted in Fig. 3.11(b).
LSCO belongs to cluster glass phase. The difference between Mrc and Mzrc is much higher in
the cluster glass phase compared to the spin glass phase at sufficiently low temperature,
indicating the presence of short range ferromagnetic ordering with in a cluster. The Curie
temperature(Tc) of the calcined nanowires was obtained to be 225 K. For bulk LSCO, the
reported Tc is 240 K. In the case of nanostructures, due to the finite size effect, there is an
increase in the disorder of magnetic moments which may be one of the reasons behind lowering
of Tc. Another factor that affects the transition temperature is the number of interfaces in a
given volume, which increases for nanomaterials. Hence, the thermal energy could overcome
the magnetic ordering, at a still lower temperature than for the bulk LSCO.

3.2.3.4 Electrical Properties of LSCO Nanowires

Among the perovskite oxides, systems with La at A-site, exhibit better conducting
properties than other rare earths. One of the prominent reasons is the high ionic radius of La
that contributes to increased structural symmetry, resulting in the formation of cubic or

rhombohedral structure.*®* Another contributing factor is the absence of 4f electrons, which
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with high effective mass could have deteriorated the conduction phenomenon. As seen earlier,
the electrical conductivity of the shielding nanostructure, is an important criterion for

developing highly efficient EMI shields.
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Fig. 3.12: (a) I-V plot of calcined LSCO nanowires at room temperature. Fig. 3.12(b) Frequency
dependent variation of total shielding effectiveness (SEv), reflection shielding effectiveness (SEr)
and absorption shielding effectiveness (SEa) of LSCO nanowires at X band.

Conduction mechanism in bulk LSCO could be explained by the presence of itinerant
electrons. The system is described as a hole doped semiconductor owing to the increase in the
amount of Co** content for the partial substitution of La®** by Sr?* which increases the number
of itinerant electrons. The four probe measurement shows linear behaviour typical for metallic
structures (as shown in Fig. 3.12 (a)). The conductivity of the LSCO nanowires is calculated
to be 120 S/cm which is obviously one order less than that obtained for bulk LSCO.% For
nanomaterials, the surface area to volume ratio is high and the number of interfaces is also
much more. These factors contribute to the increased surface scattering, which causes a
reduction in DC electrical conductivity, compared to the bulk. Conventionally, materials with
electrical conductivity value greater than one S/cm are desirable for effective EMI shielding.®’

In the present work, better conductivity of 120 S/cm is reported which satisfy one of the
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shield’s essential criterion. Nevertheless, the approximate diameter of the intertwined
nanowire structure is only 15-35 nm, which should have further reduce the conductivity. There
are several physical reasons to assume that the conductivity of nanowire will be inferior to that
of the corresponding bulk material. In principle, there is high chance of scattering from the
wire boundaries, and this phenomenon will be aggravated when the nanowire’s width is below

the free electron mean free path of the bulk material.
3.2.3.5 EMI Shielding Analysis

As discussed in Chapter 2, when the SE is high enough, the contribution of SEwm is
negligible and the total shielding effectiveness is given by equation, SEt = SEr + SEA. EM
wave SE of LSCO nanowire samples were observed to be in the range of 28.5-32 dB, as shown
in Fig. 3.12 (b), which is less than that observed for bulk LSCO. Here, the reduction could be
attributed to the reduced conductivity exhibited by the nanowires. Mobile charge carriers play
an important role in the conduction phenomenon in LSCO. In the case of nanowires with very
small diameter 15-35 nm, the walls of the nanowires act as boundaries which scatter the mobile
electrons. Hence the number of collisions increases with the number of interfaces available in
a particular volume.** All these factors decrease the electronic conductivity in one dimensional
structures. Still when the nanowires form closely inter-connected systems, as shown in SEM
in Fig. 3.8. The connectivity of the sample causes better electrical conduction. Here also
inherent nature of high conductivity of LSCO is an important factor in achieving high value of
shielding effectiveness. Compared to metallic systems such as copper where the nanowires or
particles suffer from poor conductivity due to oxidation issues except in inert conditions, the
LSCO nanowires could exhibit stable values even at high temperatures applications without

suffering corrosion.
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LSCO nanowires exhibited SEa values in the range of 14.4-20.7 dB, which showcase
them as feasible candidates for absorption based shielding applications. As elucidated in
Chapter 2.1, it could be concluded that the absorption dominant shielding effectiveness for
LSCO nanowires are due to the direct relation between their electrical conductivity and SEa.
SEr of the samples is in the range of 8.5 to 14 dB at X-band. In the present study, the tested
EMI shielding structures have an optimum thickness of 2 mm. Achieving a high SE above 30
dB (99.9 %) qualifies these nanowire systems for high corrosive, high temperature coating

applications.

3.2.4 Conclusions

La based perovskite nanowires of diameter 15-35 nm were synthesized by
microemulsion technique. The LSCO nanowires achieved room temperature conductivity of
120 S/cm and Tc of 225 K. Compared to their bulk counterparts, there observed a lowering of
DC conductivity in nanowires which is attributed to the high chance of electron scattering from
the wire boundaries and this phenomenon is more at dimensions below the free electron mean
free path of the bulk. Despite this, LSCO nanowires exhibited SE of 28.5-32 dB which
corresponds to a shielding efficiency of > 99 %. Thus these nanowires could be proposed as
an excellent candidate for nanoscale EMI shielding coatings under corrosive environments and

high temperature conditions, where most metallic and polymer based nanowires fail.
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Polyol Derived Ni and NiFe Alloys for Effective Shielding of
Electromagnetic Interference
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Ni and NiFe alloys with different compositions have been successfully synthesized through a
simple, surfactant-free polyol method. The morphological analysis demonstrated a uniform
spherical nature of the alloys, with size range ~10-30 nm. A very thin oxide layer was found to be
forming over the alloy nanoparticles (NPs) which is feebly visible in TEM and later confirmed by
XPS analysis. The saturation magnetization value was found to be lowest in Ni that keeps on
increasing with increasing Fe content in the composition. The resistivity, as revealed from -V
characteristics, was shown to be lowest for the permalloy (NigoFex) phase, while the values
increase with further increment in the Fe content. All of the alloys tested in this investigation,
showed excellent microwave shielding properties ranging from 21 to 41 dB in the entire Ku bands,
for ~1 mm thick samples. The lowest EMI shielding range (21 to 29 dB) was noted for Ni NPs while
the highest was observed in the case of permalloy (30 to 41 dB). These alloys are good candidates
for EMI shielding applications having the ability to attenuate 99.9 % of electromagnetic

radiations.
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4.1 Introduction

The most used traditional shielding materials are metal based systems; among them magnetic
metals span a major regime. A magnetic material with high permeability (u>> 1) and magnetic
loss can create high magnetic field attenuation by providing a low reluctance path for the
magnetic field. The magnetic shielding material will develop an alternating magnetic field that
generates eddy current on the shield, making a nullifying field in the opposite orientation. For
practical cavity resonance damping applications, the magnetic absorbers are found to be ideal
since the magnetic field is maximum on the conductive surface where the absorber is placed.
In general, for magnetic absorber-based EMI solutions, the shielding effectiveness increases
as a function of frequency. Synthetic soft magnetic materials made the pathway for the
development of high-density electronic circuits, to operate at high frequencies. They are widely
used as magnetic cores in downsized inductors and as electromagnetic noise absorbers.! The
pronounced absorptive nature of magnetic materials like ferrites and metallic alloys has been
originated from their effective magnetic and dielectric loss properties.? These nanomagnetic
materials have novel chemical, magnetic, electrical and electromagnetic properties, which are
often different from their bulk counter parts because of the smaller sizes and larger specific
surface areas. Iron, nickel, cobalt and their alloys are well known soft ferromagnets which
exhibit high magnetization and low coercivity, which are widely being applied in EMI

shielding and microwave absorption applications.®

Among various soft ferromagnets, permalloy (NigoFe2o) that possesses extremely high
magnetic permeability, low coercive force, nominal core losses with low remanence, is useful
for efficient magnetic shielding applications where ultra-low fields than earth’s magnetism are

needed. Further, its small magnetostriction is befitting for industrial thin film applications,
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where variable stresses don’t affect the magnetic characteristics. Various synthesis procedures
are available for the synthesis of Ni and NiFe nanoparticles, like mechanical alloying,’
hydrothermal method,®> sonochemical method,® reverse micelle techniques,’ hydrogen plasma
reaction method® etc. Most of these synthesis routes involving usage of different surfactants,
reducing agents, special reaction conditions etc. which further makes the process complex.
However, the present study follows a simple polyol method by making use of the polymer
polyethylene glycol (PEG) as the solvent cum reducing agent. The polyol-based synthesis is
frequently used in the synthesis of magnetic nanoparticles due to the method’s control over
composition and size of nanoparticles, through the capping effect of glycol-family solvents
and nucleating agents.® Here PEG is serving multiple roles - as a versatile dispersant, high
boiling solvent, effective reductant, and also as a stabilizer which controls the particle growth
and avoids aggregation of precursors due to steric interactions. Ferromagnetic nanomaterials
(Ni, Fe, NiFe alloys etc.) and other metallic nanoparticles are widely synthesized using this
polyol method.1%1* It is highlighted in the literature that the polyol process will result in the

generation of monodisperse, highly crystalline and uniform sized nanoparticles.t®

Here in this chapter, we report the synthesis and electric/magnetic/electromagnetic
properties of Ni and its alloys with Fe using a simple PEG-mediated polyol method, without
the need for any inert atmospheres during chemical synthesis. The prepared nanoparticles were
formed into thin sheets and densified through hydrogen annealing which was further analyzed
for their magnetic, electrical properties and EMI shielding characteristics. The microwave
shielding properties of the series of polyol derived nano NiFe alloys (NigoFe2o, NisoFeso, and

Ni2oFesgo) are being reported for the first time.
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4.2 Materials and Methods

The chemicals used, nickel chloride hexahydrate (NiCl..6H20) and polyethylene
glycol 400 (PEG) were procured from Aldrich, while iron chloride tetrahydrate (FeCl2.4H20),
sodium hydroxide (NaOH) and ethyl alcohol were procured from Merck. All the chemicals are
of analytical grade purity. Nano nickel (Ni) and its alloys with iron (Fe) based on compositions
NizoFeso, NisoFeso and NigoFezo were prepared by polyol method.'® The first step involves
proper mixing of the precursor salts (FeCl2.4H20 and NiCl..6H20) in PEG dispersing media,
in a bath sonicator. Throughout the study, the concentration of precursor in the solution was
kept to be 0.2 M and pH was kept in the range of 10 to 11 by adding sodium hydroxide before
proceeding to reduction process. Then the PEG metal salt solution was heated to 200 °C for 30
min, to remove moisture trapped in the mixture. Finally, the mixture was further reflexed at
300 °C for 2 h with constant stirring. The mixture was subsequently washed with water and
ethanol to remove the filtrate. The residue after repeated washing was collected and kept in a
vacuum oven overnight to get the dry precursor powder. Final annealing (at T = 600 °C) was
performed in a tube furnace under hydrogen atmosphere for 3 h, to yield the phase pure metal
and its alloys in nano powder form. A similar polyol procedure was also adopted for the
preparation of iron nanoparticles from iron chloride but ended up in iron oxide (Fe2Oz3) rich
phase and the product shown exaggerated grain growth during hydrogen annealing with
micron-sized particles. It is a common practice to use polyol method for the production of iron
oxide from precursor salt,**'° whereas only a few reports were available on iron nanoparticle
synthesis, with modified synthesis procedures. This is because, during the polyol reduction

process where polyethylene glycol acts as a reductant as well as a surface protecting agent for
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Ni-Fe compounds, is inefficient to prevent the oxidation of iron. The concentration of oxide

phase will depend upon the reducibility of the polyols.

