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Preface

Materials in the nanorcegime exhibit superlative physical, chemical and me-
chanical propertics when compared to their micron sized cousins. In nanostrue-
tured materials it 1s necessary that one of the dimensions fall in the 10-100 nm
range. The enhanced properties exhibited by material in the nanoregime arise
because of the quantum size effects. This 18 a phenomeunon taking place be-
cause of the guantum confinement aned this iu turn gives rise to modified optical,
magnetic, electrical or mechanical properties. The dawn of the nillenniuwm wit-
nessed tremendous research activitios In the area of nanostructured materials
which probably has propelled this brand new technology ax the technology of
the 21% century. Thus, nanoscience and nanotechnology is here to stay and
contribute to making new devices and help romove obsolescence. This is an in-
terdisciplinary science where chemistry meets phivsios. physies meets material
scicnice and matenal sclence meets physies, chemistry or hiology.

Wlhen the size of a material reduces to finer levels. they become highly reactive
and are prone to oxidation. They are thus rendered useless as far as applications
are concerned. Hence passivation of these nltrabne particles s a viable selution.
Embedding nanoparticles in appropriate marrices not only protect these parti-
cles from oxidation but also result in nanocomposites. These nanocomposites
are important from an application point of view as well ax [rom a fundamental
perspective.

From time immenorial the forromagnetic properties of iron. cobalt and nickel
were well known to mnankind and many deviees are made based on these materi-

als. However, with the advent of nanoscience, ne pasticles of these materials are
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synthesized and the modified magnetic propertics of these are being exploited for
different applications. However, along with these prospects there are lmitations
as well. They become reactive converting themselves to their nonmagnetic oxide
states. These Jd-transition metals, if prepared in the nanoregime and cucap-
sulated with an appropriate organic or inorganic material like carbon, gold or
silica, gets converted to very useful materials for applications in recording media,
nahoscale optics, naunoclectronics, hiomedicine and so on. Clarbon encapsulatod
ferromagnetic metal particles are found to be usetul for diverse applications in
nmedicine, recording media, aerospace materials and tribology. owing to their bio-
compatibility and resistance to oxidation.

TFerrites are forromagnetic oxides of 1iron which find numerable applications.
The nano formns of ferrites are also sought after. In the nanoregime they display
superparamaghetic and single domain characteristies add they are also thought
as usclul materials for magnetie refrigeration. Incorporation of nanosized for-
rites in matrices like natiwal/synthetic rubber will lead to nanocomposites whose
combined dielectric aud magnetic properties can be made use of for different
applications. From a fundamental point of view, composites containing various
loadings of ferrites are important and are candidate materials for the study of
ferrinagnetisny at the nanolevel. From an application point of view. they are
Hexible and can he moulded into any shape.

Encapsulating nanoparticles with carbon is increasingly being tried because
carbon s chemically inert. These passivated ferromagnetic metal carbon core
shell nanostructures possess high thermal stability, monodispersability and pro-
vision for attaching functional groups which make them ideal for potential drug
delivery and diag targeting. Thus, a protective layer of carbon, either amor-
phons or graphitic cau serve this purpose of attaining the desived properties due
to the core-shell hybrid nanostructures. Such materials based on hybrid carbon
nanosiructures can be used for making supercapacitors, flexible batteries, nano
brushes and nanoscale devices like molecular switches, transistors, actuators elc.

Ctarbon nanotubes. fullerenes and carbon black suspension are prownising can-
didates for optical lmiting applications.  Optical limiters display a decreasing
rransmitrance as a function of laser mtensity, Huence or rradiance. These nanos-

tretures are investigated for arvesting the high intense laser beams thereby pre-
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venting human eye and highly sensitive devices like sensors for high intense radi-
ation. Metal nanoparticles such as gold and silver are Identified as strong optical
liniting waterials.  Their properties depend on size, shape and the dielectric
environment. Recently, optical imiting is reported in magnetic metal nanopaiti-
cles systems. Hence there lies enormous scope in unveiling the hidden non-linear
optical propertics of magnetic metal carbon nanostructures.

The proliferation of microwave based commuuication system {radar systeins.
satellite communications, defence applications, mobile phones and other portable
wireless devices) has increased the problems related to envirommental pollution
and interferences. This can be minimized by developing an electromaguetic wave
absorber wlhich can minimize the trausmission as well as reflection of the inc-
dent wave. The clectromagnetic wave absorbing property of a material is mainly
determined by the matching between complex diclectric permittivity and mnag-
netic permeability.  Microwave abmorbers and stealth materials are engineered
keeplng in view of their microwave absovption. weight, thickuess, mechanical
strength, envirommental resistance and cost. The material parameters which sat-
isfv this requirement can cither be maguetic metals or their magnetic oxides in the
nanoscale. Such a study in the nano regime 13 new and there le plenty of oppor-
tunities to manipulate the dimensions and stuctires for probing the microwave
absorbing properties.

Carbon rich materials like carbon nano {ibres. carbon nano coils and car-
bon nanotubes provide mobile charge cartiors o1 conducting chaunels imparting
clectromagnetic interference shiclding capabilitics. The «deciding factors when
materials are in the nanoregime, are the Snock’s limit and the skin depth. Clar-
hon coated magnetic waterials wre good candidates for microwsve absorbers.
Moreover, the percolation threshold value for clectyvical conductivity of nano-
sizad carbon fllers in & composite is quite low when compared to their micron
sizedd comnterparts. Metal carbon nanostructures like a-Fe/Cla), Fe-B/C(a),
Fey Cop oB/Cla) or magnetic neral filled carbon nanctubes are reported to give
good wicrowave absorbing propertics. The enlinneement of microwave shsorption
inmetal /polvaniline nanocomposites by duat diclectric relaxation is also reported
in literature. This has motivated the @ronp to investigate the microwave prop-

erties of magnetic metal ciarbon nanostrmernres falnicated by cost effective s
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scalable preparation technigues. The reflection loss of the immetal-carbon nanocom-
posite can be simulated for different thicknesses of the material by a single layer
metal backed absorber model, therchy investigating the possibility of these mate-
rials as microwave absorbers. Thus, the microwave absorbing properties of thesc
materials are interesting and nced in-depth investigations both from a fundamen-
tal and applied perspoective.

A ideal inicrowave absorber is characterized by a reflection loss of less than
-20) dB. Maguetic elastomers can play an important role here in realizing these
microwave absorbers with addittonal functionalities like elasticity and mouldahil-
ity aided hy light weight. Moreover, the diclectric and magnetic properties of
the nanocomposites can be tailored by using the vight amount of the filler. Tun-
ing the imaginary part of magnetic permeability improves impedance matcling,
Iroadens the range of operating frequencies, inereases attenuation and reduces
the thickness of absorber layver. This can be achioved by using appropriare fillers
with optimum magnetic permeability.

Ferrites are chemically stable and are non-corrosive with high clectrical resis-
tance. So they are also good candidates for microwave applications. The inher-
ent drawback of ceramic ferrites is that they are not casily machinable to obtain
compiex shapes. Plastic or elastomeric magnets on the other hand have several
advantages since they are fiexible, easily machinable and mouldable having light
welght, as well, Flexible microwave absorbers arve thought to be ingenious new
generation materials having potential applications.  So appropriate amount of
nanosized fervites when incorporated in flexible matiices like rubber give rise to
rubber ferrite composites (REFCs). These REFCs can be moulded into any shapes
and thns gaskets or shields can be fabricated.

Natural rubber 15 a low cost material abundantly available in the state of
Iverala and its processing technique is a well developed and matured technology.
Nickel ferrite as filler fits into the requircment of having the appropriate perme-
ability. low loss and low e conductivity. High resisitivity (~10 times that of
metal) ensires low eddy enrrent loss in the high frequency regime. Further, the
Churie temperature of nickel ferrite is ~838 K owhich wakes them ideal for high
temperature applications. Tow coercivity and high saturation magnetization of

nickel ferrite ave also significant for obtaining good absorpiion properties.
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Metals are good reflectors and they are good conductors as well. But there
is a need to winimize the reflection and reduce the eddy current loss.  This
could be acliieved by reducing the size of the particles well below their respective
skin depth. Once the grains of magnetic metals arc below the size of their skin
depth, they can be used as microwave abgsorbing matevial since they possess higher
Snoek’s limit. Thus flexible composite sheets with nanosized ferromagnets (Fe,
Co, Ni} as fillers can be good microwave absorbers. Measurciment of complex
dielectric permittivity and magnetic permeability in various frequency bands arve
important in determining the microwave absorbing propertics.  Evaluation of
attenuation constant and reflection logs in the 5 and X-band is necessary for
modelling the absorbing propertics and determining the optimun thickness for
maximum abserption. These material paramcters were measured and reflection
loss was cvaluated by emploving cavity perturbation technigue using a veetor
networl analyser. For this a full-fledged experimental set-up for characterizing
the microwave properties was made operational.

For any mvestigation i material science, synthesis and optunization of the
process parameters are very important, Their characterization using various an-

alytical techmivues is also important.

Thus main objectives of the work can be listed as follows

e Svuthesize magnetic metal nanoparticles of iron, cobalt and nickel by ew-

ploving botly buttom up and top down approach

e Passivate 3d-transition magnetic metal nanoparticles with organic coating

ancl study the evolution of maguetic metal carbon hybrid nanostructures

o Study the magnetic and optical limiting properties of passivated magnetic

metal nanoparticles

o Svitthesize. cliracterize and evaluare the magnetic as well as diclectrie prop-
criies of magnetic metal oxide nanoparticles obtained by emploving Loth

bottom ap as well as top down approach
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¢ Incorporate magnetic metal oxide nanoparticles in a natural rubber matrix
to obtain flexible RECs and study their cure, physicomechanical, dielectric

and magnetic properties

e [ncorporate magnetic metal nanopaticles obtained via high energy ball
milling in a natural rubber matrix to obtain flexible magnetic material and

henece compare their properties

s [labricate an experimental sel up for measuring complex diclectric permit-

tivity and complex magnetic permeability at microwave frequencies

o [nvestigate the microwave properties of the metal carbon hybrid structures
and magnetic rubber composites thereby tune their microwave absorbing

properties

e Employ the surface impedance equation to siimulate the optimum composite

composition for minimum thickness and reflection loss
o Correlate the results

The thesis consists of nine chapters. The division of chapters with a hrief

outline of the contents is as foliows

Chapter 1 gives an introduction to nanoscience and technology. A hrief
outlook on magnetisin ad magnetic materials and carbon nanostructures is pre-
sented. A note on polymer and polymer nanocomposites with emphasis on nat-
ural rubber is also provided. The significance of passivating highly reactive mag-
netic metals and the importance of composites are also discussed. Finally the
motivation and objectives of the work are outlined.

Chapter 2 describes the experimental techniques and analytical tools em-
ploved in the synthesis and characterization of nanostructured magnetic materi-
als. The rubber process methodology for developing the magnetic rubber com-
posite sheets are also discussed in detadl.

Chapter 3 discusses the synthesis technigues for producing passivated iron
nanoparticles. The structural, wagnetic and microwave absorbing properties of

these hybrid nanostructures are analysed and correlated.
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Chapter 4 includes the details of synthesis and characterization of carbon
encapsulated with cobalt nanoparticles. The evolution of carbon nano onions
over the magnetic metal particles are presented with supporting evidences, The
potential of these structures as optical limiters is also identified through open
aperture z-scan experiments.

In Chapter 5, the results on the mvestigations carried out on passivated
uickel nanoparticles are highlighted. The structure, morphology and magnetic
properties are studied in detail. The evolution of nickel carbou hybrid structures
and their microwave absorbing properties are also dealt in detail.

Nanosized nickel ferrite particles are prepared via botly hottom-up and top-
down approaches and are discussed in Chapter 6. The structural changes oc-
curring with high cuergy ball milling is evaluated. The effect of high energy
ball milling on the magnetic and dielectric propertics of ultratine nickel ferrite
particles are also depicted.

Chapter 7 cssentially discusses the cure and physicomechanical propertics
of nickel ferrite nanoparticles incorporated in natural rubber matrix, Structural,
physicomechanical, dielectric and magnetic properties of these flexible magnetic
composites are investigated, By tuning the complex diclectric permittivity and
complex wagnetic pernteability of the composite, the microwave absorbing prop-
erties arce varied. The minino reflection loss corresponding to optimum thick-
ness of the composite sample is simulated by emploving the single laver metal
hacked absorber model.

Chapter 8 mainly [ocuses on the propertics of magnetic metal nanoparticle
(Fe. Co, Ni) incorporated In a natural rabber matrix. The care, mechanical,
diclectric and magnetic propertics of these lexible magnetic metal-rubber com-
posite sheets are analyzed. The microwave properties of samples were examined
i the S and X-bhand and the reflection Toss were simnlated {or optimizing the
thickness and bandwideh.

Chapter 9 gives the summary of findings of investigations carried out on
magnetic metals, metal oxides and their composites and discisses the scope for

ftnre work emanating from the prescut study,



XXVI

The following publications/intellectual property rights lias resulted out of this

investigation.

Patents

L. Metal Encapsulated With Carben Nano Onion And Method Thereof, Vi-
jutha Sunny and MR Anantharamman, Indian Complete Patent Appl. No.:
294 /CHE /2008

Peer reviewed journal publications

1. Synthesis and propertics of highly stable nickel/carbon core/shell nanos-
tructures.  Vijutha Sunny, D Sakthi Iiwmar. Yasuhiko Yoshida, Mag-
dalena Makarewicz, Wojciech Tabis and MR Anantharaman. Carbon 48

(2010) 1643-1651.

2. Nickel/carbon hybrid nanostructures as microwave absorbers.  Vijutha
Sunny, Wojcicel Tabis, I Sakthi Kumar, Yasuhiko Yoshida, P Mohanan
and MR Amantharaman. Materials Letters (2010) doi: 10,1016/ j.matlet.
2010.02.010.

3. A flexible microwave absorber bhased on nickel ferrite nanoconiposites. Vi-
jutha Sunny, hilip Kuwian. P Mohanan, PA Joy and MR Anantharaman.

Journal of Alloys and Compounds 489 (2010) 297-303.

4, Clure kinctics and sorption characteristics of neoprene-lased rubber ferrite
composites, Prema KH, Philip Kurlan, MR Apantharaman aud Vijutha

Sunny, International Journal of Polymeric Materials. 59 (2010) 173-183.

5. Enhanced microwave absorption in nickel-filled multiwall carbon nanotubes
in the S band. TN Narayvanan. Vijutha Sunny. MM Shaijjumon, PM
Ajayan, and MR Anantharaman. Elcetrochemical and Solid-State Letters.
12(4) (2009) IK21-K24

Cited by Virtual Journal of Nanoscience and Technology. 19 (2008} 1.



xxvil

(. Evidence for intergranular tunnelling in polyaniline passivated o- Fe nanopar-
ticles. Vijutha Sunny. TN Narayanan. US Sajecv. PA Joy. D Sakthi
Kumar, Yasuhiko Yoshida and MR Anantharaman. Nanotechnology. 17
(2006) 4765-4772.

Manuscript under review

I. Microwave absorbing properties of ferromagnetic metal/ natural rubber
nanocomposites. Vijutha Sunny. Philip Kwian. I Mohanan, PA Joy and

MR Anantharaman. Composite Scicuce awd Technology (Under review).

2. On the magnetic and magncto-optical properties of agueous ferrouids of
non-inferacting SPIONs for magnetic hvperthernia, AP Reena Mary, TN
Narayanan, Vijutha Sunny. D Sakthikuinar, Yasuhike Yoshida and MR
Anantharaman, Journal of Magnetism awd Magnetic Materials (Under Re-

view).

Conference Proceedings

1. Encapsulated nickel nanoparticles: preparation and characterization. Vi-
jutha Sunny. D Sakthi Kumar. Yasuhiko Yoshida. Magdalena Makarewicz,
Waojcicch Tabis and ME Anantharaman, International Couference on Ma-
terials for Advanced Techuologies (ICMAT-2009) Singapore. 28 June to 3
July, 2009 (Oral).

2. Microwave absorbing properties of natuwral rubber-nickel ferrite composites
at high frequencies. Vijutha Sunny. I’ Mohanan, Philip Kurian and MR
Anantharaman. INDO-US Workshop Oun Advanced Magnetic Materials and
Thenr Applications, 1-4 March 2004 11T Bombay, India.

5. On the microwave wave absorption of rubber forrite nanccoimposites con-
taining precipitated silica. Vijutha Sunny. P Mohanan, Philip Kurian.

MR Anantharamau, Cocliin Nano 2000, 3-6 Jamary 2009, Cochin, [udia.



0.

19).

Magneto-Optical dichroism studies on hydrocarbon based iron oxide fer-
rofluid thin films. Reena Mary AP, Vijutha Sunny and MR Ananthara-
man, Cochin Nano 2009, 3-6 January 2009, Cochin, India.