The morphology and size of the grains were directly investigated by high-resolution
transmission electron microscopy, HR-TEM (FEI Tecnai G2 30S-TWIN, FEI Co., Hillsboro,
OR, USA). Energy dispersive spectroscopy was done to analyze the elemental composition.
The chemical composition was analyzed using X-ray Photoelectron Spectroscopy (XPS) (PHI
500 Versa Probe 2 with Al Ka radiation). The Ni and NiFe alloys were uniaxially pressed (at
~ 100 MPa) into rectangular sheets/blocks for electric, magnetic and electromagnetic
characterization. These samples were subsequently sintered at 600 °C for 3 h in the H:
atmosphere, in order to improve their densification and mechanical strength. The magnetic
properties of the samples were measured using a VSM probe in physical property measurement
system (PPMS, Quantum Design Inc., USA). Here, the magnetic field was varied from -5 T to
+5 T at 300 K and the magnetization of the samples were studied. M-T measurements were
carried out for a temperature range of 300 K to 900 K at a magnetic field of 200 Oe. The
required level of machining was carried out using a Struers polishing machine (Struers
Tegramin - 25) to make the sample suitably fit to the waveguide and electromagnetic

characterization is performed at Ku band.

4.3 Results and Discussion

Fig. 4.1 briefly describes the main steps in preparing the EMI shielding nanopowders, starting
from precursors to the development of machined compacts suitable for transmission waveguide
shielding measurement. No inert atmosphere was employed during chemical synthesis except

annealing of the powder later after compaction, which was done at 600 °C in hydrogen.
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Fig. 4.1: Process flow of preparation of samples for EMI shielding characterization.

4.3.1 Structural and Morphological Analysis
4.3.1.1 X-ray Diffraction Analysis

PEG could effectively reduce both iron and nickel metal salts into metal nuclei which
then nucleate to form metal nanoparticles. Fig. 4.2 shows the XRD patterns for Ni, NigoFezo,
NisoFeso and NixFeso nanoparticles synthesized by polyol method. As shown, the diffraction
peaks can be indexed for crystal planes (111), (200) and (220) which match with the face-
centered cubic structure of Ni (JCPDS no 00-004-0850) and bulk NiFe alloy. The lattice

parameter a could be calculated from the d-spacing values of major intensity peaks as given

by a = /3d for fcc structure and a = +/2d for bee structure.?’ The average lattice parameter
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increases from a=3.523 A for Ni to a=3.547 A for permalloy as the atomic radius for Fe is
greater than that for Ni. The same trend continues as there is an increase in lattice parameter
to 3.585 for NisoFeso. For NixoFeso, there is a visible transition from fcc to bcc structure
corresponding to Fe rich phase as observed from the XRD pattern. Clearly, the diffraction line
(111) has shifted to higher 20 angles as a consequence of decreased d-spacing since the unit

cell lattice accommodated a higher percentage of iron.

(111)
(a) (b) m d spacing (A) # lattice parameter (A)

JUL A 4 3523 3.547 3.585

2.871

(110)

Intensity (a.u.)

leo Feso

20 l 40 . 60 . 80 Ni NiaoFezo NisoFeso NizoFeso
Angle 20 (degree)

Fig. 4.2: (a) X-ray diffraction patterns of the nickel and its alloy with iron. (b) Variation of d

spacing and lattice parameter, for different Ni and NiFe alloys.

Further, the diffraction line (200) at 26 ~ 51.9° disappeared when x=50 changes
to x=80 in Niioo-xFex, while another peak corresponding to the bcc structure of Fe arised
at 65°. The peaks at 260 ~ 44.5° and 65° respectively correspond to (110) and (200) planes
of the bcc structured Fe. The lattice parameter showed a rapid decrease with fcc to bcc
transition. The variation of lattice parameter and d-spacing for different percentages of

iron addition is plotted in Fig. 4.2(b).
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4.3.1.2 Transmission Electron Microscopy

Fig. 4.3: Low resolution TEM micrographs of (a) Ni (b) NisoFeso (¢) NisoFezo and (d) NixgFeso.

Even though the X-ray diffraction presented a complete phase purity for the samples
synthesized through polyol method, diffraction techniques are inadequate to study the surface
degradation of ferromagnetic nanoparticles. Hence we performed a detailed TEM analysis
coupled with EDAX elemental analysis. The low-resolution images of Ni, NigoFezo, NisoFesg
and NixoFego are given in Fig. 4.3, which present spherical microstructural features of the nano
metals and alloys. The magnified TEM micrographs in Fig. 4.4 clearly display the spherical
nature of the Ni and its alloy series with particle size ranging from 10-30 nm. A thin oxide

layer is associated with the particles is vaguely visible in the micrographs.
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Fig. 4.4: TEM micrographs of (a) Ni (b) NisoFeso (¢) NisoFezo and (d) NixFes and () TEM
EDAX spectrum of the Ni and its alloys.

In order to elucidate the elemental composition and to conform the presence of oxide
layer, EDAX analysis was performed. In EDAX spectrum of Ni (Fig. 4.3(e)), all the relevant
energy spectrum of Ni nanoparticles is identified.?* But in the context of the present study, the
characteristic Fe lines start appearing in x > 20 in Niw.xFex alloys and its intensity grows with
X, obviously. The spectral peak in the EDAX analysis at 0.525 keV corresponds to oxygen, is
a clear indication of the surface degradation due to oxide layer formation covering the
nanoparticles. Since minor oxidation is unavoidable in ferromagnetic nanoparticles, and they
can influence the magnetic characteristics of the parental compound since Ni2Os is weakly
magnetic, NiO is antiferromagnetic while Fe;Os is ferromagnetic.2?® An earlier report by
Islam et al., on the oxide formation in polyol method, is concurrent with the present
observation. According to them, this oxide layer formation is beneficial since it will prevent

further oxidation which is advantageous in biological applications.®
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4.3.1.3 X-ray Photoelectron Spectroscopy Analysis
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Fig. 4.5: XPS survey spectrum of Ni, NigogFezo, NisoFeso and NizoFeso.

We further investigated the surface chemistry of Ni and Ni1oo-xFex nanoparticles with a

more surface sensitive spectroscopic technique, XPS. As shown, the Ni 2p and Fe 2p spectra

presented in Fig. 4.6 give more insight into the formation of possible iron and nickel oxides on

the surface region. In order to explore the various chemical states of nickel and iron in the

experimental spectra, the Fe 2p and Ni 2p core levels were curve-fitted with a non-linear least

square fitting program (XPS Peak 4.1 version). Prior to analysis, a correction should be done

in order to elucidate the secondary electron background. The most recent and well-established

Shirley background correction method was applied in the current investigation. After curve

fitting, various oxidation levels of both nickel and iron were visible. From the XPS survey

spectrum of alloys the presence of Ni, Fe, O and C are identified as given in Fig. 4.5.
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Fig. 4.6: Reconstruction of the experimental (open dots) Ni (2p) and Fe (2p) spectrum of nickel
and their iron alloys. Fig. 4.6(a), 4.6(b), 4.6(d) and 4.6(f) are of Ni 2p; Fig. 4.6(c), 4.6(¢) and

4.6(g) are of Fe 2p spectrum of samples Ni, NigoFe2o, NisoFeso and NizoFeso respectively.
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Fig. 4.6(a) depicts binding energy spectrum of pure nickel sample. The peak at 852.7
eV corresponds to the pure Ni (Ni% which is in agreement with literature data.?* The oxide
peak at 853.6 eV can be attributed to the Ni?* oxidation state.? The same peaks are observed
in the case of Ni 2psn, of the rest of the nickel-iron alloys series (NigoFe2o, NisoFes0 and
NizoFeso). In the case of Fe 2pas2, the apparent peak position (707.6 eV) is believed to be shifted
marginally from that of the pure Fe, which was reported to have a peak at 706.9 eV.?® The
energy shift can be attributed to the electron charge transfer between nickel and iron in the
alloy combination.?” The rest of the fitted peaks were at 709, 710.6 and 712.5 eV, which
corresponds to Fe?*, Fe** and Fe?" satellite peaks, are concurrent with observed values in
literature.?® The existence of Ni® and Fe® peak in all the nickel-iron alloy combination reiterate
the fact that the oxide layer is marginally lighter. On a closer examination of XPS results, it
can be concluded that, in the polyol synthesis of ferromagnetic metals and alloys, a thin oxide
layer formation is inevitable under ordinary synthesis conditions. This oxide layer is vaguely

visible in TEM images (see Fig. 4.4), which further confirms the above observation.
4.3.1.4 Scanning Electron Microscopy

SEM micrographs of fractured surface of the Ni, NigFezo, NisoFeso and NixFesoare shown
in the Fig. 4.6. Obviously, there are a lot of voids observed in the fractured area (see Fig. 4.7),
which are believed to have formed consequent to the escape of residual PEG which remained
in the precursor stage. As observed in SEM the particles are spherical and the nanoclusters of
the magnetic nanoparticles have been coalesced together throughout the structure, results in

the hetero structured microstructure.
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Fig. 4.7: Low magnification SEM micrographs of fractured surface of (a) Ni (b) NigsFe2o (€)

Ni5o|:e5o and (d) NizoFego.

It should be noted no sintering aids were used in the powder compacts, for the fear of
diamagnetic contamination. Fig. 4.8 shows the micrographs with elemental mapping of the
fractured surface of Ni and NiFe alloy series, annealed at 600 °C. Here it is clear from the
illuminated microstructure that the Ni and Fe distributions have depth difference according to
the concentration of each constituent in the composition. Fig. 4.8(a) is micrograph of pure Ni
and fully illuminated illustration of Ni is well visible. As the Ni concentration is lowering in
the remaining Fe alloy composition, there is visible evidence of lowering of illuminated view
of corresponding element in the following composition. Since the NizFes combination is more

prone to oxidation due to the higher concentration of iron, there is only a few illuminated area is visible

under the mapping image.
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Fig. 4.8: SEM micrographs with elemental mapping of fractured surface of (a) Ni (b) NisoFezo
(C) NisoFeso and (d) NizoFEgo.

4.3.2 Magnetic Properties

The magnetic properties of nanostructured nickel alloys suffer dramatic changes
compared to bulk, which is mainly due to the variations in domains. Obviously, at the
nanometre scale, the magnetic anisotropy energy, dipolar interactions, and packing density

play crucial roles consequent to the transition to single domain regime.?® Fig. 4.9(a) illustrates
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the dependence of magnetization of Ni and NiFe alloys, for the applied magnetic field at a

temperature of 300 K.
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Fig. 4.9: (a) and (b) magnetization vs magnetic field (M-H) curves of Ni and NiFe alloy
nanoparticles for different compositions, (c) Magnetization vs temperature curve of Ni, NigoFezo,

NisoFeso and (d) Plot of dM/dT of Ni and NiFe alloys versus temperature.

High saturation magnetization (Ms) and low coercivity (Hc) are characteristic
features that promote the deployment of NiFe alloys in various soft magnetic
applications.®® EMI shielding also demands the similar properties and hence magnetic
characteristics are studied for different NiFe compositions. Here, magnetic
measurements were performed for magnetic field sweep between -50 kOe to 50 kOe for

all the samples. Application of magnetic field causes spins to align parallel to the field.
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When the field is reduced, there occurs a remnant magnetization even when the applied
magnetic field reaches zero and the field required to bring the magnetization to zero is
called the coercive field. As reported in the earlier literature, spherical ferromagnetic
particles exhibit the same amount of magnetization in all directions and there is no shape
anisotropy.3! As shown in Fig. 4.9(c), the magnetization (Ms) is highest for NizoFeso
and lowest for Ni. Also one can notice from Table 4.1 that the Ms value of 52 emu/g
for Ni monotonically increased to 185 emu/g for the Fe rich alloy combination i.e.,
NizoFego. The increase of Ms with an increase in the molar concentration of Fe is due to
the high inherent magnetization possessed by Fe.*® The increased magnetization could

be established by Slater-Pauling curve.?

Table 4.1: Magnetic properties of Ni and NiFe alloy series.

Material Magnetic Coercivity Curie
saturation Hc (Oe) temperature
Ms (emu/g) (K)

Ni 52.90 62 603
NigoFezo 86.52 54 815
NisoFeso 147.50 38 846
NixoFeso 186.60 10 beyond

measurable
range

Fig. 4.9(c) depicts the M-T curve of nickel and nickel-iron alloy nanoparticles. The low-
temperature behaviour of ferromagnetic materials could be specified by Bloch’s
equation ,2

M(T) = M(0)(1 — BT?) (4.1)
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where M(T) and M(0) denotes the saturation magnetization at temperature T K and 0 K
and B is Bloch’s constant and A = 3/2. As the temperature increases, there is a reduction
In saturation magnetization and beyond the Curie temperature, it undergoes a transition
to a paramagnetic state.

The Curie temperature (Tc) of the spherical nickel particles was found to be 603 K
which is actually less than the reported Tc for bulk Ni (627 K). The reduction in Curie
temperature can be attributed to increase in the disorder of magnetic moments as well as the
increase in the number of interfaces with the size reduction. Hence the thermal energy may
overcome the magnetic ordering at a still lower temperature than for the bulk nickel (627 K).
A Tc of 871 K was reported for the bulk NigoFe2o while in the present study, Tc obtained is 815
K.2® For higher iron substituted alloys, Tc could not be estimated, since the ferro to
paramagnetic transition is expected to occur above 1000 K, which is beyond the measurable
temperature range of the PPMS set-up used.

In general, two factors that are found to influence the Hc of ferromagnetic
nanoparticles are (i) diameter of the particles and (ii) inter-particle interaction.3! Further,
Hc also depends on the shape anisotropy constant of the nanostructure. The dependence
of Hc of nanoparticles on the diameter of the particle and the critical radius,®? Rc is
defined by

Re = (kA/uoMg* )1/ (4.2)
where k is 1.08 for cylindrical structures and 1.38 for spheres, the exchange constant A
is 0.3 x10°® erg/cm for Ni while Ms is the magnetic saturation of bulk nickel. The Hc
decreases with increasing diameter after the critical radius of 13 nm for Ni.3? As shown

in Table 4.1, the apparent Hc for polyol derived nickel nanoparticle is 62 Oe, which is
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lower than that reported for spherical Ni nano particles.3* As the Fe concentration in
NiFe alloy increases, there is an increase in grain size and interparticle interaction which
caused a decrease in the Hc values. In the present investigation, the Hc value for
NixoFesgo was found to be the lowest i.e., 10 Oe. Here, the size of the spherical Ni and
NiFe alloy particles are approximately ~ 20 nm. The observed decrease in Hc for
particles with a size above the critical radius can be attributed to magnetization reversal
by curling.®® This is because, when the diameter increases, the number of magnetic
domains within the particle increases that result in lower Hc values. One has to consider
the effect of grain boundaries also since grain boundaries hinder the domain wall motion
in magnetic particles.®® For smaller particles, there are only few grain boundaries and
there is no sufficient restriction for domain wall motion which contributes to reduced
Hc. Another major contribution to the Hc parameter arises from magnetostatic
interparticle interaction.®* A magnetic particle exerts a field around its neighbouring
particles which assists them to be magnetized using a lesser field than that is actually
required. As the packing density increases, the inter-particle interaction increases and
hence lowering of the Hc results. The lowering of Hc as a function of Fe concentration
increase, can be due to any of the reasons cited above.

4.3.3 Electrical Properties

For developing high-performance EMI shielding materials, excellent electrical
conductivity is a desirable factor. This is because, when an electric field is applied to the
surface of an ideal conductor, it will induce a current causing displacement of mobile charges
inside the conductor that nullifies the field developed inside the conductor. The electrical

conductivity of the synthesized samples at room temperature was studied using four probe
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method. As shown in Fig. 4.10(a), the 1-V plots are linear that is characteristic of conductors

and alloys.
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Fig. 4.10: (a) I-V plot of Ni and NiFe alloy compositions (b) DC electrical conductivity data of
Ni, NisoFezo, NisoFeso and NixgFeso.

Table 4.2: Electrical properties of Ni, NigoFezo, NisoFeso and NizgFeso.

Composition  Resistivity (2m) Conductivity (S/m)
Ni 1.39 x 10 7.22 x 10°
NigoFEzo 1.52 x 10 6.60 x 10°
NisoFeso 4.42 x 10°° 2.26 x 10°
NixoFego 3.65x 10 2.74 x 10°

From the slope of the I-V plot, the resistance (R) was estimated and the dc electrical

conductivity (o) could be derived from the relation,

o =— 4.3)
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where R is the apparent resistance, A is the cross-sectional area and I, the distance between the
voltage probe. Electrical conductivity in any system could be explained by band gap model.
The electrons available near the Fermi level take part in the conduction process and electrical
resistance depends on the lattice defects as well as the temperature. In ideal cases, when higher
molar fractions of Fe is added to Ni, the free electrons of Fe get added to the energy levels
above the Fermi level in fcc Ni and bound states are created, which in turn enhance the
electrical conductivity.?

The electrical conductivity of Ni and its alloys are given in Table 4.2. All the observed
conductivities were in the order of 10° S/m, but it is two orders less than their bulk
counterparts.® This fall in conductivity could be explained based on finite size effects. As well
known, the small particle size and the resultant increased number of interfaces give rise to
higher surface scattering rates. This in turn, increases the mean free path for conduction
electrons in the system and reduces the conductivity. Another contributing factor is the chances
of surface oxidation in nickel and nickel-iron alloy nanoparticles, whose oxides are largely
semiconducting. Oxide formation in polyol synthesis is inevitable since, during post-reaction
processing, large amounts of the free surface are available to interact with oxygen at ambient
conditions. As shown, there is a decrement in the conductivity value with Fe addition to pure
Ni that reached a minimum for NisoFeso composition (2.26 x 10° S/m) and again showed a
slight improvement for NixoFeso. Here we have to consider the fact that Fe is more prone to
oxidation and corrosion than Ni, that can reflect in the dc conductivity of the NiFe alloys. As
shown in Fig. 4.4, there are slight variations in the particle size distribution for different
compositions synthesized in the present study. So far as conducting composites are concerned,

the connectivity of conducting fillers play a critical role in EMI attenuation. In such cases,
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well-connected microstructure is preferred for high conductivity which will eventually create
a micro current under the influence of an electromagnetic field. In the case of conducting
composites of CNT and graphene, where hopping and migrating electrons make the way for
conduction,3"3 whereas the present system consists of pure metals and alloys. Here, the
abundance of free electrons paves the way for migration of charge carriers since the
conductivity is dictated by the density and mobility of charge carriers. On the other hand poor
densification may adversely affect the conductivity and EMI shielding efficiency of the system,
since more the porosity means lesser connectivity. Evidently, the SEM morphological analysis
of heat treated Ni and its Fe alloys as depicted in Fig. 4.7, present well-connected structures
with few porosities, which may contribute to an enhancement in the electron flow and
generation of micro-current under the EM field. It should also be noted that a visible
enhancement in the imaginary part of permittivity can also indirectly point to an enhancement
in the EMI shielding effectiveness.>*4
4.3.4 EMI Shielding Effectiveness

From the reflection (S11) and absorption (Sz1) scattering parameters, the reflectance and
transmittance can be derived from the relations, R = |Su1|* and T = |S21/% The absorption
coefficient (A) was obtained from the relation, A+ R + T = 1. Here A, R and T are the
absorption, reflection and transmission coefficients, respectively, which are representing the
response of the materials towards the incident wave, i.e. the percentage of absorption,
reflection, and transmission. In the present case, Ni metal nanoparticles have showed a
fluctuating nature in the transmission, reflection and absorption coefficients throughout the Ku

band (see Fig. 4.11). Its high absorption coefficient and lower reflection coefficient values can
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be attributed to the high conducting nature as well as the slight oxide layer on the surface of

Ni.
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Fig. 4.11: Transmission, absorption and reflection coefficients of Ni and Nigo.xFéex
[x= 20,50 and 80] alloys
A visibly high R and very low T were observed for the permalloy composition.

Obviously, its high dc electrical conductivity (see Table 4.2) and permeability were favorable
for achieving good R and A parameters. Interestingly, the rest of the NiFe alloys were also
showing consistently high R and A with least T, throughout the Ku band. It is believed that the
free electrons in the ferromagnetic metal will facilitate the reflection possible at the surface
and the high value of R is a proof for its promising reflection shielding parameters. The lower

T and better A values showed the capability of the alloy samples for the absorption of EM
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wave inside the material. The reflection shielding efficiency (SEr) and absorption shielding

efficiency (SEa) are calculated from the R and T as given below;*

SER = —10log(1 — R) 4.4)

T

SEr will be the sum of (4.4) and (4.5).
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Fig. 4.12: Frequency dependent variation of total EMI shielding effectiveness (SEr), reflection
shielding effectiveness (SEr) and absorption shielding effectiveness (SEa) of (a) Ni (b) NigoFezo
(c) NisoFeso and (d) NixoFego over Ku band frequency range (12.4-18 GHz).
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The frequency variation of the SEr SE4, and SET of nano Ni and NiFe alloys in the Ku
band frequency range is given in Fig. 4.12. Nickel, the parent material in this study, showed
an overall shielding in the range of 21 to 29 dB, at a sample thickness of 1 mm. It is understood
that both reflection and absorption components have contributed to shielding effectiveness.
Here, the contribution from absorption is 13 to 16 dB while that of reflection is 8 to 13 dB.
Interestingly, alloys between Ni with Fe were observed to be better candidates for shielding
EM wave than intrinsic Ni. For example, the permalloy composition NigoFezo showed the
highest shielding value of ~ 41 dB at the beginning of Ku band (see Fig. 4.12(b)) and the total
shielding effectiveness falls to 30 dB when the frequency is increased from 12.4 to 18 GHz.
Here the shielding mechanism is majorly contributed by absorption shielding. As given, the
value for absorption shielding is in the range 16 to 26 dB while reflection shielding is in the
range 14 to 18 dB, during the entire frequency band. The reason for high shielding
effectiveness originates from the inherent nature of permalloy nanoparticles having higher

permeability, in addition to good electrical conductivity.

In all the studied samples of Ni and its Fe alloys, the microwave attenuation is
contributed by absorption and reflection, though with varying extents. Since the studied
materials are conducting as well as magnetic, both dielectric loss and magnetic loss factors are
active contributors towards net shielding. The appreciably good electrical conductivity results
in the lowering of skin depth, which in turn makes the EM waves to reflect at the surface
between materials and air. Also it creates a micro-current inside the conductor while interacting
with EM wave, that may help to increase the loss factor and imaginary part of permittivity
determined by the orientational relaxation loss of intrinsic dipoles and electrical conductivity.*

Considering absorption shielding, the impedance matching conditions are vital at the interfaces
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between the material and air.*’ Here in the present case, since the surface of nanoparticles
possess a thin oxide layer, it will provide the required impedance matching condition at the
interface for the incoming EM waves. It was reported in literature that the NiO can improve
the dielectric properties of microwave absorbing materials due to its high permittivity and
electronic properties.®® For a perfect magnetic shielding material, the perfect synergy of
dielectric loss and magnetic loss is an essential strategy for maximum attenuation.*® Since the
synthesized alloys possess high electrical conductivity, it may help to enhance the dielectric
loss factor, according to Debye theory.*® So, it is likely that an ideal synergy conditions like a
combination of high conductivity, better permeability and impedance matching conditions
might have attributed to the enhanced microwave absorption in the present batch of nickel and
its alloys.