Dielectric measurements in the S-Band on silica containing rubber ferrite
composites. Vijutha Sunny, P Mohanan, Philip Kurian, MR Ananthara-
man. International Conference on Magnetic Materials and their Applica-
tions for 21st Century (MMA2), 21-23rd October. 2008, National Physical
Laboratory, New Delhi, India.

A Smart Magnetorheological nanocomposite based on iron and natural
rubber. MP Vasudevan Nambudiri, Vijutha Sunny, Prema KH, TN
Narayanan, Rajeev R Ashokan, V Natarajan, Philip Kurian aud MR Anan-
tharaman. New Horizons on Theoretical and Experimental Physics (NHTEP-

2007), 8th-10th October, 2007, CUSAT, Kochi, India.

. Effect of high encrgy ball milling on the magnetic properties of a-Te.

Vijutha Sunny, US Sajeev, PA Joy and MR Anantharaman. National
Conference on Current Trends in Materials Science (CTMS-07). 25th-27th

March, 2007, Charal Mount, Kurtannur, Kerala, India.

Effect of precipitated silica on rheometric, physicomechanical and dielectric
properties of rubber ferrite composites based on nickel ferrite and natural
rubber. Vijutha Sunny, Philip Kurian and MR Anantharaman. Interna-
tional Conference on Smart Elcctroceramics (NCSIS). 8th-9th March, 2007,

Thrissur, Kerala, India.

. Investigations on the cure characteristics of carbon black and precipitated

silica loaded rubber ferrite composites based on natural rubber and nickel
forrite. Vijutha Sunny, Philip Kurian and MR Anantharaman. Interna-
tional Conference on Materials for the Millennium (MatCon 2007). March

Ist-3rd 2007, CUSAT. Kochi, India.

structural organisation of FesOy nanoparticles in rubber latex. Vijutha
Sunny. Philip Kurian and MR Ananthaviunan. International Conlerence
on Nanomaterials and its Applications, Iebruary Jeh - Gth 2007, NIT-

Trichy, India.



11. Dielectric and mechanical properties of rubber ferrite composites based on
nickel ferrite and natural rubber. Vijutha Sunny, Philip Kurian and MR,
Anantharaman. Indian National Science Academny and Hungarian Academy
of Scicnces, Workshop on Condensed Matter Research: Magnetisi, 4th

December 2006. University of Hyderabad, Hyderabad, India.

12. Structural and magnetic characterization of oleic acid coated cobalt nanopar-
ticles synthesized by o novel route. Vijutha Sunny. PA Joy, D Sakthi
Kwmar, Yasuhiko Yoshida and MR Anantharaman. 4th Tuternational Syim-
posium on Bioscience and Nanoteclmology, 7th Novenber - 8th Nov 2000,

Okinawa, Japan.

13. Evidence for the occnrrence of inter grammlar tunnelling in passivated ul-
trafine o-Fe nanoparticles. Vijutha Sunny, TN Narayanan, US Sajeev,
PA Joy. MR Avantharanan, International Seminar on Optoelectronic Ma-
terials and Thin Films Opto Electronic Materials for Advanced Technology

International Confercnce (OMTAT) October. 24th-27th 2005, Koclid, India.



Chapter 1

Introduction

The growth of material science during the last few decades is always synonymous
with the developments in nanoscience and nanotechnology. Such are the advances
made in nanoscience and nanotechnology during the last two decades that the
nnmediate fruits of this new branch of science 1s being made available to mankind
on a day to day basis. Not a single day breaks in without the news ol any one
new device based on nanoscience and nanotechnology or a discovery of a novel
technique or a new phenomenon! The vast and fast developments made in arcas
like spintronics. multiferroic materials, metamaterials, nano diug delivery system,
hiomimetic materials. magnetocaloric materials, to name a few, are a living’
testimony Lo the above statement.

Farlier, scientists thought that properties could be tailored and modified by
playing with the composition of the materials. The amount of wmpuritics in a
chemical compound decided the electrical, magnetic or optical propertics of the
material. The historie statement made hy Richard Feynman that “There's Plenty
of Room at the Bottom”, has been proven bevond doubt that size and shape
matters a lot in deciding many useful properties of a material. Quantun me-
chanically speaking. the properties of a particular material is largely determined
Ly the length scale to which charged particles arve confined.

Physicists say that. with respeet to confinement, we can classily strnetures
ag 3D, 2D 1D or 0D or the corresponding structures as bulk, guantum wells,

guannnn wires or quantum dots. In classical systems; the fow of clectrons arve
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impeded by dislocations, defects and grain boundaries. This iu twrn is decided
by the mean free path of electrous.

However, if one can fabricate nanostructures confining to 2D, 1D or 0D and
when the mean free path of clectrons are greater than the confined Jength scales,
new phenomenon like quantwm inechanical tunnelling, band gap engineering,
Coulomb blockade, or surface plasmon resonance oceurs and new transport mech-
anisms decide the overall properties. If the length scales can be tailored by fab-
ricating new nanostructures, materials with novel properties can be prepared.
Such materials can be hybrid structures or heterostructures with multifunctional
properties. The direct incorporation of these 0D and 1D nano architectiuwes in
existing materials to improve propertics is often referred to as incremental nan-
otechnology. The self assembly of these nanostructured building blocks into 2D
and 3D architeetures may viekl entirely new devices and functionalities veferred
to as evolutionary nanotechnology.

In material science. synthesis and properties of thermally and chemically sta-
ble materials assumes significance. The cost effectiveness of the synthesis route
is another deciding factor which determines scaling and mass production. Thus,
hybrid structures m the forin of core-shell configuration and heterostructures
capable of imparting multifunctional properties are of iuterest hoth from an ap-
plication point of view as well as from a fundamental perspective. 11 the hybrid
structures are magnetic, there are many parameters which determine the over-
all magnetic properties. For cxample, interacting and non-interacting particles
differ substantially in a magnetic nanostructure and they in turn deternmine the
anisotropy. magnetic moment, ctc.

Metal nanoparticles are revisited becanse they ave ideal templates for inves-
tigating magnetisin at the nanoregime. However, nano forms of metals nnst
be embedded v inert matrices to provide passivation and cnsure therual andd
chemical stability. However, passivation of metal nanoparticles with monolayer
atomic coating on maguctic metal particles also gives rise to new phenomenon
like surface spin, freezing of spins. spin ¢lusters and superparamagnetisne. From
a fundamental point of view, these are factors that decide the overall proper-
ties of nano magnetic entities. From an applicd perspeetive nltvafine particles.

especially, metal particles cimbedded in carbon stractires are ideal material for
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sensiug, tribological applications, nonlinear optical applications and as microwave
absorbers. So synthesis and evaluation of properties of such hcterostructures cm-
ploying low tech technigues are of utmost iinportance for any investigation in
material science.

Nanocomposites which are flexible are alternative materials for many useful
applications such as microwave absorbing layers and gaskets. However, flexible
matrices like natural rubber are necessary and appropriate recipe for mixing mag-
netic nanoparticles in natural rubber is to he worked out. This requires claborate
trial runs and optumization. This investigation is an attempt to delve into the
fundamental aspects of different mechanisins that decide the various propertics of
materials at the nanolevel and also to synthesize and characterization of nanopar-
ticles of magnetic materials and their composites. Tn this context, it is customary
to give a general outline on the different aspects of magnetism and a brief note

on their theorctical aspects.

1.1 Magnetic materials and magnetism

Magnets have become an integral part in almost all huinan endeavours. Oxides
and senuiconductors containing transition metal elements and some rare earths as
dopants or constituents show magnetic beliavior if the spin of the magnetic ions
are aligned. High resistivity (low loss) fervimagnets find a plethora of applications
in passive microwave components such as isolators, circulators, phase shifters
and ninlature antennas operating at wide range of frequencies and as maguetic
recording media using their novel physical properties.

Magnetic materials [1-4] are objects that attract or repel cach othier depend-
ing on their relative orientations. The development of magnetism has been a
fascinating one, which dates back to tens of centurics. The carliest observations
of magnetism can be traced back to the Greek philosopher Thales in B.C. 600,
But only during 1600. the understanding of magnetisin began which paved the
way for the modern treatment of magnetism. Willlamn Gilbert, Thans Christian
Ocsted, Michael Faraday. William Sturgeon, Emil G Warburg. Picrre Curvie, Panl
Langevin, Louis Bugeéne Félix Néel and Pierve-Ernest Weiss were milestone con-

tributors in the saga of modern magnetism.
[ o
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The first recognized magnet was lodestone (magnetite or FesOy). This was
followed by magnetic carbon steel and alnico magnets in 1930s. Boosted by the
2% world war, hard magnets (Bale ;019 or SrFe;»014) experienced considerable
devclopments. 19605 and the era that followed witnessed substantial develop-
ments in magnetic materials containing samarhnun cobalt and yttirium cobalt.
Moreover, neodyminm-iron-horon, developaed in the 1930s, spot a good combina-
tion of high saturation magnetization and good resistance to demagnetization,
but had relatively low Cwrie temperature (585 K) and high cost. Metallic soft
magnetic matevials whiclt could not be nsed at high freguencies due Lo eddy
current loss, were soon replaced by a variety of soft ferrites. The present cra
is witnessing drastic developments of nanochemistry that is well cquipped with
the capability of producing variety of magnetic nanostrnctures. Supramolecnlar
asseinblics, multifunctional supramolecules, mwagnetic metal nanostructures, spin
glass structures, magnetic quantiin dots. {erromagnetic/antiferromagnetic cou-
pled systeins and maguetic semiconducting hybrid structures [5. 6] ave a few to
list. These are proposed as potential huilding blocks of storage as read devices.
Magnetic metal particles are particularly interesting nanosecale systems because
of the ease with which they can be svnthesized and modified chemically.

There are several important paraincters related to magnetic materials. Tor
example, magnetic flux density or magneric induction "B’ is the net magnetic
response of a medinm to an applicd field "H. [t s weaswred in Tesla {T) in
ST wnits and Gauss (G) 1n cgs units. The relationship is given by the following

equation: In c¢gs units B = H + 4727 and in S units
B (H — M) (1.1)

where 'H' is magnetic field strength cencerated by cnrrents and magnetic poles
(A/m in SI units and Oersteds in cgs units). ‘M is magnetization and je, 15
the permeability of free space (4 x 10 © H/m}). Magnetization is defined as the
magnetic moment. ‘m’ per unit vohune 'V thus M= m/Vo T is measured as
A/m in ST units and co/ew? in cgs mnits, I general. magnetization "M’ of a
material is dependent on the magnetic ticld ‘1 applied o it. Therefore. magnetic

susceptibility \. a maguetic parameter giving an indication of the response of a



material to an applied magnetic field, has been used. Magnetic susceptibility is

defined as the ratio of magnetization ‘"M’ to the applied field "H’,
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Here x can be expressed in torms of B as follows:

B = ji,(1 + \}H (1.3)

One can define magnetic permeability g = 1 + y and thus
B = [l(][l.[[ (ll)

Magnetic Moments : A maguet in a ficld has a potential energy, ‘B, relative
to the parallel position given by E,=-mH. The origin of atomic magnetic mo-
ments is the incomplete cancellation of electronic magnetic moments. Eleciron
spin and orbital motion both have magnetic monients associated with them. Bt
in most ators the electronic moments are so oriented that they cancel giving
no net atomic magnetic moment., leading to diamagnetism. I the cancellation
of electronic moments is incomplete then the atom has a net. magnetic moment.
These ‘'magnetic atoms’ can display para-. ferro-. antiferro- or ferriagnetic order-
ing depending upon the strength and type of magnetic interactions and external
paramcters such as temperature. The inagucetic moments of atoms. molecules or
formula units are often quoted in terms of the Bohr magneton jez. which is equal
to the magnetic moment due to clectron spin

g = - 997 < 10 2L (1.5)
dmm
Here ‘¢’ and 'm’ denotes the charge and mass of an clectron. “1I/ the Plank’s

constant.

1.2 Classification of magnctic materials

The orbital and spin motions of clectrons and their interactions deeide the overall
magnetism of a substance. Although as surprising as it may sonud. all natter

is magnetic to varying degrees [1. 2, ). T'he magnetic behavior of materials can



be classified according to the values of magnetic susceptibility, x and magnetic
permeability, ¢ as: vacuum (x = 0, ¢ = 1), diawnagnetic (x = small and ncgative,
u <1), paramagnetic (x = sinall and positive, g > 1), antiferromagnetic (x =
small and positive, ¢ > 1), ferromagnetic (y = large and positive,u > 1) and
fervimagnetic {x = large and positive, jo > 1).

Diamagnetisin is o fundamental property of all matter. The atoms (with no
unpaired electrons) have no net magnetic moment when therc is no applied tield.
Under the influence of an applied field "H’, the spinning electrons precess and
this motion, which is a type of electric current, produces a magnetization ‘M’ in
an opposite direction to that of "H. "The diamagnetic effect is often masked by
larger paramagnetic or ferromagnetic termn. Here the susceptibility is independent
of temperature. Rare gases (He, Neo Ar), most of the polyatomic gases (Hy,
Ng), clements like C (diamond), Si. Ge. GaAs, GaN and most of the organic
compounds are a fow examples to list.

Electronic parainagnetisin arises from atoms, molecules and lattice delects,
possessing an odd munber of electrons (unpaired) causing a nonzero total spin.
There are several theories of paramagnetisty, which are valid for specifie types of
materials. The Langevin model, whicli is true for materials with non-interacting
localized clectrons, states that cach atomn has a magnetic moment, which is ran-
domly oriented as a result of thermal agitation. The application of a magnetic
field creates a slight allicnment of these moments and henee a low magnetization
in the same direction as the applied ficld. As the temperature increases. thermal
agitation will increase and it will hecome harder to align the atomic magnetic
moments aid lience the susceptibility decrcases. This behaviour is known as
the Curie’s law and is given by y = (T where € is a material constant called
the Carie’s constant. Materials which obey this law are materials in which the
magnetic moments are localized at the atomic or ionic sites and there is no in-
teraction bhetween neighbowring magnetic moments. Hyvdrated salts of trausition
wetals (like CaSOL-5HLO). are examples of this type of behaviowr as the transi-
tion metal ions. which have a magnetic moment. are swrrounded by a number of
non-magnetic ions/atoms. which prevent inferaction between neighbonring mag-

netic moments. Salts and oxides of rare carths. rare earth- clements (althougl



many of them become ferromagnetic at low temperatures) and metals like Cu are
also strongly paramagnetic.

In fact the Curie’s law is a special case of the more general Curie-Weiss law,
X = 7—"(—_9 which includes a temperature constant () and darived from Weiss
theory, proposed for ferromagnetic materials, that incorporates the interaction
between magnetic inoments. In this equation, # can cither be positive, negative
or zero. Clearly when 6 = 0, Curie-Weiss law is Chrie’s law. When 0 £ 0, there
exist an interaction between neighbouring magnetic moments and the material is
paramagnetic only above a certain transition temperature. If 4 > 0. the material
is ferromagnetic below the transition temperature. Heve is veterred to as Curie
temperature, T If # < 0, then the material is antiferromagnetic below the
transition temperature {(Necl temperature, Ty ). however the value of 8 does not
relate to T ). It is important to note that this equation is only valid when the
material is in a paramagnetic state. It is also not valid for many metals as the
electrons contributing to the magnetic moment are not localized. However, the
law docs apply to some metals, ¢.g. the rarc-carths. where the 4t cleetrons, that
create the magnetic moment, are closely hbound.

The Pauli model of paramagnetisin [4f is true for materials where the clectrons
arc free and interact to form a conduction band. This is valid for most of the
paramagnetic mctals.  In this model, the condnction clectrons are considered
essentially to be free, and nnder an applied ficld an imbalance hetween electrons
with opposite spin is set. up leading to a low magnetization in the saine direction
as the applicd field.

Ferromagnetisin is only possible when atons are arranged in o lattice and the
atoric magnetic ioments can interact to align them parallel to cach other. This
effect is explained in classical theory by the presence ol amoleenlar fiekd within
the ferromagnetic material, which was hirst postulated by Weiss in 1907, This Held
is sufficient to magnetize the material to satnvation. In quantum mechanics, the
Heisenberg model of ferromagnetisin describes the parallel alighment of magnetic
moments in terms of an exchange interaction hetween neishibonying monients.

Woeiss postulated the presence of magnetic domains within the material, which
are regions where the atomic magnetic monents are aligned. The movenment of

these domains derermines how the material responds to o magnetic field and as a



consequence, the susceptibility is a function of applied magnetic field. Therefore,
ferromagnetic materials are usually compared in terms of saturation magncetiza-
tion (mmagnetization when all domains are aligned) rather than susceptibility.