The relations connecting SEa, SEg, o, f, 4 and t are shown in equations 2.6 and 2.7 in
chapter 2. While analyzing the conductivity parameter in those equations, it can be elucidated
that the change in the permeability and conductivity values has a more direct influence to the
SEa than SEr values. Absorption dominant shielding effectiveness for the investigated batch
of alloy sheets was clearly predictable, as there is a direct relation for SEa on permittivity and
conductivity parameters. As shown in Fig. 4.12(¢) and (d), with further increment in the Fe
loading, there was no further enhancement in the EMI SE values, but only a marginal
decrement in the SE values, in accordance with the increasing Fe content. Here it should be
noted that, absorption shielding is mainly contributed by the high magnetic permeability which

is directly proportional to the saturation magnetization.
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Table 4.3: A brief survey of Ni or NiFe alloy-based EMI shielding studies for the last 10 years.

SI No

Materials

Frequency /
Method of
EMI
measurement

SE(dB)

Thickne
SS

1. | Core/shell-type DC arc 2-18GHz/ | >30dB (9| 1.7 mm 52
iron and nickel discharge coaxial to 10
nanoparticles method GHz)
2. | Ni films deposited | Ultrasonic- 80-110 GHz/ | 4-27dB | 60 mm 53
on cenosphere assisted coaxial (80to
particles magnetron 100GHz)
sputtering
3. | FesoNiso powder Mechanical 0.1-18 >10dB | 25-1.2 >
milling GHz/coaxial (@ 0.8- mm
1.8 GHz
4, Hexagonal Hydrazine 2-18 >20dB 2mm 5
Ni/Ni(OH) reduction GHz/coaxial (@9-
10GHz
5. | Ni—Fe alloy on the | Electroplating 2-18 GHz/ 10t010.6 | 1to 15 56
helical coaxial dB mm
microorganism
cells
6. | Fe-40wt. % Ni Mechanical 0.5-4 GHz/ >20dB 4-5 5
alloys with alloying coaxial 05-1 mm
granular and flake GHz)
shape
7.| Fe-50 wt. % Ni High 1-18 GHz/ 6dB(1-2 | 3mm 2
alloy frequency coaxial Hz)
induction
melting
8. Ni@Ni .03 Hydrogen 0.1-18 >20dB (4 | 1.8-4.3 %8
core-shell peroxide GHz/coaxial GHz & mm
particles oxidation 12.6 GHz)
method
9. | Ninanoparticles Polyol route | 12.4-18 GHz/ | 21to0 29 1 mm Present
wave guide dB (12.4- work
18 GHz)
10/ NigFexpalloy Polyol route 12.4-18 GHz/ | 30to4l 1 mm Present
nanoparticles wave guide dB work
11, NisoFesoalloy Polyol route | 12.4-18 GHz/ | 3210 36 1mm | Present
nanoparticles wave guide dB work
12/  NixFegalloy Polyol route | 12.4-18 GHz/ | 28to 34 1 mm Present
nanoparticles wave guide dB work
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Since iron exhibits superior saturation magnetization (or permeability) compared to nickel (as
shown in Fig. 4.9), the EMI shielding of iron dominant alloys, is expected to be high. In other
words, in iron rich materials, we believe that the contribution of increasing permeability to
EMI shielding is more prominent than a slight decrease in electrical conductivity. The optimum
level of shielding for NisoFeso is in the range 32 to 36 dB while that for NixoFeso is 28 to 34
dB. More importantly, all the NiFe compositions are found to be good candidates for
commercial EMI shielding applications with an attenuation efficiency of 99.9 %.

Here in Table 4.3, a literature study of EMI shielding solutions using Ni or NiFe alloys,
from the year 2008 onwards, is given. However, those works which include a combination of
ferromagnetic Ni/NiFe alloy with a conducting material, are excluded from the current survey,
as the latter will have an effect on their total EMI shielding values. As shown in Table 4.3, all
the NiFe alloys developed in the present study are found to be ideal for shielding purpose with
SE value of above 30 dB. Further, a still better shielding of over 30 to 41 dB was achieved for
permalloy composition even at a smaller thickness of 1 mm, throughout the Ku band.

4.4 Conclusions

Nickel NPs and their alloys with different molar ratios of iron were synthesized using
a simple, surfactant-free polyol method, using a high boiling solvent, PEG. The concentration
of the reactants was kept constant throughout the whole composition range of NiFe. From the
TEM analysis, the uniform spherical nature of nickel and alloys were confirmed with an
average size range of 10-30 nm. A thin oxide layer is vaguely visible in the TEM and the
EDAX spectrum showed the presence of oxygen in the spectra. The XPS analysis further
confirmed the formation of oxide layer associated with the nickel and its alloys that ensure

prevention of further oxidation and good impedance matching conditions. A Ms of 52 emu/g
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was observed for Ni NPs with a Hc range of 62 Oe. Further, with increasing Fe concentration
in alloys shows an increasing trend in Ms while decreases Hc proportionally. The decrease in
Hc as a function of Fe content can be due to magnetostatic interparticle interaction wherein
magnetic particle exerts a field around its neighbouring particles which assists them to be
magnetized using a lesser field than that is actually required. Since the packing density
increases with Fe addition in the present study, the interparticle interaction increases and hence
lowering of the Hc results. The dc electrical resistivity was shown to be lowest for the NigoFe2o
(permalloy) combination, and further increment in the Fe content is helping the resistivity to
increase. This trend is believed to be due to the oxidative corrosion of the Fe rich alloys where
electrons have to hop at larger scales to enable conduction. The pressed precursor powder in a
rectangular die was annealed at 600 °C in the H2 atmosphere to fabricate thin sheets of the
metal alloy samples of suitable dimensions for EMI shielding studies in the Ku band. The
densified and hydrogen annealed samples displayed excellent microwave shielding properties
ranging from 21 to 41 dB in the entire Ku bands. The lowest EMI shielding range of 21 to 29
dB was observed in the case of Ni NPs whereas the highest range was attained in permalloy
(30 to 41 dB). Of the total shielding of 30 to 41 dB for permalloy, a major portion was
contributed by the absorption shielding (16 to 26 dB) and the reflection shielding value was in
the range of 14 to 18 dB. Unlike the parent Ni, all other NiFe alloy combinations were showing
EMI shielding above 30 dB, with significant enhancements in the absorption shielding
efficiency. To the best of our knowledge, no other previous studies on nanostructured NiFe
alloys were indicating a consistent EMI shielding performance (> 30 dB) throughout Ku band.
This high value of shielding efficiency above 99.9 %, suggests the possible commercial

applicability of nano permalloy based coatings and composite structures, for magnetic
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shielding applications in systems like aviation radars, video displays, magnetic proximity

sensors, audio-visual recorders etc.
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Chapter 5

Metallized Flexible Fabrics for Microwave Shielding Applications
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This chapter outlines the efforts to qualify woven fabrics as substrates for electrodeposition, in
view of qualifying them as an EMI shield. In order to achieve this goal, surface activation of the
fabric using sputtered platinum is introduced, followed by electrodeposition of nickel using Watts
bath solution. Interestingly, the two step process has transformed the fabric from an EMI
transparent stuff to an excellent EMI attenuator. Exceptional EMI shielding efficiency of 99.999%
was achieved for Ni deposited linen fabrics. Similar electrodeposition procedure was followed in
the case of carbon fabric, except the Pt sputtering step. The Ni deposited carbon fabrics have
exceptional shielding efficiency of 55-58 dB, which is suitable for high performance outdoor
shielding applications. The ultimate goal of this research can lead to the development of
lightweight, wearable and flexible ‘radar invisible fabrics’, which has wide range of applicability

in defense and healthcare sectors.
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5.1 Nickel Electrodeposited Textile Fabrics for Microwave
Shielding Applications

5.1.1 Introduction

As discussed in the previous chapters, highly conductive metals or highly permeable
magnetic materials are used as microwave shields! where corrosion resistant metals are most
preferred, due to their strength and high electrical conduction. But there are domains where
high density and rigid nature of metals can be constraints in application such as wearable and
portable shields. For example, RF shielding portable tents, curtains and screens are used for
customised mobile laboratories and workstations. Further, shielded mobile phone and laptop
pouches which is highly handy for domestic as well as police, military and security services
around the globe. In defence, a microwave absorbing attire designed for a reportedly located
soldier will be useful, since it can make him ‘radar invisible’ to the surveillance radars of the
enemy. Against this background, the research on conductive textile materials as EMI shields
gain rapid momentum. Ideally, the fabric shield should combine the flexibility, breathability
and conformability of a textile fabric, with the RF electrical properties of a metal, like ultra-
low surface resistivity and excellent shielding effectiveness.

Since most textile materials are intrinsically non-conductive and EMI transparent, there
are different modification techniques that could transform them into conductive materials to
be employed as EMI shields. Textiles could be structurally classified into three: woven, knitted
or non-woven fabrics. In a woven fabric, warp and weft interlace at every single crossing for
plain weaves and interlaces, after two or more crossings for twill. A chain of interconnected
loops in the yarn creates a knitted fabric.? The surface modification methods and incorporation

of fillers are two ways of making textiles conductive. Conductive coatings, electroless plating,
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electroplating, thermal evaporation, sputtering and ion plating are different techniques adopted
for modification of textile surface to conductive shields. Another way is to wrap fine yarn over
metallic fibers, where the later is usually located within the core of the yarn, thereby preventing
physical contact with the wearer. Nevertheless, since the electrically conductive components
are internalized within yarn, yarn-to-yarn conductivity is discontinuous and therefore the
fabrics formed from these yarns do not provide a sufficient level of conductivity to provide
high level EMI shielding capabilities. Hence coating of fabrics with suitable metals has become
the most facile option.

Conductive fillers include metallic nanoparticles, conducting polymers and
carbonaceous materials. Saini et al. demonstrated that conductive polymer layers formed on
cotton fabrics by polymerization method exhibited microwave absorption dominant shielding
in X-band (8.2-12.4 GHz), where polypyrrole (PPY) grafted fabrics showed shielding
effectiveness of 11.3to 11.7 dB and polyaniline (PANI) grafted structures achieved shielding
values of 9.2 to 9.6 dB.2 Though they could be effective solutions for electrostatic charge
dissipation functions, these fabrics could be qualified as efficient shields, with their efficiency
reaching only 92%. Carbonaceous nanoparticles exhibit more resistivity than their metallic
counterparts while employed as fillers and hence has only limited use in applications
demanding high shielding efficiency > 50 dB.* Among the metals, silver, copper and nickel
are the most widely studied ones for EMI shielding fabric applications. A wet electroless
plating technique for coating silver on surface of cotton fabric, showed excellent shielding
value of 71 dB at X band, which is attributed to cell-like configurations formed owing to the
porous nature of non-woven fabric and cotton-silver core-shell structure.® Zhao et al. reported

copper film developed by electroless coating on cuprammonium fabric/polypyrrole
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composite, derived from in-situ polymerization technique. This multilayered structure showed
shielding values as high as 30.3-50.4 dB at a frequency range of 30-1000 MHz.®

Among electroplatable metals, silver is a highly expensive choice considering the cost
for producing large scale shielding structures whereas copper is highly corrosive and requires
special inert conditions for fabrication; thus making nickel an optimum choice for fabricating
microwave attenuating shields.” Excellent magnetic properties also make Ni based coatings
effective shields against low frequency EM waves. Textiles like nylon, linen, cotton and
polyester are intrinsically highly resistive materials and are reported to show poor shielding
efficiency of 0.1 dB upto a frequency range of 1.5 GHz, but suitable incorporation of metallic
components could enhance the shielding values to 79 dB.® Recently Xu et al. reported
electroless Ni plated flexible Nylon membrane forming a sandwich shielding structure with
excellent shielding efficiency of 77 dB in X band.* Polytrimethylene-terephthalate (PTT)
fabric was coated with PANI by in-situ chemical polymerization and nickel was coated by
electroless method, to produce shielding effectiveness of above 40 dB at 1.5 GHz.° Polyester
fabric when coated with magnetite nanoparticles and modified with PEDOT through chemical
vapour deposition technique, possessed shielding effectiveness of 13-17 dB in X band.'°
Electroless Ni plating on PPY deposited linen fabric modified with 3-aminopropyl
trimethoxysilane (APTMS) self-assembled monolayers (SAMs) could attain shielding values
as high as 43.5 dB whereas linen/PPY had a value of only 15 dB and linen/Ni showed about
20 dB at a frequency of 1 GHz.!* In most of these methods polymerization step is done prior
to electroless coating process.

Motivated by these earlier attempts, we designed a procedure to metallize breathable

woven fabrics using nickel electroplating where the fabric templates were priorly sputtered by
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Pt. Here we used nylon-a synthetic fabric and linen-a natural fabric as textile materials for
developing breathable, lightweight EMI shields which are portable and shows good adhesion
properties.
5.1.2. Materials and Methods

In the current investigation, we have used both a natural and an artificial fiber based
fabrics. Our starting materials are; linen, which is basically a cellulosic fiber obtained from
flax plant, and nylon; an artificial fiber. They are in woven form. Electrodeposition requires a
conducting surface to be connected with the cathode so that metal cations can get reduced at
the active surface. So, in order to convert the surface of the fabric conducting, it was sputtered
with Pt using JOEL Auto coater 1600 for about 60 s in 30 mA current, and later connected to
the cathode of the electroplating setup. The thickness of sputtered layer ranges 4 nm. The steps
involved in the electroplating technique are shown in the Fig. 5.1. The typical electrodeposition
set up consists of an electrolyte, cathode/anode and a source of electricity. Chemicals used for
electrolyte preparation are hydrated salts of respective metals (Sigma-Aldrich, USA)) and
boric acid (Merck). Here boric acid was used as a buffering agent. The composition of the
electrolyte was 180 g/L of nickel sulphate hexahydrate (NiSO4.6H20), 50 g/L nickel chloride
hexahydrate (NiCl,.6H-O) and 30g/L boric acid (H3BO3) in deionized water with pH
maintained at 4. The solution was prepared in deionized water to avoid the presence of
unwanted ions. The electrodeposition set up (Plastomek, Kerala) consists of teflon connectors,
platinum strips and borosilicate jar. The platinum sputtered fabrics were connected to the
cathode with the help of a platinum strip. Another platinum strip was immersed in the
electrolyte which acts as the anode. Voltage was applied between anode and cathode using a

voltage source apparatus Keithley 2410 1100V Source Meter. Here, electrodeposition was
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done at 4 V, for different time intervals. The microwave dielectric properties were measured
in a Split Post Dielectric Resonator (SPDR) operating at 5, 10 and 15 GHz with the aid of a
vector network analyzer. Conventional characterization tools described in previous chapters,
were employed here to study their structural, microstructural, electric, magnetic and

electromagnetic properties.

Bare fabric(Linen
cotton/Nylon/Silk/Polyester)
Y
Sputtering
\ 4
Pt coated fabric(Linen
cotton/Nylon/Silk/Polyester)

\ 4

Watts Bath
NiSO, 6H,0
+ NiCl, 6H,0
+ H;BO,

Electrodeposition

A

Ni coated fabric(Linen }

cotton/Nylon/Silk/Polyester)

Fig 5.1: Flow chart with photograph indicates the steps involved in the electrodeposition of Ni

on fabric substrates.

5.1.3. Results and Discussion

5.1.3.1 WAXS and XRD Analysis

Page | 169



Chapter 5

Polymer fibers contains lamellae or small crystallites along with amorphous regions.
Wide angle X-ray scattering (WAXS) is a useful tool to study these structural orientation of
the crystals, and the packing of the chains within these crystals. The WAXS analysis, as shown
in Fig. 5.2, displays corresponding characteristic o peaks of nylon at 20.5 ° and 23.6 ° and
cellulosic linen fabrics have main intensity peak at 22.7 © corresponds to (002) peak. At 14.8

and 16.7 ° the peaks (101) and (1071) are observed.

(a) (b)

Intensity (a.u.)
Intensity (a.u.)

10 20 30 10 ' 20 ' 30
Angle 20 (degree) Angle 20 (degree)
Fig. 5.2: WAXS of nylon and linen fabrics.

The X-ray diffraction patterns of bare linen (LN) and nickel electroplated linen (NEL)
fabrics are shown in Fig. 5.3(a) and 5.3(b) respectively. The (002) peak at 26 ~ 22.8° for the
linen fabric could be indexed in Fig. 5.3(a). The most intense (002) peak seems like the
reflection from the crystallographic planes of the glycosidic moieties.*? All the peaks in the
NEL could be indexed based on the standard JCPDS file: 00-004-0850. The XRD shows a
high intensity peak at 26 value of 44.51° which corresponds to (111) plane of fcc structured
Ni. Other peaks correspond to (200) plane at 51.85° and (220) plane at 76.37°. This analysis

confirmed the assumption that deposited Ni were crystalline and phase pure. On comparing

the highest intensity diffraction peaks in Fig 3(b), obviously, linen exhibits low intensity peak
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(002) compared to nickel (111). The metals always exhibit high intensity diffraction peaks than

polymers due to their higher structure factor and the preferred orientation of their crystal

planes.
(a) (002) b Ni(111)
A LN (b) NEL
3| 3
s ‘I 8
.*? 2 Ni(200)
4] n
qco % Ni(220)
s | t LN(002)
[WM W%WWWW
2|0 . 4I0 . 6|0 . 8.0 2I0 4I0 6I0 BIO

Angle 20 (degree)

Angle 26 (degree)

Fig. 5.3: XRD analysis of (a) bare linen and (b) Ni electrodeposited linen.

5.1.3.2 Morphological Characterizations

5.1.3.2.1 Photographic Images

Bare
fabric

Pt
sputtered
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Fig. 5.4: Photographic image of (a) bare, Pt coated and Ni plated linen (b) bare, Pt coated and
Ni plated nylon.

Fig. 5.4(a) shows the photographic images of bare, Pt coated and Ni plated linen (NEL) fabrics
while Fig. 5.4(b) shows the photographic images of bare, Pt coated and Ni electroplated nylon
(NEN) fabrics. In Fig. 5.4(a), the pure white one is representing the bare linen fabric. After
coating with Pt, the fabric appears greyish in colour and the NEL fabric can be seen in metallic

silvery white colour, which is characteristic of the deposited Ni metal.

5.1.3.2.2 Optical Microscopy

€)

Fig. 5.5: Optical microscopic images (a) bare (b) Pt sputtered and (c) Ni plated nylon fabrics.

Fig 5.5(d), (e) and () are bare, Pt sputtered and Ni plated linen.
Page | 172



Metallized fabrics

Optical microscopic images of bare, Pt sputtered and Ni plated fabrics are analyzed.
Fig. 5.5(a) and 5(b) shows the surface of the bare and Pt sputtered Nylon fabrics. In Fig. 5.5(c)
NEN fabrics are shown after 30 min of electrodeposition. Similarly, Fig.5.5(d) and (e) shows
the surface of the bare and Pt sputtered linen fabrics. In Fig. 5.5(f), NEL fabrics are shown
after 30 min of electrodeposition. The peculiarity of the nylon fabric, as observed from the
above optical microscopic image is that, each warp and weft consist of single strands only,
while in the case of linen fabrics each warp and weft consist of several micron sized fibers
assembled together. Thus the bare linen fabrics seems to be rough due to the lints, which are
fibers detached or protruded outwards from the weave. Here for the electroplated structures, a
uniform deposition of nickel throughout the fabric surface is clearly visible in the optical

micrographs.

5.1.3.2.3 Scanning Electron Microscopic Analysis

Fig. 5.6: SEM images of (a) bare and (b) Ni electroplated nylon fabric.

Fig. 5.6 shows the SEM images of bare and NEN fabrics after 30 min of electrodeposition.
Each warp and weft consists of 25-30 um sized nylon fibers, which get deposited uniformly

with the nickel metal in both directions.
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Fig. 5.7: (a) (b) and (c) are different magnification of NEN fabric for 15 min deposition. Fig.
5.7(d), (e) and (f) are NEN fabric after 30 min of deposition while Fig. 5.7(g), (h) and (i) are
different magnification of NEN fabric after 60 min of deposition.

As the time interval increases, the gap between the warp and weft was periodically
decreases, as seen in Fig. 5.7(b) and (h). This is due to the increase in the quantum of Ni being
deposited at the cathode side. In the magnified image of Fig. 5.7(c), it is clear that the small
heaps of Ni deposits initially formed got broadened (Fig. 5.7(i)), with the increase in time
duration for deposition. After 60 min of Ni deposition the gap between the warp and weft
approaches less than 10 um. Fig 5.8 shows the SEM images of bare and nickel plated linen
fabrics. Initially, nickel is getting deposited atom-by-atom on the surface of the fabrics, owing

to the latter’s large surface area which is favorable site for electro deposition.'®
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Fig. 5.8: SEM images of (a) bare and (b) NEL fabric.

The thickness of nickel coating depends on factors like the voltage, current and the time
taken for the deposition. Fig. 5.9 details the morphological changes happened in the linen fabric
from its bare form to various time duration of Ni deposition i.e., from 15 to 60 min. Here,
unlike the case of nylon fabric, the warp and weft consists of several microfibers and the higher
magnification images (see Figs 5.9(b) to 5.9(h)) clearly explains the transformation happened
to each fiber. As the deposition duration increases, the thickness of the fibers are increasing
and even tiny ‘stick out’ lints are being fully deposited with the Ni. Here, the surface seems to
be rough and uneven while comparing to the nylon counterparts where it appears smooth and
lint free in their bare form also. In the case of NEL, less number of voids are visible after
electrodeposition, because Ni deposition seems like a cement reinforcing procedure to cover
every bundle of fibers. NEL and bare linen are shown in the Fig. 5.10(c). The linen fabric
exhibited dense nickel coating, thanks to the abundance of lints and high packing density of
fibers. This eventually makes more surface for Ni deposition, which helps in creating a
comparatively broader coating, without leaving any voids in the structure. In the case of nylon,
from the cross section image Fig. 5.10(b), it is clear that a thick shell of Ni layer is wrapping
each fiber individually. However, the pores are vaguely visible even after deposition, since the

fiber density is low which is not having irregular lints on that surface. Also, the deposition
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Fig. 5.9: (a) and (b) are low and high magnification of bare linen fabric, while (c) and (d) are
low and high magnification of NEL fabric after 15 min. deposition. (e) and (f) are low and high
magnification of NEL fabric for 30 min electrodeposition while and Figs (g) and (h) are that of

NEL fabric for 60 min.
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seems to be equally covering warp and weft of the fabric and extents to the entire surface which
is clear from the image Fig. 5.10(a). The cross section of the nylon fabrics having Ni deposition
at different time interval can be seen in Fig. 5.11. As the deposition time increases, the

thickness of the coating increases from 25-35 um at 15 min to 95-105 um at 60 min.

Fig. 5.10: SEM images: (a) and (b) showing cross sectional images of nylon, while (c) and (d)

showing cross sectional images of linen.