In the periodic table of clements, only Fe, Co and Ni arc ferromagnetic at and
above room temperature. As ferromagnetic material is heated, the thermal agita-
tion causes the degree of alignuient of the atomic magnetic moments to decreasc,
reducing their saturation magnetization. Eventually the thermal agitation he-
comes s0 great that the material becomnes paranmagnetic; the temperature of this
transition is the Curic temperature, “Te’. Ahove T¢:. the susceptibility varies

according to the Curie-Weiss law.
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Figure 1.1: (a) Typical hysteresis curve and (h) Arrangement of atomic spins dictates
¥l . 2 1

magnetic properties

Ferromagnets will tend to stay magnetized to some extent after heing sub-
jected to an external magnetic fickl. This tendency (o ‘remember their magnetic
history” is called hiysteresis. The fraction of the saturation magnetization whicli
is refained when the driving field is removed is called the remanence or remancent
magnetization ‘N7 of the material, and is an important factor in permanent mag-
nets. Typical enrve of M ovs H called magnetization curve or hysteresis curve arc
characterized by phenomena like saturation magnetization and hiysteresis (Figure
L1a). At higher valnes of H. the maguoetization M becomes constant at its sat-
uration value of ‘M. Alter saturation, a decrease in I to zero does not reduce
M to zero which is tevined as hysteresis. The reverse ficld applied to canse M to
zero. is the coercive lield or coercivity of the material 'H./.

[y the periodic table. the only elenent exhibiting antiferromagnetisi at room



temperature is chromium. Antiferromagnetic materials, are very similar to fer-
romagnetic materials but the exchange interaction between neighbouring atoms
Jeads to the anti-parallel alignment of the atomic magnetic moments. Therc-
fore, the magnetic field cancels out and the material appears to behave in the
same way as a paramagnetic material. Like ferromagnetic materials, these ma-
terials become paramagnetic above a transition temperature, known as the Neel
temperature, "Tx' (Cr: Ty =310 K).

Ferrimagnetism is only obscrved in compounds, which have more complex
crystal structures than pure clements. Within these materials; the exchange in-
teractions lead to parallel alignmnent of atoms in some of the crystal sites and
anti-parallel alignment of others. The material Dreaks down into magnetic do-
mains, just like a ferroinagnetic materinl and the magnetic behaviour is also very
sitnilar, although forrimagnetic materials usually have Jower saturation mague-
tization. 3d-transition metal oxides and theh compounds with spinel, mague-
toplumbite and garnet strueture, all fall in the class of ferrimagnetic materials.
Fignre 1.1h shows the arrangements of atomic spins in different magnetic materi-
als. In all of the above mentioned maguetic materials, different types of magnetic

interactions take place which are discussad below.

1.3 Magnetic interactions

Eacll magnetic moment of the substance is subjected to a magnetic dipolar in-

teraction with cach other i1l Two magnetic dipoles ‘i’ and ‘g’ separated by
a distance 1’ have an cuergy cqual to

flo 3 . I,

E=—|myany — < (o) ()] (1.6)
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which therefore depends on their degree of imutual alignment. The dipolar
interaction is much weaker than the exchange interaction among near ncighhbour
monients, and become dominant ondy at large distances. The magnetic dipolar
interactions are found to be too weak to account for the ordering of most magnetic
materials with higher ovdering temperatures.

J. Frenkel made the assmuption that the origin of strong ferromagnetic inter

actions is due to what are called as exchange iteractions, I is a characteristic



quantum effect having no parallel in classical physics. Various types of exchange
interactions are present in solids {1]. Dircct exchange interaction is operative be-
tween the adjacent atoms/ions without the need of any intermediary and leads to
a strong rmagiuetic coupling while indirect exchange or superexchange interactions
take place between non neighbouring magucetic ions mediated by a nonmagnetic
ion which i3 placed in between the magncetie ions in the case of 1onic solids. Su-
perexchange interaction involves the oxygen orbitals as well as metal atow (in
ferrites) and it is a second order process derived from sccond order pertinbation
theory. Superexchange interactions conld oceur in ferromagnetic materials but
less common than the nsual antiferromagnetic or ferrimagnetic superexchange.
The ferromagnetisin of Fe, Co and Ni can be attributed to direct. exchange. In
metals, the exchange interactions hetween magnetic tons can be mediated by the
conduction clectrons. A localized spin magnetic immament polarizes the condnetion
electrons and this polarization in turn couples to a neighbonring localized mag-
netic imoment at a distance 'tv' away. The interaction is called RKKY interaction
or itiucrant exchange after the discoverers of this effect: Ruderman, Kittel, Ka-
suya and Yosida. The interaction is long range and has an oscillatory dependence
on the separation between the magnetic moments. The resulting interaction can
be either ferro or antiferromagnetic depending on the separation hetween the
ions. Tn some oxides, it is possible to have a ferromaguetic exchange interaction
which occurs between the magnetic ions showing o mixed valency. The ferro-
magnetic alignment is due to the donble exchange mechanisin, Zener proposed
this exchange mechanism to account for the interaction between adjacent ions of
parallel spins. Zener’s mechanisin of double exchange forms a positive interac-
tion which is a contributing factor to the observed ferromagnetic interaction in
materials like perovskite mixed manganates like LaCaMnQOy, LaSrMnQy ete. 1t
has heen found that spin orbit interaction results in exchange interactions in a
similar manner to that of the oxygen atom in superexchange. There is an ex-
change interaction between the excited state of one ion and the ground state of
the other 1o The excited state is produced by the spin-orbit interaction in one
of the magnetic ions. This is known as anisotropic exchange interaction or also
as the Dzvaloshinskyv-Moriva interaction. The form of interaction is such that it

iries to force the spins to be at right angles in a planc so that orientation will



ensure that the energy is negative. Its effect is therefore to cant the spins by a
small angle. The effect is known as weak ferromagnetism. It is found in a-I'e2 O3,

MnCO3, CoCO3 etc.

1.4 Magnetic anisotropy

One factor which may strongly affect the shape of the hysteresis loop is magnetic
anisotropy. This term siimply means that the magnetic propertics depend on the
direction in which thev arc measured. There are several kinds of anisotropies like
crystalline or magncetocrystalline anisotropy, shape anisotropy, stress anisotropy,
exchange anisotropy and anisotropy induced by magnetic auncaling, plastic de-
formation and irradiation.

Magnetocrystalline anisotropy: In a crystalline maguetic malcrial the
magnetic properties will vary depending on the erystallographic direction in which
the magnetic dipoles are aligned. A crystal can maguetize more casily in certain
direction called casy axes than the others which are called hard axes. Figore 1.2
demonstrates this effect for a single crystal of (a) magnetite and (b) cobalt,

From the magnetization carves for single crystal of magnetite, it can he seen
that, along the < 111 > divection, a very siall magnitude of the magnetic field is
required to produce a large magnetization: in other words it is ‘easy’ to magnetize
magnetite crystal along < 111 > direction, while it is "hard’ to do so along the
other directions. The hexagonal erystal structure of Co can be magnetized easily
i the < 0001 = direction (i.e. along the c-axis), but has hard directions of
magnetization in the < 1010 > type directions. which lic in the basal plance
(90° from the easy dircetion). A measure of the magnetocrystalline anisotropy
i the casy divection ol wagnetization ix the anisotropy tield H,,. wlhich is the
field yequired to rotate all the moments hy 902 as oue unit in a saturated single
crystal. The anisotropy s catsed by the coupling of the clectron orbitals to the
lattice. and in the casy divection of inagnetization. this coupling is such that these

orbitals are in the lowest cnergy state.



{8) Magnetite {b) Cobalt

e e e o e RS Sy
P /"““‘ 1X04 ] Easy direction - ’
- / / 7 :
= / Lo 1 — 7 '
z 4 <100 Hard directinn = |1 10105 Rard dircerion / !
g /7 <> = I \ e ;
- i/ <11 Fasy dinction A Bl “\ K .
v ] <l!l)€ \ < i 4 / Ag H

= a8 =3 I P N o el
] & ( // N N
= =3 / R '
- / !
<I00> ... ! pd '
| =0, _
hep >ewine

Applicd ticdd, H Applicd Tield. H Anisvdropy ficld, H,

Figure 1.2: Maghcocrystalline anisotropy in (a) cubic-like spinel structure (inagnctite-

Fea0y) and (b) hexagonal structure sucli as 1 cobalt with H,, being the anisotropy field

The ecasy direction of magnetization for a permanent magnet, based on ferrite
or the rare carth alloys. mnst be nniaxial, however. it is also possible to have
materials with multiple casy axes or where the casy direction can lic anywherc
on a certain plane or on the surface of a cone. The fact that a permaneit magnet
lias nuiaxial anisotropy means that, it is difficult to demagnetize as it is resistant

to rotation of the direction of magnetization.

Shape anisotropy: Cousider a polycrystalline specimen having no preferrved
orientation of its grains and therefore no crvstal anisotropy. If spherical in shape,

the same applied field will magnetize it to the saune extent. in any dizection. [ non
spherical, it will be casier to maguetize along a long axis than short axis. This
phenomenon is known as shape anisotropy. This 1s so hecause the demagncetizing
ficld (the internal field which tends to demagnetize the magnet) is less along a
short direction, because the induced poles at the surface are farther apart. For
a spherical sample there is no splicrical anisotropy. The maguetostatic energy
density for an elliospidally shaped sample magnetized along one of its principal

axes Is given by

1 .
F = o NALRY (1.7)

where "N, is the tensor and represents the demagnetized factor (which is
cadenlated from the ratio of the axis) while 'V is the voluine of the sample and

‘A 1s the saturation magnetization of the sample.



Induced anisotropy: Induced anisotropy is not intrinsic to the material
but produced by a treatment which has directional characteristics. Both the
maguitude and casy axis can be altered by appropriate trecatment. The degree and
direction of possible orientation is possible via casting, rolling and wire drawiug
in polycrystalline alloys.

Surface anisotropy: In small magnctic nanoparticles, a wajor source of
anisotropy results from surface effects. The surface anisotropy is caused by the
breaking of the synunetry and their reduction of the nearest neighbour coordi-
nation. The protective shell or ligand molecules which cover the small particles
play an important role as well leading to a change of the clectronic enviroument

on the particle surface

1.5 Magnetic properties of small particles

1.5.1 Single and multi-domain particles

A permanent magnet creates a magnetic field in space, which carvies cnergy. This
energy can be minimized by creating oppositely facing domains in the material,
so that the external Held 1s decreased. The bonudary hetween domalns carries
encrgy, but this is less than the energy benefit obtained. Wlen the dimensions of
a magnetic particle get close to the domain wall size, it may be more encrgetically
tavourable for the particle to forin a single domain.

The eritical size bhetween a single- or multi-domain pacticle can be estimated
by considering the two situations depicted in Figure 1.3a. b, The energy of a

single-domain particle (E.;)

1 5 _
E = 3;,,(,1\1’111;’,,, 5771?" (1.8)

Just has the magnetostatic cnergy of a spherical particle with radius 'R,
saturation magnetisation My, and demagnetisation factor ‘N7, The cnergy of a
two domain particle (I5,,,,) includes the domain wall energy as well,
saf

. ‘ i 9 4
g = ~sTR% ~ n';/l.n.-’\’ A2 ;7.'[?" (1.9)

with 4/ 1he domain wall cuergy per surface arca.






magnetisation of a spherical particle from opposite to parallel to the field, can be

estimated using Stoner-Wohlfarth[4] theory given by

2K
fioMsq

Magnetization reversal by fanning mechanism is relevant in chains of particles

Hyy = (111)

or highly elongated particles. In a chain, the M, vector of cach particle interacts
with its neighbours via the magnetic dipolar interaction. Thus the dipoles line
up, north to south, and like to remain in aligiment.. hence cansing an anisotropy
even if 110 others exist. This has been called an interaction anisotropy. An applied
field in the opposite direction tends to reovient these dipoles, but the reorientation
may occur either coherently or incoherently. The incoherent alignment is called
fanning. With buckling or fanning (Figure 1.3d), magnetization is homogeneonsly
varying along once divection. Tu the fignre, it is varving upwards. and flnetnations
to the left and vight cancel each other, thereby decreasing the total stray feld.
Buckling often occurs iu thin rods.

Curling or vortex (Figure 1.3¢) is an interesting mode, where the stray fictd is
reduced to a minimum by cireular svunnetry. Bt has also sinall exchange encergy.
but for the centre; their opposed spins are just next to each other, forcing the
magnetization to votate out of plane.  This mode s found primarily in thin
disks. with possible applications in data storage; this vortex state hias a centre

magnetization cither into the paper or out of it.

1.5.3 Superparamagnctic limit

When the size of a particle is very small, they will be single domain and thermal
energy kT may e enough to overcome the anisotropy barrier KV, Here kg s the
Boltzmann’s constant, 'K’ is the anisotropy constant and “T7 the temperature.
This results in the magnetization being rotated spontaneously every once in a
while. With no external field, this vields an average magnetization of zero, witls
the averaging done cither over time or over multiple particles. When an external
field s present. the particle does have an averaged magnetization parallel to
the field. This phenomenon is called superparamagnetisny. ‘D" is the diameter.
below which this occurs, the superparamagnetic limit. The approach of thermally

activated switching of a single-domain particle is called the Néel-Brown model,



The average time 7., it takes for the thermal energy to flip the magnetization

can be expressed using the Arrhenius-Neéel law given by

NV
Tm = 7o BT (1.12)

with 7y the resonance relaxation time of the spin system, which is generally
around the order of 1071, The flnctuations therefore slow down (7, increases) as
the sample is cooled and thie system appears static when 7, becomes mnch longer
than the measuring time ‘t7 of the particular laboratory experiment technique
wliich one is using. This cquation can also be understood directly by recognizing

the Boltzmann-factor.
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Figure 1.4: A schematic graph of the cocrcivity field as o function of diameter. The

diftereut size regime can be recognized

For a given titne span 7,,, the critical diameter is

(1.13)

Of a particle of this diameter lias a stable magnetization for time span of just

. : - : ‘ . 8 1

Tm- The value 7, is, of course, application dependent. In superparamaguetic

beads for hiomedical applications, a sccond is appropriate while for hard dise, 7,
of the order of few tens of vears is desirable.

So far we have scen three regimes, multidomain (bulk; 1) > Dy, ). single

domain (D), < D < Dy,) and superparamagnetic (1> < 1,). "1,  is the eritical

domain diauncter, below which the energy of a domain wall s too laree to reduee



the stray field. But there are other options for reduction, besides creating multiple
domains. This is what happens in the curling and buckling magnetization modes:
the magnetization varies continuously over the geometry. The exchange encrgy
resulting from slightly nouparallel spins is kept small, while spins arc canceling
each other’s field over a larger area.

Multidomain particles decrease the field by forming domains, while single
domain particles have a high field, originating from magnetocrystalline and shape
anisotropy. Below the supcrparamaguetic limit Dy, the coercive field decreases

because thermal energy is cnongh to overcome the barrier.

1.6 Magnetic mctal and metal oxide nanoparticles

Magnetic materials are always a fascination to rescarchers owing to their poten-
tial use in communication, data storage, bionedicine and defence applications
[2, 7, 8]. Over the last fow years the magnetic properties of terri/ferro magnetic
nanostructures (nanoparticles, nanowires, nanorods or self assemnbled nanostrue-
tures) have been widely studied, as they present an mterest both for fundauien-
tal physics and for applications [6, 9], The general requirements would often
be of magnetic particles displaying a large magnetic susceptibility, while keep-
ing inter particle interactions low so that they do not agglomerate. Metals like
iron, cobalt and nickel are ferromagunetic at room temperatre. However, their
magnetic properties will vary {rom the bulk metal is broken into finer and finer
pieces. The magnetic propertics of nanometals can be very different, manifesting
softer magncetism or single domain magnetis with a mnelt greater coercivity. 1f
small enough, they can also test the supcerparamagnetic limnit of matter. Sev-
eral approaches have been applied to synthesize magnetic inctal nanoparticles.
cluding thermal and sonochemical decomposition of organometallic precirsors.
high-temperature reduction of metal salts, or reduction with reverse micelles (10

13]. however, control of shape is very important. Only few anisol ropic maguetic
nanoparticles have heen developed so far [14- 16]. Sume research groups have
employced laser ablation methods (17, 18] and prepared magnetic nanoparticles

(Co, Ni, Fe) of 40-500 atoms. However, these nanoparticles were not stable in air



due to oxidation and aggregation because their surfaces were not passivated by
other organic or inorganic molecules (bare nanoparticles).

Last decade scientists explored the structurc and transport properties of fer-
rite matertals. Now the properties of these are investigated in the nanorcgime.
Appropriate processing techniques and controlled microstructures play a signifi-
cant role in formulating ferrite devices. The other iimportant factor is character-
istic modification by means of substitution or doping. Metal oxide nanomaterials
are preparcd in a great number using novel routes like co-precipitation, sono-
chemical, microwave plasma, ball milling, sol-gel, polyol process, reverse micelle
and hydrothermal methods {6, 9-13, 19, 20;. These ethods produce nanometer
range particles when compared to the ceramic methods leading to drastic changes
in their properties, Magnetic metal oxides can be hroadly classified as spinel, gav-
net v magnetoplumbite. Details of ferrites with spinel structure are discussed in

Chapter 6.