The bare and Ni deposited linen fibers are clearly visible in Figs 5.10(c) and (d). The
bare linen fibers are thicker after deposition of Ni. The cross sectional micrograms of the linen
fabrics can be seen in Fig. 5.12. Here, instead of a smooth looking clean deposited fibers as
observed in the case of nylon, a clumsy array of fibers with more protruding microfibers in
bundles. These result prompt us to assume that the Ni deposited surface wavier in the initial
period (Fig. 5.12(a)), which gets progressively smoothened after being deposited for 60 min,

as seen in Fig. 5.12(c).
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100 um 100 um

Fig. 5.12: (a), (b) and (c) are cross sectional SEM of NEL after 15, 30 and 60 min of deposition
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5.1.3.2.4 Elemental mapping and EDAX

Fig. 5.13: (a), (b), (c) and (d) are elemental maps of bare linen fabric surface.

In order to illustrate the elemental distribution before and after Ni deposition on linen
and nylon fabric, the elemental mapping analysis was done on a selected rectangular fiber
region, as represented in Fig. 5.13. Since the linen is mainly cellulose derived composed of
carbon and oxygen, the mapping clearly attests their presence in the microstructure. Here,
presence of Pt comes from the sputtering. From the Pt mapping distribution it is evident that
sputtering yielded a feeble but uniform distribution throughout the fabric surface. This step is
essential to transform the fabric to a conductive electrode during electrodeposition, which is
insulating otherwise. The elemental microstructure of post Ni deposited fabric is depicted in
Fig. 5.14. Here, seemingly homogeneous Ni element distribution in the fabric substrate is seen,
along with slight oxygen presence which might have come from the possible oxidation of Ni

metal. The EDAX spectrum in Fig. 5.15(a) denotes characteristic energy lines of Pt which is
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sputtered on the bare fabric where the carbon and oxygen energy lines take their origins from
the cellulose rich nature of the fiber. After electrodeposition, the characteristic energy lines of

Ni are visible in the EDAX spectrum, as shown in Fig. 5.15(b).
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Fig. 5.14: (a), (b) and (c) are elemental maps of NEL fabric surface.

98 ke

0
Fig. 5.15: EDAX scanning spectrum of (a) bare and (b) Ni deposited linen fabric.
Elemental distribution in NEN fabric clearly implied that Ni is uniformly deposited throughout

the fabric surfaces. In order to further confirm the homogeneity of Ni distribution, linear
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EDAX analysis was conducted as well. Intense and Continuous Ni signals are detected by line

scanning, see Fig. 5.16(d). Even though nickel possess high corrosion resistance among soft

Fig. 5.16: (a), (b), (c) are elemental maps (d) EDAX scanning spectrum of NEN fabric surface.
ferromagnetic metals, they are likely to undergo marginal oxidation on ageing, which is visible

in both elemental mapping and EDAX analysis.

5.1.3.2.5 Dielectric Characterization of Fabrics

The microwave dielectric properties of the bare fabrics are given in Table 5.1. Here, the
permittivity and loss tangent for different fabrics varies with respect to measured frequency
range. Linen cotton shows high relative permittivity (&r) and dielectric loss (tand) over different
frequencies (at 5 GHz, 10 GHz and 15 GHz). The fabrics are made of fibres which are linear
long chain polymers exhibiting high aspect ratios. The dielectric relaxation in polymers are

associated with (a) primary chain motion of crystalline and amorphous regions (b) secondary
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main chain motion in both crystalline and amorphous regions (c) side chain motions and (d)
impurity motions.!**> On the application of an external electric field, the polymer chain causes
the orientation of dipoles or strongly polarizable bonds in the direction of the applied electric
field and thus polarization occurs. In polymers, the orientation of polar groups is rather a slow
process. So at lower frequencies, the chains exhibit complete polarization. There are reports
on the trend of decrease in permittivity with increase in frequency in the case of fabrics.!°At
higher frequencies, the contribution is from atomic as well as electronic polarization. Thus the
permittivity decreases with the increase in frequency. On the other hand, the permittivity
decreases as a function of frequency, which is in agreement with the theory. This is because in
microwave domain, ionic and electronic polarization takes over other interfacial and

orientational polarizations and hence permittivity assumes still smaller values.

Table 5.1 Microwave dielectric properties of fabrics at microwave frequency range.

Material Thickness
(mm)

Linen 0.3532 2.32 0.133 2.20 0.116 2.06 0.134

Nylon 0.0848 1.55 0.005 1.54 0.022 1.34 0.044

5.1.3.2.6 Electrical Conductivity

The 1-V characteristics of electroplated Ni sheets were analyzed using four probe
method. Current from a known source (Aplab 9710p) was passed through the fabrics and
voltage across the sheet was measured using a voltmeter (Keithley 2182A nanovoltmeter). A
typical 1-V plot of a deposited Ni sheet is graphically represented in Fig. 5.17. The graph shows
archetypal linear ohmic nature which is a typical characteristic of conductive metals. Here, the
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resistivity can be obtained by the equation, p = % and conductivity, o = %, where A is the

area of cross section, | is the gap across which voltage is measured, R is the resistance
measured. A Ni sheet has been strip off from the platinum plate after 60 min of deposition and

is taken as the sample for four probe measurement setup.
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Fig. 5.17: 1-V plot of electrodeposited nickel plate on platinum plate.
For electrodeposited Ni sheet sample with dimensions, | = 6 mm, A = 7.5 um?, the apparent
resistance R is 2198.62 €, from which the conductivity is estimated as 3.5926 x 10° S/m. It
should be noted that the observed conductivities are two orders less than bulk counterparts.’
The lowering conductivity may be attributed to two possible reasons: (i) the finite porosity and
surface roughness of the electroplated Ni surface and (ii) possible oxidation of Ni deposits,

where feebly thin NiO can form a core-shell assembly and NiO is mostly semiconducting.
5.1.3.2.7 Magnetic Characterization

Fig. 5.18 explains the dependence of magnetization of electroplated Ni, on the applied

magnetic field at 300 K. Here the studied metallic Ni was taken from the Pt strip. Magnetic
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measurements were executed for magnetic field sweep between -50 kOe to 50 kOe. Usually
application of a magnetic field causes spins to align parallel to the field. When the field is
reduced, remnant magnetization occurs even when the applied magnetic field reaches zero.
The field required to bring the magnetization to zero is called the coercive field (Hc). The
analysis of magnetization versus applied field (M-H curve) clearly shows the ferromagnetic
nature of nickel, with saturation magnetization (Ms) of 60 emu/g and coersivity 48 Oe. The

shape of hysteresis loop certifies the typical ferromagnetic nature of a soft magnet.*®
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Fig. 5.18: (a) M-H curve of the electrodeposited nickel at 298 K. (b) The hysteresis loop of the
electrodeposited nickel.

5.1.3.2.8 EMI Shielding Characterization

As seen in chapter 1, the reflection or absorption of the EM waves by a shield is decided
by factors like the frequency of incident wave, conductivity and magnetic permeability of the
material.’® Metallic materials having good magnetic properties are great competitors for ideal
magnetic shielding applications. Even though metals are widely used in shielding applications,
they are usually heavy, rigid and easily prone to corrosion. A probable solution to this problem

is making a thin layer of less oxidation prone material on a comparably less dense, continuous
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and flexible substrate like a fabric or fiber mats. Coating with a metal is a widely applied
strategy in fabrics. In that case, it is not necessary to compromise largely on properties such
as flexibility, formability, mechanical properties and light weight of fabrics which are really
advantageous for consumer electronics applications.?°22 The advantage of metals like nickel
is that it is electrically conducting as well as magnetic so that it can simultaneously interact
with electric and magnetic components of EM wave. As stated before, naturally occurring
cellulose based linen and synthetic nylon fabric are the selected substrates for

electrodeposition.

Mechanism of shielding is very important as it determines the kind of applications the
shield can fit in. The frequency dependence of shielding effectiveness of bare, platinum coated
and nickel electrodeposited fabrics in the X-band frequency range are shown in Fig. 5.19. From
the figure it is clear that the uncoated bare fabric and platinum sputtered fabrics are poor
shielding materials having SE values less than 1 dB. In other words, these materials behave
like EM transparent. But in the case of nickel electroplated one at various deposition durations,
they showed excellent SE values. Here the SEgr, SEa and SEr of the NEL in the X band
frequency range are shown in Fig. 5.19 (c) to (e). An impressive total SE value of 45-52 dB
was observed in the case of 60 min electrodeposited linen samples. Here, both absorption and

reflection contributions come in the range of above 20 dB, with absorption slightly dominant.
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Fig. 5.19: (a) and (b) showing frequency dependent variation of total EMI shielding
effectiveness (SEr), reflection shielding effectiveness (SEr) and absorption shielding
effectiveness (SEa) of bare and platinum sputtered fabric over X band frequency range (8.2—
12.4 GHz). Fig. 5.19 (¢), (d) and (e) are frequency dependent variation of SEr, SEr and SEa of

NEL fabric at various time intervals of 15, 30 and 60 min of deposition.
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Fig. 5.20: Variation of SEr, SEr and SEa of bare, platinum sputtered and Nickel electroplated

Linen fabric at various time periods of 15, 30 and 60 min over mid - X band (10 GHz) range.

On the other hand, SEr of 15 and 30 min electrodeposited samples are in the range of
10 dB and 15-25 dB respectively. In all the cases, the SEr is majorly contributed by the
absorption shielding which is around 6-7 and 10-15 dB, in the respective cases. An observation
of the SEr, SEa and SEr values over the mid X band (i.e., 10 GHz) is shown in Fig. 5.20, which
is in agreement with the trends in SE values with increasing Ni deposits on the fabric surface.
The results indicate that both SEr and SEa visibly enhanced with the deposition of nickel. The
shielding effectiveness is intimately related to skin depth, which is the depth an
electromagnetic wave takes to become 1/e ™ of the initial intensity. From bare fabric to nickel
deposited one, the major variation is in skin depth value. The deposited nickel in the fabric is
having better conductivity and permeability which can provide lower skin depth values and
higher SE. Another morphological advantage of linen is that the higher lint content on its
surface leads to higher areal density of spikes. Thus these spikes, in a way present an increased
number of active sites for nickel to be deposited. These protuberances at the surface of linen
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which is clearly seen in the SEM images (Fig. 5.9 and 5.12), are the main contributing factor
for the enhanced absorption shielding in the case of linen, compared to relatively cleaved
surface of NEN fabric. In other words, the effective area of coverage of deposited nickel is
high in linen due to the enhanced surface area and the higher thickness. Some morphological
advantages like fiber bundles in each tow are also contributing greatly to the multiple reflection

possibilities and effective shielding of NEL fabric.?

The effect of nickel electrodeposition on the shielding effectiveness of Nylon fabric is shown
in the Fig. 5.21 and Fig. 5.22. Similar to our earlier observation in the case of linen, bare and
Pt sputtered nylon fabrics are also EM transparent, having less than 1 dB of SE value. It should
be noted that the Pt sputtering should improve the EM wave attenuation, in principle. However,
here the coating thickness is way too less and the fabric surface is highly porous which could
not enable continuous electrically conducting channels on fabrics surface. After Ni deposition,
here also there is a dramatic enhancement in the SEr, SEA and SE7 values, which increases with
increasing time duration of deposition. However, NEN shielding values are lower while
comparing to that of NEL fabric. An efficiency range of over 99 % is achieved in the case of
60 min NEN fabric. SEr of 60 min NEN fabric lies in the range of 25-38 dB, with SEr value
in the range of 20-30 dB and SEa value in the range of 8-18 dB. In contrast to the trends in the
case of NEL fabric, the reflection shielding mechanism is dominating in NEN. The discrepancy
can be attributed to the difference in microstructure of both the fabrics after electrodeposition
for identical durations (see Figs 5.7 and 5.9). In the case of NEN, even after 60 min of
electrodeposition, still there exists a lot of voids. So the EM wave can easily escape through

this voids making absorption mechanism to weaken.

Page | 188



Metallized fabrics

08 —m— SE, 5 0° “mosE
% 0.7+ (a) ® SE: %0.8 - (b) ® SE,
e [ —ASE_| n —A—SE,
8 06' T 3 0.7}
g 0.5} w § 0.6}
2 04] Temmm—m——tT 2 g5l nsmecac—
% 0.3} %’ 0.4}
m0.2'- = 0.3}
c I =
§ 0.1F  conmppe"™mnmutensntens™otnsgsteses % 0.2} w
m [ -
= 1 1 1 1 1 0_1 L 1 L 1 1
599 5 9 10 11 12 135 8 9 10 11 12 13
Frequency (GHz) Frequency (GHz)
—~ 20 —  F
om —8—SE,
s, [ © B, 5 30p (@ v
o 16 - s SE @ o5l A - —A—SE,
1) [ [} !
c 12} 3 s [ "
R I L Y
S 8t - g 15 |
51 i 10|
u:;a 4+ m10.
£ i - £ 5l
S ol ™MNo e | 3 |
& 8 9 10 11 12 13 ® 8 9 10 11 12 13
Frequency (GHz) Frequency (GHz)

m 40} (e) m SE,

k) [ —e— SE

" 35+ -

@ ! —A— SE,
o 301
[ |

N N
(=2
LI

-
o
L]

,.m

3]
™
[ ]

9 10 11 12 13
Frequency (GHz)

Shielding Effective
o

o

Fig. 5.21: (a) and (b) showing frequency dependent variation of total EMI shielding
effectiveness (SEr), reflection shielding effectiveness (SEr) and absorption shielding
effectiveness (SEa) of bare and platinum sputtered Nylon fabric over X-band frequency range
(8.2-12.4 GHz). Fig. 5.21 (c), (d) and (e) are frequency dependent variation of SEr, SEr and SEa
of NEN fabric at various time intervals of 15, 30 and 60 min of deposition.
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Fig. 5.22: Variation of SE1, SEr and SEa of bare, platinum sputtered and nickel
electroplated nylon fabric at various time periods of 15, 30 and 60 min over mid - X
band (10 GHz) range.

Let us now comparatively discuss the shielding mechanisms of NEL and NEN in detail.
As discussed earlier, warp and weft in linen are composed of a lot of protruding lints and
bundles whose Ni coverage will be more. Such irregular but conducting surfaces will give
more room for interaction with EM wave. Thus, there arise enormous possibility for multiple
reflection between different interfaces in a bundle of fibers, than a single bundle in the case of
NEN fabric. Also after electrodeposition, the modified fabric structure is like sandwiched
between two electrodeposited Ni layers. Due to relatively thinner structure and possessing
more voids between warp and weft, NEN behaves like a metallic sheet with insulating fabric
mesh sandwiched in between. On the other hand, in the case of NEL, there exist two distinct
layers of Ni being separated by a thick linen layer where the linen had a much higher surface

area. In short, more multiple reflection possibilities and more surface coverage of Ni due to
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the lints on linen fabric make it a better competitor for flexible EMI shielding applications.
Such fabrics can be applied as flexible screens for absorbing electromagnetic radiation to
produce cores in transformers, generators, etc., and also to produce selective filters to remove

contaminants showing magnetic properties from water and air.

5.1.4. Conclusions

This subdivision of the chapter summarizes the efforts to transform conventional
woven fabrics into useful EMI attenuating solutions. Linen and nylon fabrics were chosen as
the substrate materials which were priorly activated by platinum sputtering. Nickel
electroplating was executed on selected substrate fabrics at various time duration, keeping the
concentration and voltage unchanged. Permittivity and loss factors were maximum for the
linen fabric due to the higher packing density of fibers and higher thickness. The coercivity
and saturation magnetization of the Ni deposits were about 48 Oe and 60 emu/g respectively,
which is in agreement with literature values. The total shielding effectiveness of NEN fabric
was in the range of 25-38 dB after 60 min of deposition, with an efficiency in the range of 99
%. On the other hand, excellent EMI shielding effectiveness of 45-52 dB was achieved for
NEL fabric, that corresponds to 99.999 % efficiency. The contribution of absorption and
reflection shielding part were above 20 dB, with the former dominating marginally. The
absorption dominant shielding for linen was mainly due to its peculiar microstructure, whose
higher surface area arising from large number of lints on the top of fabric which was well
deposited with nickel and forms protuberances and irregularities on the Ni coated surface of
fabric. Another contributing factor in NEL fabric’s high attenuating properties is due to its
availability of more dielectric-metal interfaces, which adds to its enhanced absorption. Since

absorption is directly related to the shield’s thickness, a material with greater thickness and
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large interface area will enable more multiple internal reflections and eventually ended up as
an excellent shield against EM wave. The high conductivity and high permeability of Ni also
played a pivotal role in the current system to lower the skin depth of the shield, along with the
more inter-connected coating structure, which are advantageous for better shielding. Out of the
two fabrics analyzed, the highly efficient linen can be a suitable candidate for various practical
applications in personal electronic, aeronautical and defense sectors, where light weight and

flexibility are additional benefits.
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5.2 Nickel Electrodeposited Carbon Fabrics for Microwave
Shielding Applications

5.2.1. Introduction

Conventional shielding structures, as briefly seen in section 5.1, comprises of metal
sheets such as stainless steel, aluminium, copper, silver and nickel. But high density and
corrosive nature of metals hinder their applications in aviation sector where light weight and
environmental stability are prerequisite for components. Passive intermodulation or rusty bolt
effect is another drawback for metallic shields, where the shields themselves may act as sources
of spurious radiation.?*? Similarly, multi-layered shields may suffer from galvanic corrosion
when different metals are combined to form EMI shields.?® Metal coated fabrics, as discussed
in the preceding section can be a suitable platform for corrosion resistant wearable shields.
Despite the suggested merits, metal-coated fabrics may sacrifice their flexibility when the
coating thickness increases. Besides, metallized fabrics are subject to surface wear when worn,
leading to a subsequent decrease in their electrical conductivity. This can be detrimental to
their EMI shielding as well due to conduction channel breakage. Thus for outdoor protection
applications, more durable platforms need to be chosen. Against this background,
carbonaceous materials are recently explored, taking advantage of their durable and flexible
EMI shielding capabilities. Most widely researched ones were carbon black, exfoliated
graphite, carbon nanotubes (CNTs), carbon fiber, carbon nanofiber etc.?’ For customized
practical applications, various polymer—carbon composites were reported with improved
chemical resistance and mechanical properties.?® Though CNTs have high aspect ratios and are
useful in forming conductive pathways when loaded into a polymer matrix, they could not be

efficient shields due to the contact resistance problem that decreases the effective conductivity
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of the system.?® Structural stability and processability are essential parameters for developing
an ideal EMI shield. Thus the light weight carbon fabrics are emerged as excellent choice in
the fabrication of shields that could be portable, bendable and could be applied on aircrafts, or
space crafts as protective shields. Polypropylene/polyethylene (PP/PE) core/sheath bi-
component fibers composited with nonwoven carbon fabrics achieved a maximum shielding
effectiveness of 39.15 dB at a frequency range of 30~1500 MHz, for a loading of 90 wt. %
carbon fabric.3® Tang et al. reported a carbon fabric/polycarbonate sandwiched film fabricated
by lamination method with optimum EMI shielding properties and excellent tensile
properties.3!

Carbon fabrics with highly conductive continuous fibres exhibits superior shielding
properties compared to carbon mats with randomly oriented discontinuous short fibres.*? A
wearable and breathable fabric with excellent shielding efficiency is of huge interest in defence
sector. Hence in the present work, carbon fabrics were chosen as the substrates for developing
EMI shield due to their high tensile strength and microwave attenuation. For further
enhancement of their shielding effectiveness, uniform nickel coating was applied by
electrodeposition process and various properties including the effect of coating time on the
thickness of the coating were studied.

5.2.2. Materials and Methods

Electrodeposition procedure is same as explained earlier in the case of Linen and Nylon
fabrics in section 5.1.2. The only difference from the earlier procedure is that in the current
case there was no need for any prior activation using Pt sputtering, because the carbon fabric
is already electricaly conducting and can be directly connected to the cathode of the
electrodeposition set up. In the present study, we have used two such kinds of carbon fabrics.
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One was having warp and weft constituting 6000 microfibers of diameter in the range of 6-10
um bundled together, termed hereafter as carbon fabric large (CFL), while the other one was

having 3000 microfibers bundled in a warp or weft, termed as carbon fabric small (CFS).

Surface Cleaned
Carbon fiber sheet

Fig. 5.24: The photographs with flow chart for each steps of the entire process involved in the
electrodeposition of Ni on CF sheets.

CFL and CFS are shown in the Fig. 5.23. The steps involved in the electroplating
technique are shown in the Fig. 5.24. Here as mentioned in the flow chart in Fig. 5.24, there is

a desizing step done for the as purchased carbon fabrics. In order to do that the carbon fabrics
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are cut in to required dimensions and put it in a soxhilation set up for 3 h, where it was washed
with acetone for several times, so as to remove the polymer coating on each fiber. Conventional
characterization tools described in previous chapters, were employed here too to elucidate their
structure, microstructure, and electromagnetic properties.

5.2.3. Results and Discussion

5.2.3.1 Scanning Electron Microscopy

il

c]S

Fig. 5.25: (a) and (c) are SEM micrographs of as obtained CF, (b) and (d) are after acetone

treatment.

For properly aligning and stacking of individual fibers in each bundle during factory
manufacturing, they are coated with some polymers like polyethylene glycol. Those coatings,
being insulating, should be avoided before undergoing the electrodeposition procedure.
Herein, an acetone washing for 3 h was followed, before they were taken to the

electrodeposition set up.
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Fig. 5.26: (a) and (b) are bare and Ni deposited CF sheets (after 60 min of deposition). Fig
5.26(c) is the photographic image of the bare and Ni deposited CF.

As observed in the Fig. 5.25, there is a visible coating of sooth polymer layer on each carbon
fiber (see Figs 5.25 (a) and (c)). However, after washing with acetone, it was fully removed

and the surface became more rough as observed in Figs 5.25 (b) and (d).

5.2.3.2 Elemental Mapping

Elemental mapping analysis is intended to give a colour illuminated elemental
distribution, before and after Ni deposition on carbon fabric. Fig. 5.27 shows the mapping of
bare carbon fabric where a carbon rich illuminated area is well observed, with EDAX showing
peaks corresponds to the carbon and oxygen. From Fig. 5.28 which was recorded from Ni
electroplated carbon fabric surface, we see a homogeneous Ni element distribution in the
carbon fabric surface, with a minor carbon and oxygen distribution. EDAX in Fig. 5.28(e)

clearly indicates the energy peaks corresponding to the presence of Ni on carbon fabric surface.
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Fig. 5.27: (a), (b) and (c) are Elemental maps of bare Carbon fabric surface. (d) EDAX scanning
spectrum of bare Carbon fabric.