1.7 Carbon nanostructures-an overview

Carbon is undoubtedly one of the most mportant elements known to mai. It is
the 4" most abundant element in the solar systemn, 6" most abundaut clement
in the universe and the 194" most abundant element in the earth’s crust. There
arc more compounds of carbon, about 16 million, than of any other elements
except hydrogen. Electronic structure of carbon atonn is 1s%25%2p7 tn its ground
state with two unpaired 2p clectrons and the 23 and 2p wave hinetion novinally
liybridized to form 4 degenerate sp® orbitals. Carbon has two naturally occurring
stable allotropes: 2C (98.89%) and C (1.11%). The radivactive isotope (.
are fortmed by therimal neutron irvadiation of Li or Al nitride [21. 22].

Modern ‘nanotechnology revolution’ was undoubtedly catalyzed by the rid-
1980s serendipitous discovery of carbon nanoclusters known as fullevenes or Clgg
(caged molecules uniguely formed from carbon) for whicly the 1996 Nobel Prize in
Chemistry was awarded to Richard Swinalley. Robert Churl. and Sir Harold Ikroto
[23). Later in 1989, first large-scale syvnthesis of fullerencs was wisely discov-
cred by Hulfmian and Kratschimer [24', which provided o macroscapic guantity

ol Cgp conlirming the proposed icosohedral structure. This was followed by o



stream of discoveries and inventions related to carbon nanostructures. Versatile
methods for the preparation of carbon nanostructures with different morphol-
ogy (nanoparticles, nanorods or nanotubes) have been developed as they cau act
as multifunctional device component. They arc capable of creating a variety of
nanoscale structures such as spheres, tubules, ouions, ribbons, rods ete [25 35].
Out of these, carbon nanotubes have ro(__tci\:c(l and continue to receive significant,
attention due to their potential applications, but the ficld of multilayer fullerenes
or carbon nano onions (CNQO) still remains in its infancy. The main reason for
this is the expensive and iimpractical prepavation processes involved together with
low yields and uncontrollable size.

Carbon nanotube, the most widely stadicd 1D nanomaterial, was first discov-
ered by Lijina in 1991 [36], consist of a graphitic sheets of sp? hybridized carhon
atoms [21, 22; rolled in to a tubular array. The diameters of CNTs range from
1 mn to > 30 i, with aspect ratios (lengthowidth) ranging from 100 to greater
than 1 x 10° Their tensile strength is ca. 20 times greater than steel - a prop-
erty attributed to extremely strong sp? bouding between neighboring hexagonal
units. Based on empirical data and theoretical predictions [6, 22], the catalytic
ability of the metal/alloys for SWNT growth [ollows the order: Ni/Mo > Ni/Cr
> Ni/Co > Ni/Pt > Ni/Rh > Ni/Fe > Ni > IF'e/Mo > Fe/Cr > I%/Co > '/t
> Fe/Rh > Fe > Ni/Mo > Fe/Mo > Co/Mo > Co > Pt > Cu.

Soon after this in 1992, D Urgate {25] discovered carbon onions (concen-
tric spherical graphitic shells) during his experiments with the irracdiation of
nanoparticles filled with gold and lanthanide oxides. Subscquent works revealed
that carbon onjons can be prepared from a diversity of carbon ricli materials
6, 21, 37-10;. Carbon nano onions (CNOs) are made of concentric fullerene-
like shells and range from double-, triple- or multilayered structwres. A nuniber
of methods to produce CNO have been demonstrated, including are cdischarge,
high-energy electron beann irradiation. high-temperature nanodiznond auncal-
ing. plasma-cnhanced chemical vapor deposition and implautation of carbon ions
onto metal particles 125, 41 445 Multiwalled CNOs are usually the byprodnets
of multiwalled CN'I's. They have cipty cavity in the middle. offering the po-
tential to be filled with other nanoparticles forming core shell structnures with

interesting properties.
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1.8 Core shell nanoparticles

Some of the exciting breakthroughs in nanoscience and nanotechnology ave the
development of Hexible batteries, nanotweezers, nano brushes, hydrogen storage
devices, catalysts |45-18] etc. By particle engineering, well defined morphologies
or hybrid systemns with required propertics (metallic. semiconducting, magnetic
and dielectrie) could be achieved with nanometer core within the shell material
[22. 39. 40. 49 55]. Shell protection s absolutely necessary for nanomaterials
especially metal nanoparticles due to the following important reasons: (a) the
shell can alter the surface charge, reactivity and functionality of the metal core
thereby enhancing the stability and dispersibility of the colloidal materials: () by
choosing a suitable shell-forming material, one can incorporate magnetic, optical
and eatalvtic properties into the composite material: (¢) encasing the core parti-
cle {especially metal) in a shell invariably protects it from physical and chemical
clianges: and (d) core-shells exhibit improved physical and chemical character-
istics as compared to their single component counterparts. The different types
of core shell systems inchule metal/metal oxide core/shell structure. bimetallic

core/shell system, semiconductor core/shell system and polymer coated core/shell

system 156, 57

Since the first report of graphitic encapsulation of materials by Ruff ef af. {28§]
in 1993, it offers the possibility to investigate the propertics of low dimensional
material in a closed environment. This would greatly change the chemical and
physical properties of the materials providing interesting applications. Magnetic
metal nanoparticies as core with carbon layers as shell can prevent the rapid ox-
idation of hare metal nanoparticles. Various techniques have been developed for
svnthesizing metal-filled carbon nanoclusters, such as carbon arce technique. wet
chemical wethods (6, 22, 24 -31]. Catalytic pyrolysis method is of great promise
due to low costs. ready availability or raw materials and simple processing tech-
nigues 58], Although several groups have successfully obtained metal-filled car-
Lon nanotubes or nanoparticles by catalytic method and several reaction models
Lave been proposed. the catalytic mechanism and the nature of the encapsu-
lated materials are not still clear. The shell protection imparts certain functional

propertics to the nanomaterial hence providing tremendous applications for these
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maicrials in nanoscale optics, nanoclectronics. as well as in magnetic, catalytic,
chemical and biological fields 159, 60]. Graphene nanocomposites are being used
for clectrochemical cell electrodes. For lithium jon batteries, the bincder or matrix
material is preferably amorphous polymeric carbon. Metal carbon hybrid nanos-
tructures can also be thought of as electrode for supercapacitor applications.
The studies show that carbon nanostructured waterials can be used in energy
generation as well as in energy storage applications. CNOs or hyperfullerenes
are also being investigated theoretically as well as experimentally for utilizing
the fantastic properties exhibited by these nanostructures. Ingenious fabrication
technigues can make use of these nanostructures for creating new materials for
nanoclectronics, diagnostics or sensing devices. Tribology (37, 38! is another area.
wherein these nanostructures can be exploited. Moreover, multifunctional ma-
terials cann Le fabricated by engincering nanocoinposite propertics using these

nanastructines.

1.9 Natural rubber based magnectic nanocomposites

Natural rubber (NR) or ¢is 1.4 polyisoprene, has been identificd in about 2000
plant species, but only the species Heveo brasiliensis is of commercial significance.,
From the tree, rubber is collected in the form of latex by tapping rubber is sep-
arated from the latex by coagulation usually by acidification. The vesultant co-
agulum is then processed into different marketable forms of NR. Their molecular
weight ranges from 200,000 to 600,000 with a rclatively broad weight distribution
|61]. Rubber separated from latex contaius more than 90% of hydrocarbon; cis-
1.4 polyisoprene in admixture with naturally occurring resins. proteins. sugars
etc. NR is characterized with low liysteresis; high resilicnce and low water ab-
sorption. High tensile strength and clongation at break are the major atractive
features of NR over synthetic rubbers [62]. Poor resistance to sunlight. oxygen
and ozone are the drawbacks over synthetic rubbers. but it is inexpensive. NR s
a versatile and adaptable material which find application in transport and engi-
neering applications such as automobile tvres. acro tyre. off <hore and acrospace

industries, civil engineering, railways. vibration engineering cte.



Discovery of reinforcement of NR by particulate fillers is almost a century
old. Although NR exhibits very good strength even without reinforcement, it
was reinforced with unique composition of Jordanian silica sand with different
particle size. Recently work are on modify the structnre and properties of NR
reinforced with nanofillers [63-65].

Polymers are inheremtly nonmagnetic materials. As carly as in 1955, it has
been scen that their properties condd be modified by incorporation of magnetic
fillers in plastic or rubber {66], though their magnetic properties are generally
considered to be inferior to cast or sintered maguets. This is principally related
to the relatively low permeability values associated with such composites as op-
posed to magnetic permeability of cast or sintered materials, However, polyiner
composites possess nunierons advantages. The polyineric binder coats the mag-
nelic particles and acts as an insulator suppressing eddy carrent losses. Polynier
based magnets can be mannfactured by conventional polviner processing tech-
nigues (62, 67. 68, allowing them 1o be monlded into complex shapes and sizes,
with higher production rates. fower cost and better uniformity and reproducibil-
ity.

Incorporation of magnetic materials in a polymeric matrix offers wide pos-
sibilities for the nanostructures i applications where mechanical, diclectric and
magnetic propertics are equally important. Since NR is easily available and
ant inexpensive material, composites based on magnetic materials (both fervites
and ferromagnets) are extensively studicd, The incorporation of filler particles
wodifies their dielectric as well as magnetic properties of the composites. Thus
by appropriate mampulation of the filler amount in the composite, the phyis-
comechanical, dielectvic as well as imagnetic properties can be tailored [G7, 63].
These magentodielectric composites also find applications in areas where flexible
magnetic materials are vequived. One of the other significant aspects is their

microwave absorbing property.

1.10 Electromagnectic wave absorbers

The self propagating clectronmgnetic (BN waves possess electric and maghetic

components that oscillate ar right angles to cach other and to the direction of



propagation and are in phase with cach other. In 1985, Federal Communication
Commission in US defined the ISM (Industrial, Scientific and Medical) frequency
bands with specific bandwidth (BW), allowing unlicensed spread spectram com-
munication. Three of the ISM bands are at frequency 500 MHz (BW ~ 2.6
MHz). 2.44 GHz (BW~83.5 MHz) and 5 GHz (BW~300 MHz). 2.4 GHz band
is available worldwide having more bandwidth, supporting higher data rate and
multiple adjacent chanunels in the band, thus offering good balance of equipment
performance and cost. 2.4 GHz is ideal for WLAN, high speed unlicensed data
link. IEEE8020011b, Bluetooth and home RY operate in this band. Tt is less
crowded, has global allocation and associated technique is cost effective. Hence
studies on the wave absorbing properties in the S-hand (2-1 GHz) become more
significant.

Tlie characteristics of waterials that wlluence the EM wave are their com-
plex permittivity, complex permeability, diclectrie loss tangent, magnetic Joss
tangent and wave impedance. The hasic reguirenients of a microwave absorl-
ing material are high attennation, small external surface reflection, low weight,
stability of structure and properties. Microwave absorbing waterials find ap-
plications in antenna technigues and production. for protection of humans and
other biological objects form harmiul action of EM waves, in military applications
for anti-radar camouflage. for miproving the EM compatibility hetween dilferent
electromagnetic devices [69 73] The basie principle of microwave absorbing ma-
terlal development includes sclection of suitable matrix illers. The effectiveness
of absorption composite structure is one which possesses low reflection. winimum
transmission and maximmun absorption at the same time.

An clectromnagnetic wave may he attenmated in three wavs: 1) hy absorption
due to the thickuess of the shield, ii) by veflection at the surfaces, and iii) by
multiple internal reflections 74, 751, Reflection. vequires the existence of no-
bile charge carriers (clectrons or holes) which interact with the clectromagnetic
radiation. Thus, the shield tends to he olectrically conducting. thongh a high
conductivity is not required for shiclding. For oxample. a vohune resistivity of
the order of 1 Ohnian is tvpically sufficient. The reflection loss is a funetion
of the ratio clectrical conductivity relative to copper aud relative magnetic por-

nicability. The reflection loss decreases with increasing frequency. Absorption.
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requires electric and/or magnetic dipoles which interact with the electromagnetic
fields. The electric dipoles may be provided by materials having high dielectric
permittivity or magnetic peviceability. The absorption loss is a function of the
product of clectrical conductivity relative to copper and relative maguetic per-
meability. Unlike reflection where the loss decreases with increasing frequency,
the absorption loss increases with increasing frequency. The absorption loss is
proportional to the thickness of the shield. Silver, copper. gold and aluminum are
excellent for reflection, due to their high conductivity. Supcrmalloy are excellent
for absorption, due to their high magnetic permeability [74). The third mecha-
nism of atteunation is multiple reflections (at various surfaces or interfaces in the
slield). This mechanism requires the presence of a large surface area or interface
area in the shield. TFor instauce, a porous or foam material has a large surface
area, and composite material containing fillers have a large interface area in the
shield. The loss due to multiple reflections can be neglected when the distance
between the reflecting surfaces or interfaces is large when compared to the skin
depth which is the distance that electromagnetic radiation can be penetrate at
certain high brequency.

The reflection loss of an absorber iaterial with a metal backing can be eval-
unated from their dielectric permittivity and magnetic permeability values of the
absorber layer medium for a known thickness in a gpecific frequency band. 1t is
expressed i decibels (dB). An ideal absorber material should have a reflection
loss over -20) B. In other words, about 99.9% of the incident energy is lost when
passing through the absorber material.

Nanocomposites based on ferro/terri magnetic materials are light-weight and
inexpensive materials that can prevent medical, military, and aireraft systems
from EM interference (EMT) which can result in damages ranging from data jain-
ming to burn out of sensitive equipment. Flexible composites can be developed
by incorporating these magneto-dielectric fillers i appropriate ratio into natural

rubber matrix.
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Chapter 1

1.11 Nonlinear optical properties of materials

Nonhnear optics deals with various new optical effects and novel phenomena
arising from interactions of intense coherent optical radiations with matter. In
the pre-laser era nonlincar optical effects could not be experimentally observed
since the field strength of conventional sources was too sinall to perturb the
atornic and interatomic fields. The assumptions of linearity of an optical mediuin
where, the optical properties such as refractive index and absorption coefficients
are independent of light intensity. the frequeney of light cannot be altered by its
passage through the medinm, and light cannot interact with light. Irradiation
of & medinm with high intensity laser radiation is in principle equivalent to the
application of large clectric field to the material. The nonlinear behavior exlibited
by media ave (a) change in refractive index and consequently change in the speed
of light as it propagates through a noulinear medinm, (b) light can alter its
frequency as it passes through a nonlinear optical medium, and (¢} light can
control light: photon can be made to interact. A brief introduction on the general
theory of nonlinear optical property is provided below for the sake of continuity.

When a molecule is subjected to strong laser radiation, the molecule’s polar-
ization is being driven bevond the linear regime. The modified nonlinear polar-
ization £, (which is a function of applied ficld and leads to nonlinear effects) is
expressed as P, = o' E + 3E* + +'E% + _ where o' is the linear polarization
of the molecule or atom. 3" is the first molecular hyperpolarisatbility (second
order nonlinear term), " is the third order nonlinear term and E the electric field
acting on the molecule. Usually. o' >> /3 or /. With increasing field strength.
nonlinear effects become observable due to the presence of higher powers of Fi and
the equation gets genevalized to P, = (:”[)\“)E + \‘Q)Eg + 3\ G ps + ..]. where

W is the rst order susceptibility and y™ is the n'?

order nonlincar optical
susceptibility.

Thus, the optical characteristics of a inedium such as dielectric permittivity
or refractive index. which depend on susceptibility, also become a function of

the electric field strength E. The optical nonlinearity is thus the property of the

medium through which light travels. vather than a property of light. itself. If the



incident light has the form E = Eycos(wt), then we have
P = eo[xVE, cos(wt) + XV E2 cos*(wt) + x® E3 cosd(wt) + ...] (1.14)

Using the trigonometric relations: cos?(wt) = [1 + cos(2wt)]/2 and cos®(wt) =
[cos(3wt) + 3cos(wt)]/4, the above relation becomes

I = (1/2)eox P E2 + e, [xV + (3/4)xP E2)E, cos(wt)+
(1/2)eox P E2 cos®(2wt) + (1/4)cy VB3 cos(3awt) + ... (1.15)

The first term is a constant term which gives rise to a DC field across the
nedium, the effect of which is of comparatively little importance. The second
term follows the external polarization and is called hirst or lundamental harmonic
of polarization. The thivd oscillates at a frequiency 2ot and is called the second
harmonic of polarization, the fourth is called 1he third harnmonic of polarization
and so on. These higher lkarmonics of dielectric polarization results from the
nonlinearity of the medium leading to various optical nonlinear phenomena.