Fig. 5.28 (a)-(d) Elemental maps of Ni electroplated carbon fabric surface. () EDAX scanning
spectrum of Ni deposited carbon fabric.
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5.2.3.3 EMI Shielding Characterization

The frequency dependence of shielding effectiveness of bare and nickel
electrodeposited carbon fabrics in the 8.2-12.4 GHz frequency range are shown in Fig. 5.29.
Nickel electroplated carbon fabric is showing some excellent SE values, especially the CFL
fabric. A promising total SE value of 22-32 dB was observed in the case of 60 min
electrodeposited CFS samples, with absorption being the dominant shielding mechanism.
Here, SEa is in the range 15-18 dB, while the SEr comes to around 7-14 dB. In fact, the bare
carbon fabric samples were already known for their EMI shielding nature owing to carbon’s
high electrical conductivity.?3*3* Hence, after the surface coating using a ferromagnetic metal,
an additional functionality is brought to the shielding solution since such high permeability
coatings can create magnetic field attenuation by creating a low reluctance path which draws
the material’s magnetic field. The second system of carbon fabric we studied, CFL, i.e. the
fabric with double the number of carbon fibers in every tow of warp or weft, was exhibiting
excellent shielding effectiveness of 55-58 dB, after Ni deposition for 60 min. In the bare form
also, CFL was showing a shielding of 34 dB, from which an enhancement of 60 % in the total
shielding value was observed after Ni deposition. In the measured total SE value, the
absorption shielding contributes around 35 dB while reflection part adds around 20-22 dB only.
Here the enhanced SE value may be resulted from more interlayers, that act as platforms for
multiple internal reflection possibilities. As the Ni comes into the picture, an obvious
betterment of electrical conductivity and magnetic permeability happens to the system, which
can provide lower skin depth values and higher shielding effectiveness.® Also, a part of the

electromagnetic energy will be utilized for the magnetic dipole alignment in the Ni layer.
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Fig. 5.29: (a) and (b) Frequency dependent variation of total EMI shielding effectiveness (SEr),
reflection shielding effectiveness (SEr) and absorption shielding effectiveness (SEa) of bare and
Ni deposited CFS fabric @ 60 min over X-band frequency range (8.2-12.4 GHz). Fig. 5.29 (¢)
and (d) Frequency dependent variation of SEt, SEr and SEa of bare and Ni deposited CFL
fabric @ 60 min deposition.

The mechanism of shielding in such systems is a bit complex, but can be explained in
the following way. When the EM wave approaches a Ni coated surface, initially it interact a
high permeable and conducting Ni layer and a part of the former is reflected. Here, reflection
from Ni shield results when the impedance of the incoming EM wave in free space is different
from that of the EM wave in the Ni shield. This is because EM waves drives the charges in the
Ni coat to oscillate in resonance with the incident wave. Thus, oscillating charges behave like

an antenna which reradiates the incoming EM wave. %
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Fig. 5.30: Variation of SEt, SEa and SEr of bare and Ni electroplated carbon fabric over mid -
X band (10 GHz) range.

In the present case however, the dominant mechanism is absorption which happens by
the attenuation of the transmitted wave to pass through the media. Lies beneath the Ni coat is
a relatively lower conducting carbon fiber layer where the charge is forced to vibrate in the
medium whose energy is lost in the form of heat. Again the transmitted wave meets a
permeable, conducting layer at the other side of the fiber, leading to multiple reflections. In
this way, the possibilities for absorption and reflection within each layer and multiple reflection
possibilities among different layers, are convincingly pronounced in the Ni deposited carbon
fabric case.® Here the SEr, SEa and SEr of the bare and Ni deposited carbon fabric in the mid
X-band frequency range are shown in Fig. 5.30, which clarifies the increasing trends in SE
values with increasing fiber content and thickness of fabric. These results indicate that SEa
enhanced 50 % more than the initial range as a result of doubling of fiber content. Further,

there is convincing enhancement in the absorption part for electrodeposited fabric as well.
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5.2.4. Conclusions

The EM wave attenuating properties of carbon fabrics with and without Ni
electrodeposition were investigated in this work package. Here two types of carbon fabrics
were used: CFL with warp and weft constituting 6000 microfibers of diameter 6-10 um, while
CFS with half the number of microfibers. The total shielding effectiveness of CFS fabric was
found to be in the range of 22-32 dB at 60 min of Ni deposition. Obviously, the efficiency of
shielding has increased to the tune of 99 % with Ni deposition. On the other hand, an excellent
EMI shielding effectiveness of 55-58 dB was achieved for CFL fabric, that corresponds to an
impressive 99.999 % efficiency. The contribution of absorption in CFL was enormous owing
to its greater thickness and lower skin depth in comparison to CFS. The absorption dominant
shielding for CFL is mainly due to the higher surface area and thickness arising from large
number of fibers in each warp/weft. Yet another contributing factor in Ni deposited CFL is by
virtue of its greater number of interfaces. These interfaces at moderately conducting carbon
fibers and magnetic Ni deposits, act as sites for enhanced absorption in the form of heat. The
properties exhibited by Ni, like high conductivity and high permeability, will lower the skin
depth while the moderately high conductivity and bundled structure of carbon fabric will help
the multiple internal reflection of the EM waves. The useful results of this research throws
light on the applicability of the developed light weight fabric structures for high performance

outdoor shielding applications in aeronautical, stealth wearables domains.
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Conclusions and Future Prospects

This chapter summarizes the overall conclusions and scope of future work of the present thesis
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Conclusions

6.1 Conclusions

Communication technologies simplify modern life, with the emergence of technologies
like LTE, IoT etc. When devices like mobile phones, GPS, Bluetooth and Wi-Fi become
increasingly compact, shielding them against inevitable electromagnetic interference (EMI)
becomes more challenging. In addition to consumer electronics, devices operating in automotive
transit systems, medical electronics and critical military infrastructure also face massive EMI
threats that may lead to under performance of the circuit and are hazardous to human health as
well. So, mitigating or blocking the interfering EM signals is inevitable for a healthy device
management. Conductive and magnetic materials are the most suitable and well explored systems
in EMI shielding. The development of novel EMI shielding solutions is a challenge due to the lack

of suitable materials available and the complex design & engineering involved.

As discussed in previous chapters, the present day consumer electronic and defence sectors
are looking for surface modified, ultra-lightweight, porous, flexible and wearable shielding
structures. Against this background, the present thesis work entitled as “Novel EMI shielding
strategies for hybrid functional structures”, is designed as an authentic record on how some of
these challenges were addressed, in a systematic way. As narrated in 4 different working chapters,
our broad objectives were to develop innovative EMI shielding solutions that can meet demands
of modern electronics like light weight, high temperature tolerance, portability and wearability,
through some facile, novel approaches. The major scientific and technological outcomes of the

present thesis, are summarized below.

In the first working chapter, a perovskite conducting oxide like LagsSrosC00s.5, was
introduced into the vast domain of EMI shielding applications, for the first time. A traditional way

of making composite of the conducting oxide with polymer seems to be ineffective for high end
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applications. Here we put forward a scheme of introducing screen printing strategy of silver
designs on an optimized composite, which are already qualified owing to better dielectric,
mechanical and thermal characteristics. Modification brought a dramatic 4-fold increase in SE with
visible enhancements in the SEr and SEa values. An efficiency enhancement from 90 to even 99.9
% was observed after the modification. For silver designs printed on top of composites, this high
shielding has been authenticated by visible increments in the ac conductivity, relative permittivity,
and dielectric loss, as well as a corresponding lowering of skin depths. The present strategy of
introducing screen printing based design structures on composites can be used as a precursor for

achieving the high SE values on materials with mediocre shielding.

The subsequent chapter describes a promising strategy in developing a material with lower
density and thermal conductivity with good EMI shielding characteristics, which was made
possible through the approach of foaming. In this way, creative introduction of systematic porosity
augments the use of conductive ceramic oxides in lightweight shields. This is an example of how
multiple reflection of EM waves help to attenuate them in porous material. Here we focused on
developing LSCO foams through an emulsion route which is simple, low cost and environmental
friendly. Compared to the dense counterpart, the electrical conductivity values were inferior in
foams, yet showed SEr in the range of > 30 dB in the X-band. Such foams can be qualified for
light weight EMI shielding applications including satellite and aeronautical applications that are
subjected to under harsh environmental conditions. LSCO nanowires investigated in this contest
are also showing the best EMI shielding characteristics owing to the special morphology and
interconnectivity. These conductive and corrosion resistant nanowires could be proposed as ideal
candidates for nanoscale EMI shielding coatings under corrosive environments and high
temperature conditions, where most metallic and polymer based nanowires fail.
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Chapter 4 makes a candid insight into the performance of nanostructured Ni and NiFe
alloys including permalloy, for EMI shielding applications. Here we adopted a facile polyol
method for the nanoparticle synthesis wherein the polyol, i.e. PEG, plays multiple roles as a
versatile dispersant, high boiling solvent, effective reductant, and also as a stabilizer which control
the particle growth and avoid aggregation of precursors. Uniform spherical nanoparticles with an
inevitable oxide layer was formed, where the latter will eventually prevent further oxidation and
makes it suitable for biological applications. High magnetic saturation and low coercivity are
peculiar with Fe incorporation, while DC electrical conductivity follows a decreasing trend with
Fe addition. All the alloy combinations are excellent in microwave attenuation in the Ku band with
shielding effectiveness exceeds 30 dB even with a thickness of 1mm. The better conductivity and
permeability ranges are the main contributors for the higher shielding values. The prominent
candidate of the series is permalloy (NigoFe2o) that showed the best EMI SE in the range of 30 dB
to 41 dB, which is ideal for commercial level applications. A brief survey of Ni or NiFe alloy-
based EMI shielding studies indicates that the consistent EMI shielding performance (> 30 dB)
throughout the frequency range (12.4-18 GHz) is unique for the developed samples. Shielding
efficiency is above 99.9 % and there is scope for developing the alloy based coatings and

composite structures for magnetic shielding applications.

Developing a flexible and wearable fabric which can have direct applicability in defense
and consumer electronics is the central theme of Chapter 5. A simple procedure of
electrodeposition brought the conventional woven fabrics like linen and nylon to the domain of
high EMI shielding materials. After electrodeposition the electric, magnetic and electromagnetic
characteristics of the fabrics were excellent to meet the criteria for a good flexible shield. The EMI

SE of nickel electrodeposited nylon fabric is in the range of 25-38 dB while that of linen fabric is
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in the range of 45-52 dB with efficiency of > 99.99 %. The absorption dominant shielding for linen
is influenced by the peculiar microstructure, higher surface area, thickness and availability of more
dielectric-metal interfaces. The high conductivity and permeability of Ni also played a pivotal role
in the current system to lower the skin depth of the shield, along with the more inter-connected
coating structure, which are advantageous for better shielding. A similar investigation on nickel
deposited carbon fabric shows excellent EMI SE of 55-58 dB that corresponds to an impressive
99.999 % efficiency. The useful results of this research throws light on the applicability of the
developed fabric structures for high performance outdoor shielding applications in aeronautical,

stealth wearables domains where light weight and flexibility are additional benefits.

6.2 Scope for Future Works

The results obtained in the present study provide an excellent scope for the further research, as

discussed below.

> Real case study of all the microwave absorbers developed in the present research, through
free-space testing using horn antennas with dielectric lenses in an anechoic chamber. The
free-space testing will give further authenticity to the EM wave attenuation habits of such
materials.

> Predesigned metamaterial conducting patterns can be printed on the developed hybrid
absorbers and their property enhancement can be tested. A modelling can be done for the
same for suitable implication of the patterns with required level of attenuation.

» Develop LSCO inks suitable for 3D printing, to form various porous structures whose
shielding parameters can be evaluated, against theoretical modelling. Other perovskite

oxides like LaC0o:5Nio503-5 (LCNO) can also be developed for similar applications.
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» The ceramic foams derived in the current study can be explored for their applicability under
high temperature conditions. Also the possibility of incorporation of other functional fillers
in the macropores of ceramic foams, that can be subjected to further research.

» The derived permalloy nanoparticles can be developed into an ink. They can be
incorporated as part of any high aspect ratio carbonaceous materials to see the conjugation
of both components and further analyze the feasibility of application. Such inks can also
be explored for the printing of bank checks on blank stock, in magnetic ink character
recognition applications.

» Fabric based shielding materials can be made into flexible wearable apparels, and can be
tested in an anechoic chamber and compare their performance with currently available
shielding fabrics in the market. Further, the jackets and military wear made out of these

fabrics can be tested as ‘radar invisible fabrics’, in real battle field applications.
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