In general, depending on the order of the noulinearity, effects like sccond
harmonic generation (x? process whereby {wo photons of the frequency interact
together to forun a single photon of frequency 2w@), Pockel’s effect (x?) process
where the refractive index of a material varies linearly with an applicd DC electric
fickd), optical Kerr cffect (3 process whereby the refractive index of a medimmn
varies linearly with the intensity of an applied electromaguetic radiation field),
cte can take place. However, duc to phase matching restrictions, all allowed
nonlinear phenomena will not occur sinniltancously in a given nonlinear iedinm.

For a third order nonlincar medium (like isotropic solutions), the real and
imaginary components of y**) are related to the nonlinear refraction and nonlinear
absorption respectively through the expressions: Rex® = 107%en2ny/(4807%)
and Imy®) = 1( “Te*n23/(96n%@). where ¢ (cin/s) is the velocity of light, n,
is the refractive index. w(Hz) is the laser radiation frequency, J(cn/W) is the
nonlinear absorption coeflicient and 1y (cin? /W) is the nonlincar refractive index.

The refractive index and absorption cocfficient of the medinm are given by

=1+ 1>l



a=a,+ 81 (1.16)

where ‘T’ is the laser intensity, a, is the linear absorption coeflicient, and /3 is
the nonlinear absorption cocfficient. The propagation equation for light travelling

in the z direction throngh a third order nonlincar medium can then be written as

i
i—]: — (g + B (1.17)

Depending on the sign of ny and J. the wodification in the refractive index
will give rise to self focusing or defocusing effects while that in the absorption
coefficient will lead to induced transinission or absorption.

Various orgauic and hybrid nanostructures are identified for nonlinear optical
applications [76]. Nanostructured materials are found 1o be interesting candi-
dates, since their optical properties are highly dependent on the size of these
structurc. Noble metals Jike Cn, Ag and A as well as magnetic etals like Ie,
Co, Ni and their nanostructures are being investigated recently, Carbon nanos-
tructures arce well studied for their optical limiting properties, especially carbon
black, carbon nanotube, fullerene and nanowire 77 81J.

Optical Limiting: Controling the intensity of light in a predetermined and
predictable manner is a fundamental and important requirement. with applica-
tions ranging from optical communication to optical computing. This can he
used to switch, linit, anplity or modulate the amplitude of an optical signal via
dynamic or passive methods.

Over the last few decades, many scientists hiave sought the so-called optical
Hmiting materials that exhibit ‘nonlinear extinetion’, i.c. strongly attenuate in-
tense. potentially dangerous laser beams, while readily transmitting low-1utensity
ambicnt light. Up to now, a munber of organic and inorganic materials, including
phthalocyanines, porphyrins, fullerenes, carbon nanotubes, inorganic nanoparti-
cles, metal complexes and clusters [79 847 have found to show a strong nonlincar
extinction offect for practical optical lmiters. There are a variety of nonlinear op-
tical phenonmena that can be used to constrnet an optical limiter. These include
two photon/multi photon, excited state and free carvier absorption. nonlinear re-
fractive processes sucli as self focusing and photo refraction and optically induced

scattering,



Two photon absorption (TPA) is an instantaneous non-linearity that involves
the absorption of a photon from an clectromagnetic field to promote an electron
from its initial state to a virtual intermediate state, followed by the absorption
of a sccond photon that takes the electron to its final real state. Since the
internmediate state for such transition are virtual, energy need not be conserved in
the intermediate state but only in the linal state. For TPPA, the material response
is of the order of an optical cycle and is therefore independent of the optical pulse
length for a fixed intensity. The device will respond virtually instantancously to
the pulse. On the other hand, because of the low value of TPA co-efficient 3
(where 3 == (%6002713)1711.(\/(3)) with ww=circular frequency of the optical ficld,
n,—the linear index of refraction and ¢=the speed of light in vacunm). in usnal
materials, high iutensities are required to realize significant. TPA in them. Since
the intensity is essentially the energy density divided by the pulse doration, short
pulses are required to achicve limitiug with TPA for encrgy densitics that may be
cnough to damnage an optical sensor. Thus, TPA acting alone is not a practical
approach to device protection for nano second and longer threat pulses.

Reverse saturable absorption (RSA) or excited state absorption generally
arises in a system when an excited state absorbs stronger than the ground state.
The process can be understood by considering a systeimn that is modelled using
three vibronically broadencd clectronic energy levels. Let the cross section for
absorption from the ground state 1 is @y and oy is the cross section for absorp-
tion fromn the excited state 2 to the second excited state 3. The lifethne of the
fivst excited state is @2 (seconds), As light s absorbed by Vhe material, the list
excited state begins to become populated and coutributes to the total absorp-
tion cross section. If oy is smaller than o, the material hecomes transparent
and bleaches. Such materials are known as saturable absorber. It oy is larger
than o, then the total absorption increases aned the material is known as reverse
saturable absorber. Reverse saturable absorbers are good optical Jmiters.

Ouce charge carriers arc optically gencrated in a semicondnctor. whether by
siugle photou or two-photon absorption. these clectrons (holes) can he promoted
to states Ligher (lower) in the conduction {(valence) hand by absorbing addition
photons. This process is often photon assisted. although depending on the details

of the band structure and the froguency of the optical excitation it may also he



direct. The photon-assisted phenomenon is referred to as free carrier absorption
and it is analogous to the excited state absorption in a molecular system. It is
clearly an accumulative nonlinearity, since it depends upon the buildup of carrier
population in the baid as the incident optical pulse energy is absorbed.

Optical limiters based on self-focusing and defocusing form another class of
promising device. Tlie mechanism for these devices may arisc from the real part of
X(3) or from nonlincar refraction associated with carrier generation by cither lincar
or two photon absorption in a semiconductor. Both self focusing and defocusing
limiters operate by refracting light away from the sensor as opposed to simply
absorbing the incident radiation. Compared to strictly absorbing devices, these
limiters can therefore potentially yield a larger dynamic range before damage to
the limiter itself happens.

Scattering is cansed by light interacting with small centers that can he phvs-
ical particles or simply the interfaces between the groups of non-excited and ex-
cited molecules. Scattering can be highly directional or fairly uniform depending
on the size of the scattering centers. It is observed that if an gptical signal induees
scattering centers in a mediim, the transmission of the meditin measured in a
given solid angle will decrease. Hence, optical scattering cau bhe used in optical
limiters for sensor application. Scattering arce of two types. When particles are
much smaller that the wavelength of light or where the particles are nonabsorh-
ing, Rayleigh scattering occurs. For particles where the size is either comparable
or larger than the wavelength of light, Mie scattering occurs. Thie essential poin
Is that as the size of the scattering particle increases, a larger percentage of the
scattered radiation is forward scattered. Hence, limiting based on Mie scattering

will be less effective than Rayleigh scattering 85, 86).

1.12 DMotivation of the present work

Having discussed some of the issues pertaining to hoth fundamental and applicd
aspects in the introduction, it is necessary that these nanostructures ave prepaned
I laboratory itself.  Simple and cost effective methods are necessary for the
preparation of such nanostroctures. Morcover. history of the sample proparation

15 highly esseutial for the proper and crror free interpretation of results. So



emphasis was laid in synthesizing magnetic metal-carbon nanostructures. In
order to look at the size effects on different properties, both top-down as well
as bottom-up approaches were adopted.

Magnetic mctal nanoparticles are candidate materials for studying various
phenomena like.snrfa(:e spin, spin clusters or superparamagnetisim. Because of
their large surface to voluine ratio, majority of the atoms will be on the swrface
and this determines the overall properties of materials in the nanoregime. So one
of the motivations of the present investigation is to synthesize pure metal nanopar-
ticles cinploving both top-down as well as self assainbly technigues. Metallic par-
ticles in the nanovegime arc to be passivated to prevent oxidation. Carbon is an
ideal candidate for achieviug this objective. Coating of carbon on metal particles
could be attempted by the pyrolysis of organic coating over metal nanoparticles.
Since 3d-transition metals nanely Fe, Co and Ni are known for their forromag-
netism, iron-carbon, cobalt-carbon and nickel-carbon hybrid nanostyuctures are
to he fabricated. This is vet another objective of tlis study.

Magnetic metal particles with reduced size and when cinbedded in carbon
matrices arc believed to be good microwave absorbers. This is because of size
dependent Snock’s limit. higher skin depths and higher maguetic permeability val-
ues. So the evaluation of their dielectric permittivity and maguetic permeability
is necessary in variows frequency bands. After evaluation of the real and imagi-
nary part of complex diclectric permittivity and complex maguetic permeability
of the material. they arce to be modelled based on surface hupedance equation
and the minimum thickness are to be found out for maxiium absorption. Hence,
evaluation of microwave absorbing propertics of these nanostructures is another
motivation of the present stidy.

Different forms of carbon are known for their non-lincar optical properties
and also for their optical Himiting properties. Mctal nanoparticles are also being
investigated to great detadl 1o this regard. However a combination of cobalt-
carbon nano onion s never investigated for thelr optical limiting propertics. Tt
was thought that such a study would be novel and probably would throw light
on varions mechanisms leading to nonlinear properties vis-a-vis saturable absorp-
tion. two photon absorption. three photon absorption. scattering cte. This forms

another objective of this work,



Flexible magnetic nanocomposites are in great demand since they can be
moulded into complex shape and can be made into gaskets. Nano unickel ferrites
or magnetic metals, if impregnated in matrices like natural rubber will result
in magnetic rubber nanocomposites and will be good microwave absorbers be-
cause rubber can impart the required diclectric propertics while forrite imparts

magnetic permeability to the composite.

The main objectives can thus be suunmarized in a nutshell as follows.

e Synthesize magnetic inetal nanoparticles of iron, cobalt and nickel by em-

ploying both bottom up and top down approach

e Passivate 3d-transition magnetic metad nanoparticles with organic coaling

and study the evolution of magnetic metal carbon hybrid panostrmctares

e Study the magnetic aud optical limiting properties of passivated niagnetic

metal nanoparticles

e Synthesize, characterize and evaluate the magnetic as well as diclectrie prop-
ertics of magnetic metal oxide nanoparticles obtained by employing bhoth

bottom up as well as top down approach

e Incorporate magnetic mctal oxide nanoparticles in o natural rubber matrix
to obtain Hexible REFCs and study then cure, physicomechanical, dielectric

and magnetic properties

e Incorporate magnetic metal nanoparticles obtained via high cnergy ball
milling in natural rubber to obtain flexible magnetic material and hence

compare their properties

e [abricate an experimental set up for measnring complex diclectric permit-

tivity and complex maguetic permeability at microwave frequencies

e Investigate the microwave properties of the metal carbon hvhrid stractures
and magnetic rubber composites therehy tune their microwave absorbing

properties



e Employ the surface impedance equation to simulate the optimum composite

courposition for minimum thickness and reflection loss

o Correlate the results



Chapter 2

Experimental Techniques

The swilt developinents i material science demnands ingenious synthesis method-
ologies along with the simultancouns characterization of intermediate stages em-
ploying sophisticated characterization/analytical tools specific for low dimen-
sions. The first part of this chapter describes the synthesis methodologios adopted
in the present study. Conventional, modified as well as novel techuiques were
employed for the prepavation of magnetic metal and metal oxide nanostructiues.
Rubber process methodology for developing the magnetic rubber composite is
also discussed in detail. These magnetic nanostructures were characterized us-
ing sophisticated analytical tools nanely X-ray diffraction, scanning electron mi-
Croscopy. transmission electron microscopy, energy dispersive X-ray spectroscopy.
Fourier transforin infvaved spectroscopy, inductively coupled plasia analysis, Ra-
man spectroscopy. UV-Vis-NIR spectroscopy and thernual pgravimmet vy, Details of
magnctic characterization tools like vibrating sample magncetometer, supercot-
ducting quantum interference device magnetometer and zero ficld cool-field cooled
Imeasurements are also mentioned. Fxperimental setup for the determination of
dielectric, microwave and noulinear optical properties of materials are oxplained

in the latter section ol this chapter.

2.1 Synthesis of metal/mctal oxide nanoparticles

Recently maguetic nanoparticles ave extensively being investigated due (o their

wide and important applications in medictue. electronic industry and meany other



fields. The main difficulty encountered is the synthesis of monodispersed nanopar-
ticles. Nanoparticle synthesis methodology can be broadly classified into two,
naely, physical and chemical [6, 87]. Physical methods include inert gas evapo-
ration technique. sputtering, sonication, laser pyrolysis, high energy ball milling
117, 18, 87 91]. Meanwhile chemical inethods often used are sol-gel process, UV
irradiation, thermal decomposition of metal carbouyls, juverse micelle technique,
clectrode deposition, reduction of netal salts by borohydride derivatives [92--101)
cte. In the present work the nanoparticles were prepared by both top-down as

well as bottoy-up approaches and the details of which are deseribed helow.

2.1.1 DBorohydride reduction of inetal salts

A well-known and snecesstful means to produce stable metal nanoparticles with
narrow size distributions is reduction of their correspouding metal salts. Redueing
agents such as NaBEtyH. LIBE{RIT and NaBH | have been conmmonly used to yield
nano powders (92-95[. 1t is found that the structure of the products strongly
depends on the reaction conditions like types of solvents, prescence of oxygen
and water, pH, concentration cte. In aqueous solntion in the presence of sall

amounts of oxygen, the following reaction mechanisin is proposed:

NP+ HBH)™ + 930 - MB +125H, + 3B(OT1);

4708 + 309 — » 8M — 213,04 (2.1)

where M denotes metal (Fe, Co, Ni ete). An excess of oxygeu can oxidize the
metal to its oxide derivatives. I nonaqueous solutions, the nonagqueous solvent

behaves as o ligand (1) and the reaction is as show.

)

A% ONaBHy ~nl — - (L), M(BH,)s + 2Na*

(L), M) — M + Hy + Botlg + 1L (2.2)

The particle size cau he tuned by varying the concentration of the solution,

whielt promises wide variation ol size of the nanoparticles.



2.1.2 Sol-gel method

Sol-gel process [99 101} is widely used for the synthesis of metal oxide nanopar-
ticles. In this process, inorganic metal salts like nitrates, chlorides or sulphates
are dissolved in an organic solvent to form the sol which is alowed to undergo
gelation forming highly porous gel. Chemical reaction in the first stage of the
process leads to the formation of a network of metal hydroxides. Gelation takes
place when all the hydroxide species are linked in a single network like structure.
This gel is a thick aud porous solid structure surronnding the interconnecting
pores and is a polymer of hydroxides, formed in three dimensions. By heating,
the solvent can be removed completely and highly porous and ultraline metal
hydroxide powder can be obtained. Metal oxides are formed from this ultrafine
metal Lhydroxide powder by Lieat treatment [102-104].

Iu certain cages heating the gel in an open container exposed 1o atimospherie
air to a temperature of around 373 K can result the comnbustion of the gel assisted
by the organic material remaining in the gel. Metal oxide powder of nanometer
size s readily formed in such reactions. Such a process is generally called a sol-
gel combustion process. A variety of organic combustion agents are used for the
automatic combustion of the gel. Urea, citric acid, cthylene glveol or diethy-
lenc glycol are some of the commonly used combustion agents. But normally,
metal oxides are synthesized by caleinating the gel in temperatwre controtled fur-
naces for specificd thine durations at temperatures ranging from 573 to 1273 K

depeuding on the nature of metal oxide to be formed.

2.1.3 Ceramic method

Forrites are widely synthesized via the conventional double sintering corainic tech-
nique [105 107] which involves high temperature sintering. Initially ferric oxide is
prepared by decomposing freshly precipitated ferrous oxalate dyhidrate (IFOD).
FOD in tirn is prepared by co-preeipitation of forrous sulphate with oxalic acid.
Appropriate amonmn of metal precursors, necessary for the synthesis of the mixed
ferrites are weighed according to molecular weight considerations. These metal
oxides or carbonates together with the required amonnt of lerric oxide are mixed
thoroughly in an agate mortar to produce a homogencous mixture ol fine par-

ticles. The process of mining is carvied out in an acctoue mediun to ensnre



uniformity. This homogeneous mixture is pre-fired at around 773 K for 5 h in
a furnace at ambient conditions. The pre-sintered sample is then crushed into
powder form and finally sintered at around 1273 K for 12 h. They were then

allowed to cool to room temperature.

2.1.4 High energy ball milling

Mechanical attrition is a simple and relatively inexpensive techniqne, widely used
for alloying, mixing and reduction of grain size of powder samples {88, 89]. Fritsch
planetary micro mill - ‘Pulverisette 7 high energy ball milling (HEBM) unit
(Figure 2.1) employed in this study consists of two grinding vials symmetrically
held on a rotating base. These vials are filled with equal number of balls, both
made of tungsten carbide. Equal amounts of samples were added into each of the
vials. Atmospheric contamiuation is minimized by sealing the vial with flexible
'O’ ring after the powder has been loaded. Usually an organic fluid is used to
avoid contamination from the milling tools and also to minimize the wear. The
grinding vials are made to rotate on their own axis while simultaneously rotating
through an arc around the central axis. The grinding balls and the material in
the grinding vial are thus acted upon by the centrifugal forces, which constantly
change in direction and intensity, resulting in efficient, fast grinding process.
The grinding vials and the supporting disc rotate in opposite directions, so that
the centrifugal forces alternatively act in the same and opposite directions. This
results in a frictional effect. The grinding balls running along the inner wall of the
grinding bowl cause impact effect. The balls impacting against the opposite wall
of the grinding bowl gives energy which is many times higher than for traditional
mills. This results in excellent grinding performance within a short duration of
time.

Parameters that determine the quality of powders are type of mill. milling at-
mosphere, milling media, intensity of milling, ball to powder weight ratio. milling
time and milling temperature, all affects the particle size of the resulting sample
(108]. In this study, tungsten carbide balls and vials were nsed maintaining the
balls to powder ratio at 10:1 with a rotation speed of 550 rpm in tolnene medinm,

Care was taken to cool the system by giving a break of 30 min after every half

an hoaae af snitlinee









and/or forced air cooling. The temperature can be varied during the test or
maintained at a constant value within + 0.5 K.

RPA is equipped with a direct drive servo motor system that can vary the
oscillation angle and frequency. A circular shaped test specimen is kept in the
lower half of the cavity, which is oscillated through a small deformation angle. The
frequency of oscillation is maintained at 50 cycles/min. The torque is transmitted
through the sample from the oscillating lower die to a highly sensitive torque
transducer positioned in the upper die. The measurements made by the torque
transducer are fed into the system computer. The selected sample properties
are calculated and the results are displayed and the data is available for further
analysis. Figure 2.3c shows the sample obtained after test from RPA.

In the present study, cure characteristics of the rubber composites were deter-
mined at a temperature of 423 K by measuring modulus and torque against time
at a pre-programmed strain. Different cure parameters obtained are as follows
[62, 116].

e Minimum torque, (D,;,,) : Torque obtained by the mix after homogenizing at the
test temperature and before the onset of cure.

e Maximum torque (Dy,,,): Maximum torque recorded at the completion of cure.

e Optimum cure time (tgg): This is the time taken for obtaining 90% of the maximum
torque

e Scorch time (typ): It is the time taken for two unit rise above minimum torque
(i.e.; about 10% vulcanisation)

o Cure rate index (CRI): Cure rate index is calculated using the relation CRI = 100
/ (ts0-t10)

2.2.3 Moulding

The test specimens for determining the physical properties were prepared in a
standard mould by compression moulding on an electrically heated hydraulic
press (Figure 2.3b) having 45 cm x 45 cm platens at a pressure of 140 kg/cm? to
their respective cure times (tgp). After completing the cure, pressure was released

and the sheet was stripped out from the mould and suddenly cooled by immersing









dimension of the indenter. The hardness numbers derived from either scale are
just numbers without any units ranging from 0 to 100. Type A Durometer is used
for measuring the hardness of relatively soft materials and Type D Durometer
is used for measuring the hardness of harder materials. The hardness measured
using Type A Durometer is expressed in Shore A unit. The hardness of the me-
chanically unstretched samples was tested by using Zwick 3114 hardness tester
in accordance with ASTM D 2240(2003).

2.3.4 Rebound resilience

Rebound resilience is a very basic form of dynamic test in which the test piece
is subjected to one half cycle of deformation only. The strain is applied by
impacting the test piece with an indenter which is free to rebound after the
impact. Rebound resilience is defined as the ratio of the energy of the indenter
after impact to its energy before impact expressed as percentage. Resilience of
the samples was measured according to the ASTM D 2632(2001) with vertical

rebound resiliometer.

2.4 Powder X-ray diffraction

X-ray diffraction (XRD) pattern of samples were recorded using an X-ray diffrac-
tometer (Rigaku Dmax-C) with CuKa radiation (A=1.5418A). From the diffrac-
tion patterns, parameters like relative intensity (I/Ip) of the crystallographic
planes, their interatomic spacing ‘d’ and average crystallite size ‘D’ are deter-
mined. Assuming cubic symmetry lattice parameter ‘a’ is evaluated using the
relations {117, 118]
2, 12,72
%zh +:2+l 2.3)

where 'h', 'k’ and ‘I’ are the Miller indices.

The average crystallite size is evaluated from the measured width of their
diffraction curves by using Debye-Scherrer’s formula.

0.9
" Bcosh

(2.4)



where A is the wavelength of Culier radiation, 3 is the full width at half
maximum of the diffraction peak and # is the glancing angle (or the complement

of the angle of incidence)

2.5 Electron microscopy

2.5.1 Scanning electron microscopy

Scanning electron microscopy (SEM) is one of the most widely used techniques
used for the characterisation of micro/nano structures. It provides information
about the morphology and microstructures of materials. The resolution of SEM
approaches a few nanometers and the instrument operates in the range of 10-30
kV. SEM is carried out by scanning an electron heam over the sample’s sur-
face and detecting the yield of low energy electrons (secondary electrons) and
high energy electrons (backscattered) according to the position of the primary
beam. The secondary electrons which are responsible for the topological contrast
provide mainly information about the surface morphology. The backscattered
electrons which are responsible for the atomic number contrast carry information
on the samples composition [119]. In new generation SEM, field emission gun
provides the electron beam and the resolution is as high as 1 nm. FESEM .JSM-
6335 scanning electron microscope was employed to check the morphology of our

samples.

2.5.2 Transmission electron microscopy

Transmission electron microscopy (TEM) is a straight forward technique to de-
termine the size and shape of the nanostructured materials. In TEM, clectrons
accelerated to 100 keV or higher are projected onto a thin specimen by means of a
condenser lens system, and penetrated into the sample [120]. It uses transmitted
and diffracted electrons to generate a two dimensional projection of the sample.

The principal contrast in this projection or image is provided by diffracted
electrons. In bright field inage the transmitted clectrons generate bright regions
while the diffracted clectrons produce dark regions whereas in dark field image.
the diffracted electrons preferentially form the image. One can switell hetween

imaging the sample and viewing its diffraction pattern by changing the strength



of the intermediate lens. TEM offers high magnification ranging from 50 to 108
and provide both image and diffraction information from a single sample. The

magnification or resolution of TEM is given by

h
L=—7r 2.5
Vv2mqV (2:5)
where ‘'m’ and ‘¢’ are the electron mass and charge, ‘I’ the Planck’s constant
and 'V’ is the potential difference through which the electrons are accelerated.

The schematic of a transmission electron microscope is shown in Figure 2.5.
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Figure 2.5: Schematic of transmission electron microscope

It consists of an emission source {tungsten filament or a lanthanum hexaboride
source) coupled with three stages of lensing namely; condenser lenses, objective
lenses and projector lenses. The condenser lenses are responsible for primary
beam formation, whilst the objective lenses focus the beam down onto the sample
itself. The projector lenses are used to expand the beam onto the phosphor screen
or other imaging device, such as film. The magnification of the TEM is due to the
ratio of the distances between the specimen and the objective lens's image plane.
Imaging systems in a TEM consist of a phosphor sereen, which may be made of
fine (10-100 pm) particulate zine sulphide, for direct observation by the operator.
Optionally. an image recording system such as filin based or doped YAG screen

coupled CCD’s is attached. High resolution transmission electron microscope



(HRTEM) [121] can generate lattice images of the crystalline material allowing
the direct characterization of the samples atomic structure. The resolution of
the HRTEM is 1 nm or sinaller. However, the most difficult aspect of the TEM
technique is the preparation of samples. Joel JEM-2200 F'S TEM was used here

for carrying out the different electron microscopic studies.

2.6 Energy dispersive X-ray spectroscopy

Energy dispersive X-ray spectroscopy (EDS) is an analytical technique which uti-
lizes X-rays that are emitted from the specimen when bombarded by the electron
beam to identify the elemental composition of the specimen. To explain further,
when the sample is bombarded by the electron beam of the SEM/TEM. clectrons
are ejected frow the atoms on the specimens surface. A resulting clecltron vacancy
is filled by an electron from a higher shell, and an X-ray is emitted to balance the
energy difference between the two electrons. The EDS X-ray detector measures
the number of emitted X-rays versus their energy. The energy of the X-ray is
characteristic of the element from which the X-ray was emitted. A spectrum of
the energy versus relative counts of the detected X-rays is obtained and evaluated

for qualitative and quantitative determinations of the elements present [122].

2.7 ICP-atomic electron spectroscopy

Elemental analysis of the samples (up to the parts per million levels) was carried
out with the help of inductively coupled plasma-atomic electron spectroscopy
(ICP-AES, model: Thermo Electron Corporation, IRIS INTREPID Il XSP). In
this method, a plasma or gas consisting of ions. electrons and neutral particles are
formed from an Argon gas. The plasma is used to atomize and ionize the elements
in a sample. The resulting ions are then passed through a series of apertures
(cones) into the high vacuum mass analyzer. The elements are identified by
their mass-to-charge ratio (m/e) and the intensity of a specific peak in the mass
spectrum is proportional to the amount of that element in the original sample
[123].
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2.8 Spectroscopic analysis

2.8.1 Fourier transform infrared spectroscopy

Infrared spectroscopy is a useful technigue for characterizing materials and ob-
taining information on the molecular structure, dynamics aud environment of a
compound. Vibrational motion of chemical bonds occurs in the infraved region of
the energy bean. Fourier Transtorm Infrared (FTIR) spectroscopy exploits this

phenomel 101N,
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Figure 2.6: Schematic of FTIR spectrometer

When a sample is exposed to IR radiation, this cnergy couples with the energy
of the sample and if the impinging IR energy is in resonance with the energy of
the chemical hond in the sample. the wntensity of the beam is measured before
and after it interacts with the sample {124]. In an FTIR spectrun, the absorption
or transmittance peaks correspond to the frequencies of vibrations between the
bonds of the atoms making up the material. FTIR spectvophotometer (modcl:
Thermo Nicolete Avatar DTGS) was used in our study. FTIR spectrometry uses
the technique of Michelson interferomnetry, as illustrated in Figure 2.6.

A bears of radiation from the sowrce is focused on a beam splitter, wheve

half of the beam is reflected to a fixed mirror and other half of the beam is



transmitted to a moving mirror which reflects the beam back to the beam splitter
from where it travels, recombines with the original half beam, to the detector. The
IR intensity variation with optical path difference (interferogram) is the Fourier
transform of the (broadband) incident radiation. The IR absorption spectrum
can be obtained by measuring an interferogram with and without a sample in the

beam and transforming the interferograms into spectra.

2.8.2 Raman spectroscopy

Raman spectroscopy, a technique which measures the energies of vibrational tran-
sitions in molecules, is a widely used tool to study and distinguish between dif-
ferent types of carbon nanostructures [125]. Raman spectroscopy measures the
difference in energy between a source and the light scattered off from a sample.
This energy difference corresponds to vibrational transitions in the molecules,
specifically vibrations which change the polarizability of the molecules. When
radiation hits a molecule. depending on the molecule and wavelength, much of
the radiation may be absorbed and emitted in various ways. A small fraction
of the radiation is scattered. most of it at the same wavelength as the incoming
radiation (Rayleigh scattering). A very small fraction of the incoming radiation
is scattered at a different wavelength due to Raman scattering. The difference in
energy corresponds to vibrational transitions in the molecule. When a photon of
radiation impinges on a molecule, it is absorbed. bringing the molecule to a vir-
tual state, which does not necessarily correspond to any particular electronic or
vibrational states. This is why Raman works with different source wavelengths.
The energy is almost immediately released as a new photon, usually at the same
wavelength as the incoming light. However, if the energy was absorbed from the
ground vibrational state, but leaves the particle in a higher vibrational state, the
scattered light will have a Stokes shift from the original light. Anti-Stokes shift
can ocewr if the molecule was in an excited vibrational state before absorbing the
energy, but these shifts are less likely because of the small probability of finding
a molecule in an excited vibrational state. The intensity of anti-Stokes lines on a
Raman spectrum goes up as the temperature is increased because this increascs

the number of molecules in an excited vibrational state. Raman lines correspond



to vibrations which change the polarizability, unlike infrared absorption lines,
which are due to a change in dipole moment.

The basic components of a Raman spectrometer are a source, a sample, and
a detector. The source is often a near-infrared laser, such as a Diode laser or
Niobium YAG laser. Liquid samples may be dissolved in many solvents, including
water. Solid samples, such as polymers, can be used, and are often ground into
a powder before the spectrum is taken. Because the Raleigh scattering line is
much more intense than the Raman lines, a notch filter, which filters a very
small range of wavelengths, is often used after the sample. The instrument might
have a grating to select a wavelength before the detector and then scan through
the wavelength range over timne, or it may have a detector that collects many
frequencies at one time and decomposes them using a Fourier transform. Since
the signal is relatively small (about 0.001% of the incoming radiation), the source
used must be powerful, and is often a laser. The wavelength of the source is not
the important parameter, as it is in infrared spectrometry. Instead, the change in
frequency of the scattered light, or the Raman shift, is the important information
[126]. This means that glass cuvettes can be used to hold the sample. Micro-
Raman (model: S2000 Ramaun spectrometer) and FT Raman (immodel: BRUKER
RFS100/S, Germany )were used in the present study.

2.8.3 UV-Vis-NIR spectroscopy

UV-Vis-NIR spectroscopy uses light in the visible, near ultraviolet and infrared
region. In this region of electromagnetic spectrum, molecules undergo electronic
transitions. A UV-Vis-NIR spectrophotometer (Figure 2.7) measures the inten-
sity of light passing through a sample 'l’ and compares it to the intensity of light
before it passes through the sample '1,/. The ratio 'I/1,’ is called the transmittance
expressed in percentage (%T). The absorbance ‘A’ is based on the trasmittance
given by [127] A = -log(%T). Over a short period of time, the spectrophotometer
scans all the component wavelengths. The absorption coefficient is calculated
from the spectrum by dividing the ‘ad’ (Huence) value by the thickness ‘d’ of the
sample and it is plotted against the photon energy. The intercept of the plot

gives the band gap of the material.
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Figure 2.7: Schematic of UV-Vis-NIR spectrophotometer

2.9 Thermal analysis using TG/DTA

In thermo gravimetric (TG) analysis, the mass of the sample is recorded contin-
uously as a function of temperature as it is heated or cooled at a controlled rate
[42]. A plot of mass as a function of temperature (thermogram) provides both
quantitative and qualitative information. The apparatus required for thermo
gravimetric analysis include a sensitive recording analytical balance, a furnace,
a furnace temperature controller and programmer and a recorder that provides
a plot of sample mass as a function of temperature. Often an auxiliary equip-
ment to provide an inert atmosphere for the sample is also needed. Changes in
the mass of the sample oceur as a result of rapture and/or formation of various
physical and chemical bouds at elevated temperature that led to the evolution of
volatile products or formation of reaction products. Thus. the TG analysis curve
gives information regarding the thermodynamics and kinetics of various chemical
reactions, reaction mechanisms, and intermediate and final reaction products.
Differential thermal analysis (DTA) involves hieating or cooling a test sample
and an inert reference under identical conditions. while recording any temperature
difference between the reference and sample. This differential temperature is

then plotted against time, or against temperature. Changes in the sample which
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leads to the absorption or evolution of heat can be detected relative to the inert
reference.  Differential temperatures can also arise between two inert samnples
when their response to the applied heat treatment is not identical. DTA can
thercfore be used to study thermal properties and phase changes which do not
lead to a change in enthalpy. The baseline of the DTA curve should then exhibit
discontinuitios at the transition temperatures and the slope of the curve at any
point will depend on the nincrostructural constitution at that temperature. Phase
transitions. dehydration, reduction and some decomposition reactions produce
endotlicrmic effecls whereas erystallization, oxidation and some decompositions
reactions produce exothermic effects. In the present study TG/DTA analysis was
carried in Perkin Eliner, Diaunond TG/DTA operated [rom room temperature to

1073 K in the nitrogen atmosphere with a heating rate of 10 K /min.

2.10 Magnetic characterization

The principle aim of magnetometry is to measure the magnetization (cither in-
trinsic or induced by an applied field) of a material. This can be achieved in
a number of ways utilizing various maguetic phenomena. Magnetometers arve
categorized o two. (&) Measuring the force acting ou a sample in an inhomo-
geneous magnetic fickd (imagnetic balance or maguetic pendulum) (b) Measuring
the magnetic field produced by a sample (vibrating sample magnetometer or

superconducting quantum interference device)

2.10.1 Vibrating sample magnetometer

A vibrating sample magnetometer (VSM) operates on Faraday's Law of induc-
tion {chauging magnetic fiekl produces an electric field). This electric field can
be measured and provides information about the changing magnetic field. Us-
ing VHM. the hysteresis loop parameters like saturation magnetization, coercive
field. rernancuce and squareness ratio are determined. Photograph and the cor-

vesponding schematic of o VSM is shown in Fignre 2.8.






corresponding signal received from the probe is translated into a value of magnetic
moment of the sample. When the constant field varies over a given range, a plot

of magnetization versus magnetic field strength is generated. Initially the loops
are calibrated using a standard material like nickel.

Let a dipole moment be induced in the sample when it is placed in a uniform
magnetic field ‘M’. Then the amount of magnetic flux linked to the coil placed
in the vicinity of this magnetic field is given by ¢= p,naM, where u, is the
permeability of free space, 'n’ the number of turns per unit length of the coil
and a represents the geometric moment decided by the position of moment with
respect to coil as well as the shape of the coil. Anharmonic oscillator of the type,
Z=Z,+Ae’™, induces an emf in the stationary detection coil. The induced emf
is given by

— _d_¢ _ : aa jot
V= 2% —jpuonM A( 3, Y&’ (2.6)

If amplitude of vibration ‘A’, frequency @ and da/8z are constant over the
sample zone then induced voltage is proportional to the magnetic moment of
the sample. A cryogenic setup attached to the sample permits low temperature
measurements. This is the basic idea behind VSM [128-130].

2.10.2 SQUID magnetometer

Superconducting quantum interference device (SQUID) magnetometer is a very
sensitive magnetometer capable of measuring extremely small magnetic fields
typically of the order of 10~!7 T [131]. They are based on superconducting loops
containing Josephson junctions. Noise levels in a SQUID are extremely low. A
Josephson junction is made up of two superconductors, separated by an insulating
layer so thin that electrons can pass through it. A SQUID consists of tiny loops
of superconductors employing Josephson junctions to achieve superposition: each
electron moves simultaneously in both directions. Because the current is moving
in two opposite directions, the electrons have the ability to perform as qubits
(that theoretically could be used to enable quantum computing). The direct
current superconducting SQUID consists of two Josephson junctions connected
in parallel. When the SQUID is biased with a current greater than the critical
current, the voltage across the SQUID is modulated with the flux treading the
SQUID at a period of one flux quantum, ¢,= h/2e. Therefore, the SQUID is a



flux-to-voltage transducer. This special flux-to-voltage characteristic has enabled
researchers to use the device to detect small magnetic field, current, voltage, in-
ductance and magnetic susceptibility. Low-T, SQUID has been used in a wide
range of applications, including biomagnetism, susceptometers, nondestructive
evaluation, geophysics scanning SQUID microscope, and nuclear magnetic reso-

nance [132].

2.10.3 Field cooled and zero field cooled measurements

Zero field cooled (ZFC) measurements provide a means of investigating various
magnetic interactions. Initially the sample is cooled to liquid helium tempera-
tures under zero applied magnetic fields. Then small uniform external filed is
applied and the net magnetization is measured (using VSM or SQUID) while
heating the sample at a constant rate. For small magnetic particles, this curve
has a characteristics shape. As the particle cools in a zero applied magnetic field,
they will tend to magnetize along the preferred crystal directions in the lattice.
thus minimizing the magneto-crystalline energy. Since the orientation of cach
crystallite varies, the net moment of the systems will be zero. Even when a small
external field is applied, the moments will remain locked into the preferred (';'ys—
tal directions, as seen in the low temperature portion of the ZFC curve. As the
temperature increases more thermal energy is available to disturb the system.
Therefore more moments will align with the external field direction in order to
minimize the Zeeman cenergy term. In other words, thermal vibration is provid-
ing the activation energy required for the Zeeman interaction. Eventually the
net moment of the system reaches a maximum where the greatest population
of moments has aligned with the external field. The peak temperature is called
blocking temperature (Tg) which depends on particle volume. As temperature
rises above Tpg, thermal vibrations become strong enough to overcome the Zee-
man interaction and thus randomize the moments [132].

Field cooled (FC) measnrements proceed in a similar manner to ZFC except
that the constant external ficld is applied while cooling and heating. The net
moment is usually measured while heating. However, the FC curve will diverge
from the ZFC curve at a point near the blocking temperature. This divergence

occurs because the spins from cach particle will tend to align with the easy



crystalline axis that is closest to the applied field direction and remain frozen
in that direction at low temperature. It is important to note that ZFC and
FC measurements are non equilibrium measurements [133, 134]. Care must be
taken to ensure same heating rate during the measurements in order to properly
compare the measurements. In the present investigation, FC-ZFC modes of the
VSM were employed for the measurements. In the ZFC mode, the sample was
cooled in the absence of a field and the magnetization was measured during
warming by applying a nominal field of 100 or 200 Oe. In the FC mode, the
sample was cooled -in presence of a field and the magnetization was measured

during warming, under the field of 100 or 200 Oe.

2.11 Dielectric measurements in the radio frequency

range

The samples for dielectric measurement were pressed by applying a pressure of
5 tones to get compact cylindrical pellets with 12 mm diameter and ~ 2 mm
thickness. The capacitance, loss factor, dielectric constant and ac conductivity
were measured in the frequency range 100 kHz to 8 MHz at different temperatures
(300 K to 390 K in steps of 10 K). The sample temperature is controlled by
a temperature controller and the temperature on the sample is sensed by an
Iron-Constantan (Fe-K) thermocouple on the sample. The schematic design of
the home made dielectric cell [135] employed for the electrical measurements is
shown in Figure 2.9. The cell is made up of mild steel with a cylindrical stem
having provisions for fixing various attachments such as electrical conuections and
vacuun gauges. It is connected to a rotary pump which maintains o pressure of
1072 torr inside the chamber. The inner diameter of the cell is about 18 em. and
has a length of 30 ¢cm. The sample holder is fixed at the bottom of a one-end

closed metallic tube to be embedded to the top flange.
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Figure 2.9: Cell for the dielectric and conductivity measurements

For carrying out the electrical conductivity and dielectric permittivity mea-
surements, pellets are mounted on the sample holder consisting of two copper
disc electrodes in between which the pelletized sample is loaded. The sample
holder is then heated using a temperature-controlled heater. The dielectric con-
stant measurements of the samples at different [requencies were carried out using
a Hewlett Packard 4285A LCR meter which is antomated and controlled by a
virtual instrumentation package LabVIEW (Version 8). The relative dielectric
permittivity of the sample (hereafter termed as the dielectric permittivity €) can

be calculated using the equation,

_ Cd

€r = (-‘O—A (27)

where ‘d’ is the thickness of the pellet, /C’ is the capacitance measured by LCR
meter, ‘A’ is the area of sandwiched structure and ¢, is the absolute permiittivity
of free space. The theory involved for the evaluation of ac conductivity from
dielectric constant values may be summarized as tollows. Any capacitor when

charged nnder an ac voltage will have a loss current due to ohmic resistance or



impedance by heat absorption. The ac conductivity is given by the relation {51]

J
Tac =

= (2.8)

Here ')’ is the current density and ‘E’ is the field density. But we know that

the electric field vector

E=2
€

(2.9)
where ‘D’ is the displacement vector of the dipole charges and € is the complex
permittivity of the material. Also, the electric field intensity for a parallel plate
capacitor is the ratio of potential difference between the plates of the capacitor

and the inter plate distance.

Vv
E=— 2.10
y (2.10)
Here 'V’ is the potential difference between the plates of the capacitor, 'd’ is the

inter plate distance. Since the current density J = %tq and ‘q’ is given by % = %—9

., where ‘Q’ is the charge in Coulomb due to a potential difference of 'V’ volts

between the two plates of the capacitor. Hence

_@_d Ve edV

U &d T dd @11)
edV ¢
J==-——=-.Viz 12
T==ga@=aV’ (2.12)
Substituting for ‘E/ and 'J’ from the above equations we get
One = % = jw (2.13)

Considering ¢ as a complex entity of the form ¢* =~ € — j¢ and neglecting the

imaginary term in the conductivity we have

"

Tae = TE (2.14)

But the loss factor or dissipation factor in any dielectric is given by the relation

tand = e’(w) (2.15)
e (@)




Hence from the dielectric loss and dielectric permittivity, ac conductivity can be

evaluated using the relation
Oae = 27 f tan Sege (2.16)

where 'f is the frequency of the applied field and tan is the loss factor [136]

2.12 Permittivity and permeability measurements at

microwave frequencies

Broadband measurements for complex permittivity and permeability determina-
tion are required for characterization of substances in civil engineering, electron-
ics, agriculture, and wood industry. The well-known Nicolson-Ross-Weir method
is a transmission-reflection technigque [137-139]. which noniteratively determines
e and g using measurements of complex scattering parameters(or S-parameter).
This method has encountered some modifications over time because the derived
equations are algebraically unstable when the values of reflection scattering pa-
rameters (511 and S22) approach zero and phasc uncertainty of these parameters
greatly increases when the sample thickness is a multiple of half-wavelengths.
Cavity perturbation technique is another method for the determination of ¢ and
p. The earliest treatment of cavity-perturbation theory was given by Bethe and
Schwinger {140]. Following them. many rescarchers (141 144] have reviewed and
studied the cavity-perturbation technique. It is a simple techuique that gives

accurate results with less amount of sample requircinent.

2.12.1 Cavity perturbation technique

Cavity perturbation theory of resonant cavities was first proposed by Bethe and
Schwinger [140] in 1943. It is based on the change in the resonant frequency and
quality factor of the cavity with insertion of a sample into it at the position of
electric field maximum or magnetic field maximmn. depending upon the nature
of the parameter to be studied.

Cavity is a cylindrical or rectangular box made of a non-magnetic moetal
with dimensions appropriately chosen to have resonance of electromagnetic waves

in the frequency range of interest and counccted to a vector network analyzer



through coaxial cables. The length ‘I, breadth ‘a’ and height ‘b’ of a cavity are
so chosen to have a pre-determined TE mode to sustain in the cavity. We have
used rectangular cavities of dimensions 34.5 cmn x 7.2 ecm x 3.4 c¢m and 14.1 ¢cm
x 2.3 cm x 1.1 ¢m in the § and X-band respectively. Samples whose complex di-
electric permittivity and magnetic permeability to be measured are usually made
in the form of thin rods of very small volume in comparison to the volume of the
cavity and inserted through a non-radiating hole (or slot) inade on the cavity wall
generally along the broad side along the length. Cavity perturbation technique
is a relatively simple, non-destructive and contact-less method. Volume of the
sample inserted must be very small so as to produce a negligible effect on the field
configuration in the cavity. A schematic representation of the cavity is shown in

Figure 2.10.

1-Non radiating open slot
2-Coupling hole
X

Figure 2.10: Schematic representation of a cavity resonator

Real and imaginary part of complex dielectric permittivity for the material
inserted in a rectangular cavity is given by [144--147],

6’ _ I/r:(fc - fs‘)

AR (2.17)
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where V, and V.. are the volunie of the material and cavity, respectively. {, and

] (2.18)

f. are the resonance frequencies with and without the inaterial while Q. and Q,

are the corresponding quality factors of the cavity. given by
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The real and imaginary parts of the complex permeability can be obtained from

the relation [17]

, (Af +40) (fo = fo) Ve
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where )\, is the guided wavelength. For TEjg, mode,)\; = i—f where Y is the

length of the cavity and p = 1, 2, 3. 4... Also ’a’ is the breadth of the cavity (a
= 3.4 cm for S-band and a = 1 em for X-band). Measurements were carried out
using a vector network analyzer in the S (Rohde & Schwarz-ZVB4) and X-band
(HP-8510C).

Initially full two port calibration was performed via Through-Open-Short-
Match (TOSM) method and experiments were carried out on standard samples.
Interlaboratory calibrations were also performed to ascertain the authenticity of

the measurement setup.

2.13 Measurement of nonlinear optical properties us-

ing z-scan technique

The nonlinear properties of materials can be explored by employing the z-scan
technique which will throw light to different aspects of fundamental as well as
application physics. The third order nonlinear susceptibility x(:’), which is re-
spousible for the third harmonic generation or optical phase conjugation, is of
great interest. In media with inversion symmetry (gases, liquids, non-crystalline
material), third order nonlinearity is the lowest order nonlinearity allowed under
the electric-dipole approximation. Third harmonic generation. phase conjuga-
tion, saturation, self-focusing, optical Kerr effect and two photon absorption are
all attributed to this optical nonlinearity [148-150).

The nonlinear refractive index ‘ny’ and the two photon absorption coefficient

/1. are the parameters normally used to characterize these self action non-lincar



optical behaviour. Several experimental techniques have been developed to mea-
sure the magnitude and dynamics of third order nonlinearities. Degenerate four
wave mixing (DFWM) and beam distortion measurements (z-scan) are some of
them. DFWM directly measures the third order non-linear susceptibility and
usually involves complicated set-up. The fact that the setup includes temporal
and spatial overlapping of three separate beams, pormits increased flexibility,
such as the possibility of measuring different tensor components of x3), and a
straightforward study of temporal behaviour.

Initially z-scan was used to investigate nonlinear susceptibility of transparent
bulk materials, but now this technique has been extended to wide variety of sam-
ples, particularly absorbing media. especially semiconductor or metal crystallites
of nanometer size embedded in dielectric media. There are two types of z-scan
technique, namely the open aperture and the closed aperture z-scan.

z-scan setup is relatively simple and this technique utilizes the self-focusing
effects of the propagating beam to measure the nonlinear refractive index. To
extract 3, the nonlinear transmittance method is employed, which measures the
nonlinear transmittance of the laser medium as a function of the lasers intensity.
Moreover, it is a highly sensitive single beam technique to determine the nonlinear
refractive index and nonlinear absorption coefficient. In this method the sample
is translated in the z-direction along the axis of a focused Gaussian beam, and
the far field intensity is measured as a function of sample position. Analysis of
the intensity versus sample position. z-scan curve, gives the real and imaginary
parts of the third order susceptibility. In this techmique, the optical effects can
be measured by translating a sample in and out of the focal region of an incident
laser beam. Consequent increase or decrease in the maximumn intensity incident
on the sample, produce wave front distortions created by nounlinear optical effects
in sample being observed. By varying the size of an aperture kept in front of the
detector, one makes the z-scan trausmittance more sensitive or less sensitive to
either the real or imaginary parts of the nonlinear response of the material, i.e.;

'ny’ or (3. respectively.
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Figure 2.11: Schematic of Z-scan experiment

The schematic of the experimental setup is given in Figure 2.11. A lens
initially focuses the laser beam with a Gaussian profile. The sample, thickness
of which is kept less than the Rayleigh range, is then moved along the axial
direction of the focused beam, in such a way that it moves away from the lens,
passing through the focal point. At the focal point, the sample experiences the
maximum pump intensity, which will progressively decrease in either direction
of motion from the lens. A suitable light detector is placed in the far field and
the transmitted intensity is ineasured as a function of the position of the sample,
to obtain the open aperture z-scan curve. An aperture of suitable 'S’ value is
placed closely in front of the detector, and the experiment is repeated to obtain
the closed aperture z-scan. The absorptive nonlinearity is first determined from
the open aperture data, and then the refractive nonlinearity is determined from

the closed aperture data.



Chapter 3

On the synthesis and
microwave absorbing
properties of highly stable

iron-carbon nanostructures

Currently there is a great interest towards the development of nanoparticles with
multiple functions or properties not obtainable in individual particles. Elemen-
tal iron being highly magunetic and metallic is a candidate material for various
applications. This chapter discusses the svnthesis of highly stable iron nanopar-
ticles embedded in a carbon matrix prepared by o modified synthesis rechnique.
The structure, morphology and grain size were aunalysed using powder X-ray
diffraction, scanning electron microscopy and transiission electron microscopy.
The elemental mapping and Raman spectvinn confirmed the passivation of iron
nanoparticles. Magnetic hehavior of the nanocomposite were also investigated
which showed that the iron-carbon nanostmetires possess o satiration magueti-
zation of 113 emu/g. Investigation of their nicrowave absorbing properties in the
S and X-bands reveuled a reflection loss mininmn of 18 dBat 3.2 Gz suggesting

their applicability as electromagnetic wave absorhers.
B



3.1 Introduction

Among all elements, iron has the highest room temperature magnetization (216
emu/g) and a Curie temperature of 1043 K [2}, making it ideal for various appli-
cations. Moreover, iron is a soft magnetic material with low magnetocrystalline
anisotropy. Hence, larger iron particles were superparamagnetic with a higher
magnetic moment when cormnpared to other magnetic metals like cobalt. Recently,
functional nanoscale structures of iron are identified as promising candidates for
biological labelling, diagnosis, catalysis and sensors {146, 151-153]. They also
play a vital role in the production of clean fuels and carbon nanotubes.

Elemental iron at nanoscales is prone to oxidation and this is regarded as a
drawback as far as applications are concerned. One way to overcome this is by
passivating iron with inert materials like carbon, silica or gold. Passivated iron
nanoparticles have been synthesized by employing different chemical and physical
methods [88. 154, 155]. It is found that iron oxides were usually formed over iron
nanoparticles. Iron nanoparticles with fec or bee structure have been synthesized
depending on the techniques used. In 1991 Suslick et al. [156] obtained amor-
phous iron via sonochemical approach. Later, many studies on coating amorphous
iron by long chain carboxylic acids and alcohols were reported [157, 158].

Furthermore, iron possesses higher Snoek’s limit [159] when compared to
both hard and soft ferrites. But at high frequencies of the order of giga hertz
(GHz), permeability attenuates due to eddy current loss [160]. Passivation of
iron nanoparticles with carbon would be appropriate in this regard, since metal
in carbon matrix would modify the effective complex dielectric permittivity and
magnetic permeability which plays a significant role in determining the perfor-
mance characteristics of a microwave absorbing material. If particle size is less
than the skin depth [161], eddy current losses can be minimized thereby improv-
ing the impedance matching condition.

Precipitation or growth of carbon layers/structures on metal surfaces usnally
involves techniques like high pressure chemical vapor deposition [22. 13, 4. 162]
or arc methods [24, 41. 42, 163 165] which require complicated experimental
setups. Junping Huo et al has reported the pyrolysis of hvdrocarbon leading

to the formation of carbon passivated Fe and FezC nanoparticles {166]. It is



found that most of the synthesis methods result in the formation of iron oxide or
iron carbide which eventually reduces the magnetic properties of the composite.
In this study, highly stable crystalline iron nanoparticles passivated in carbon
matrix were synthesized by a simple and economic method. They were thoroughly

characterized and microwave absorbing properties were investigated.

3.2 Experimental

3.2.1 Synthesis

Amorphous iron nanoparticles were prepared by employing a borohydride reduc-
tion method [167]. 5 ml oleic acid (C1gH3402, AR grade, Merck Ltd, Mumbai)
was mixed with 0.1 M iron sulphate (FeSO,.6H;0. AR grade, Merck Ltd, Muin-
bai) in 500 ml distilled water and stirred at a constant rate for 30 min at a
temperature of 333 K. To this solution, 0.2 M sodium borohydride (NaBH;. AR
grade, purity >95%, Merck Ltd, Mumbai) in 500 ml of distilled water was adde
dropwise, which reduced iron ions to iron particles. Oleic acid present in the
solution acts as the surfactant, coating over the surface of the iron nanoparticles
(168, 169]. The hydrophilic COO~ group of oleic acid attaches to the clemental
iron particles precipitated in the solution, while the carbon tail remains pointed
outwards, thus preventing agglomeration of iron particles. The oily black pre-
cipitate was magnetically separated and washed twice with hot distilled water
to remove the unreacted precursors, byproducts and excess of surfactant. The
mixture was centrifuged and the resulting slurry was dried in hot air oven for 5
h at 333 K. The so obtained oleic acid coated iron nanoparticles were labelled as
FeA. FeA was subjected to thermal analysis and then heat treated under ditferent
conditions by varying the temperature and annealing atmosphere. The obtained

samples were stored at normal laboratory conditions for further characterization.

3.2.2 Characterization

Thermogravimetric analysis (TGA) was carried ont in a Perkin Elmer Pyrex Di-
amond 6 instrument in a nitrogen atmosphere at a heating rate of 10 I /min from
323 K to 1073 K. X-ray diffraction (XRD) of the samples was recorded in a Rigakn

Dmax-2C X-ray diffractometer using Cu ka radiation (A=1.5418 A). Scanning



electron microscopy (SEM) was carried out in a JEOL Model JSM - 6390LV mi-
croscope to obtain high resolution surface images of the powder samples. X-ray
line scans and mapping was performed with energy dispersive spectrum (JEOL
Model JED - 2300) attached to the scanning electron microscope. A JEOL JEM
2200 F'S transmission electron microscope (TEM) with an accelerating voltage of
200 kV was used to determine the morphology and particle size of the samples.
Fourier Transform (FT) Raman spectrometer (BRUKER RFS100/S, Germany)
equipped with an Nd-Yttrium Alumininin Garnet (YAG) laser (excitation wave-
length, 1064 nm) and a Germanium target was employed for characterizing the
formed iron-carbon nanostructures. The microwave absorbing properties of the
samples were determined by measuring the complex relative dielectric permittiv-
ity (¢ = € — je') and relative magnetic permeability (u = ' — ju'') via cavity
perturbation techniques [100] using a vector network analyzer in the S (2-4 GHz,

Rohde and Schwarz-ZVB4) and X-band (8-12 GHz, Agilent-8510C).

3.3 Thermal analysis

Elemental iron particles can exist in three different phases (bee, fee and hep)
depending on the temperature and synthesis parameters. It is known that the
arrangement of iron atoms in the preferred crystalline orientation depends on the

local carbon concentration [170, 171] as well.
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Figure 3.1: Thermogravimetric analysis of FeA



In this study, iron nanoparticles were precipitated by the borohydride reduc-

gion of iron sulphate following the well established chemical reaction [167] given

by

4FeSO4 + 8NaBH, + 18Hy,0 — 2FeaB + 6B(OH)3 + 25H3 + 4N a2 S04

4FeyB + 30, — 8Fe + 2B20; (3.1)

TGA curve of iron nanoparticles in situ coated with oleic acid (FeA) is shown
in Figure 3.1. With increase in temperatnre, the weight loss occurs at different
stages. Intense exothermic peaks are found in the differential thermal anlaysis
(DTA) curve. This indicates that multilayer of oleic acid molecules are coated
over the surface of iron particles. Initially the outer layer of oleic acid molecules
gets desorbed {at ~ 550 K). They are bound to the primary or inner layers through
hydrophobic interactions with the alkyl chains of their COO™ groups. At higher
temperatures (~573-773 K), strongly bonded inner layers of oleic acid molecules
decompose [172]. Thus carboxylation followed by carbonization of carbon rich

oleic acid in FeA occurs.

3.4 Structure and morphology

The XRD pattern of FeA and FeA heat treated at different temperatures and
annealing atmospheres are depicted in Figure 3.2. No distinguishable peaks of
either iron or iron oxide are observed in the XRD pattern of FeA (Figure 3.2a).
FeA annealed in vacuum (10~® mBar) at 673 K (Fe400V) too did not result in the
formation of any crystalline phase of either iron or iron oxide (Figure 3.2b). This
suggests the requirement of higher annealing temperatures for the formation of
erystalline iron particles. Hence FeA was lieated in air at 873 K for 1 h (FeGOOA).
This resulted in the complete oxidation of iron forming Fe, Oy (ICDD file no. 85-
1436) and FezO4 (ICDD file no. 85-0987), indicated by ’S” and " in Figure
3.2¢c.
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Figure 3.2: X-ray diffraction pattern of (a) FeA, (b) Fed00V, (c) Fe600A, (d) FeGOON
and (e) FeQOON

Further annealing was carried out in nitrogen atmosphere (gas flow rate main-
tained at 5 1/h) at 873 K (Fe600N) and 1173 K (Fe900N). Crystalline phases of
neither iron nor iron oxide were observed in Fe600N (Figure 3.2d). Crystalline
peaks at 44.29°, 64.67° and 82.01° corresponding to (110), (200) and (211) planes
of phase pure body centered cubic iron (a-Fe) was observed in the XRD pattern
of Fe900ON (Figure 3.2e) which matched well with the standard card (ICDD file
no. 85-1410). Absence of oxide contamination in the XRD pattern suggests
the effectiveness of the synthesis method employed to obtain polycrystalline iron
nanoparticles. The grain size was estimatcd to be 31 nn using the Debye Scher-
ver's formula [118] while the lattice constant was found to be 2.88 A in agreement
with the reported value [173].

SEM images and corresponding energy dispersive spectra (EDS) of FeA and
FeQOON are shown in Figure 3.3. There is a clear indication of incorporation of

iron nanoparticles inside the oleic acid matrix in FeA (Figure 3.3a).









the range 250-400 cm ™! and X metal-O bonds are inferred by peaks between 150
and 4507!, as clearly seen in the Raman spectrum of FeA [125]. These peaks
are absent in the Raman spectrum of Fe900N, where prominent peaks at 1592
cm™! and 1292 cm™! characteristic of G (sp? hybridized carbon of highly ordered
graphitic carbon) and D-bands (related to the disordered carbon structure) are
observed [175]. Also, a broad peak corresponding to the second overtone of G-
band is observed at 3228 cm™!; this is indicative of the graphitization of carbon
forming around the iron nanoparticles. A shift from the typical Raman peaks of
highly ordered graphitic carbon is indicative of high defect densities present in the
iron-carbon nanostructures. These are significant for enhancing the permittiv-
ity by creating polarization centers, thereby enhancing the microwave absorbing

properties [176].

3.5 Magnetic properties

Figure 3.6a depicts the room temperature magnetization curves of FeA and
Fe600N while Figure 3.6b shows the magnetization curves of Fe900ON. The sat-
uration magnetization (M;), coercivity (H.) and remanence (M;) of passivated
iron nanoparticles were determined from the M-H curves. Reduced value of mag-
netization of FeA (M;=16 emu/g, H.=215 Oe, M,=3 emu/g) is a consequence of
finite size effects (2] of iron nanoparticles and due to the presence of nonmagnetic
oleic acid surfactant. Short range atomic ordering, disordered surface spins and
microstructural defects emanating from the grain boundaries account for the re-
duction in magnetization of the amorphous iron particles. It is to be noted that
the samples annealed at 873 K in nitrogen did not show any noticeable change in
the magnetization parameters (M;=17.6 emu/g, 245 Oe, M,=3 emu/g), consis-
tent with the XRD results. Upon annealing at 1173 K, there is a marked change
in the same parameters (M,=113 emu/g, H.=94.6 Oe, M,=4.6 emu/g). The
moments are found to almost saturate at 10 kOe with a maximum magnetization

of 113 emu/g.
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Figure 3.6: Room temperature M-H curves of (a) FeA and Fe600N (b) Fe900N

The saturation magnetization of pure iron in bulk form is 216 emu/g and that
of iron oxide is 93 emu/g [2, 177]. The effective magnetisation of iron nanopar-
ticles in this composite is 151 emu/g. The enhanced value of magnetization
observed in nanocrystalline iron-carbon composite, which is ~ 52% of the bulk
value, demonstrates the effectiveness of the synthesis method adopted. Coer-
civity, which depends mainly on the magnetocrystalline anisotropy is found to

decrease due to the increase in grain size of iron particles in the system [2].

3.6 Microwave absorbing property

3.6.1 Complex dielectric permittivity and complex magnetic per-
meability

The complex relative dielectric permittivity (¢ = ¢ — je )Jand complex relative
magnetic permeability (¢ = u - jp") of Fe900N were investigated in the S
and X-bands. According to transmission line theory, when an electromagnetic
wave is transmitted through a medium, the reflectivity depends on €, u, and
thickness of the absorber material at a particular operating frequency. Hence,
determining these parameters is adequate for understanding the applicability of
iron-carbon nanostructures as microwave absorbers. The experimental details of
measurements are provided in Chapter 2. The variation of real and imaginary
component of € and p values in the S and X-bands are depicted in Figure 3.7 and
3.8 respectively.



The real part of dielectric permittivity (¢ ) is found to be ~ 14 while the mag-
netic permeability (u') is ~ 1.5. The higher value of ¢ in iron embedded carbon
nanostructures can be ascribed to the interfacial polarization of free charges [178]
of conductive iron particles dispersed in a nonconducting carbon matrix. High
electrical conductivities of metals increase the eddy current loss and ultimately

reduces their permeability at high frequencies.
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Figure 3.7: Frequency dependence of (a) complex dielectric permittivity and (b) com-

plex magnetic permeability in the S-band
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Figure 3.8: Frequency dependence of (#) Complex dielectric permittivity and (b) Com-
plex magnetic permeability in the X-band

Hence, reducing the size of metal particles below their skin depth will sup-
press the eddy current loss. Moreover, metals like iron possess high satnration

nmagnetization that leads to higher Snock’s limit. Iron particles in the iron-carbon



composite possess grain size far less than their skin depth (~ 1 pm)[161}, which
reduce the eddy current effects. The permeability of a material is directly re-
lated to square of saturation magnetization and inverscly related to its coercivity
[179, 180]. Here, Fe900N possess high saturation magnetization and low coerciv-

ity, and hence give good permeability values at high frequencies.

3.6.2 Reflection loss

The electromagnetic wave energy can be completely absorbed and dissipated in
the form of heat via the magnetic as well as dielectric losses. The effectiveness
of an absorber can be quantified from its attenuation constant and reflection loss
(RL). For a good absorber, the wave entering the material should be completely
attenuated. The attenuation constant is evaluated from the measured value of

complex dielectric permittivity and magnetic permeability given by

a = @\/(p"e" —ue)+ \/(,u"e" —p€)2 4 (e'p” +€"u)? (3.2)
where 'f is the frequency and ‘¢’ is the velocity of light.

RL is governed by the impedance matching criterion [181]. To obtain low
reflection, impedance matching has to be satisfied i.e; ' /¢ should be close to
unity. But for most of the magnetic materials, 1’ is less than ¢ at high frequencies
constraining the choice of ideal absorber material for the frequency of interest.
Improving microwave permeability is dificult and hence lower values of €, higher
values of 1" and appropriate values of i and € are sort after to develop a
good microwave absorbing material. The RL (in decibels) as a function of input
frequency and absorber thickness, can be evaluated from the measured material

parameters as

(Zin - 1)
(Zin + ])

For a single layer absorber backed with a metal, the normalized input impedance

RL(dB) = 20log | | (3.3)

is given by

Zin = V/ (ytr/€,) tanh(j 2nfd (p1r€r)] (3.4)

where d is the thickness of the absorber layer.
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Figure 3.10: Variation of bandwidth with absorber thickness for Fe900N in the S-band

The dependence of bandwidth (in the S-band) for a reflection loss over -10 dB
(90% loss) with absorber thickness is plotted in Figure 3.10. From our studies
it can be proposed that the iron-carbon nanostructures possess a bandwidth of
450 MHz with an optimum thickness of 4.5-5.4 mm in the operating frequency
range 2.8-3.4 GHz. The thickness is much small (~2 mm) in the X-band with a
higher bandwidth of 1.5 GHz. Further studies are underway to tailor the ¢ and
p by varying the iron-carbon ratio in the composites. By doing so, we hope to
widen the bandwidth as well as enhance the microwave absorbing capability of
the composites.

3.7 Conclusion

Obtaining stable and crystalline iron particles in the nanoregime was considered
a difficult task. Here we have demonstrated the synthesis of highly stable iron
nanoparticles passivated within carbon structures by optimizing the experimental
conditions. Raman spectroscopy together with elemental mapping revealed the
formation of defective carbon nanostructures. This reduced the saturation mag-
netization in the iron-carbon nanostructure when compared to the bulk value of
bee Fe. The size of the metal particles in the composites could be restricted be-
low their skin depth thereby reducing the eddy current effects. The applicability
of iron carbon nanostructures for high frequency devices were also looked into.

The permittivity as well as permeability were analysed to evaluate the reflection



loss of the material in the S and X-band. Reflection loss minimum over -10 (B
could be obtained in the entire frequency range measured with an absorber layer
thickness of 4.6-6 mm in the S-band while 1.5-2.25 mm in the X-band. Hence
maintaining the grain size of iron nanoparticles well below their skin depth and
passivating in a dielectric matrix of carbon would increase the applicability of

these iron-carbon nanostructures as microwave absorbing materials.



Chapter 4

Synthesis of carbon nano
onions by a novel and cost
effective method and
evaluation of its structural,
magnetic, microwave absorbing

and optical limiting properties

Multifunctional properties can be imparted to magnetic metal nanoparticles by
forming hybrid nanostructures. This chapter discusses the major findings ou the
studies carried out on passivated cobalt nanostructures synthesized by a modified
chemical processes. The properties of cobalt can be enhanced by embedding them
within graphitic layers. This provides passivation as well as possibilities for appli-
cations. Unlike available literature reports, cobalt nanoparticles within graphitic
layers-were prepared by a simple scalable two step process. Graphitic layvers were
found to evolve over the surface of cobalt nanoparticles during thermal treatiment
by the decomposition of organic molecules surrounding the metal nanoparticles
which serve as a catalyst. These were analyzed emploving techniques like powder
N-ray diffraction, transmission electron microscopy. micro-Ranan speetrosee PV

and vibrating sample magnetometry. The microwave absorbing propertios as well



as the nonlinear optical limiting properties of cobalt carbon nanostructures were

also investigated.

4.1 Introduction

Though carbon nanostructures existed earlier, research in carbon nanomaterials
received a fillip immediately after the discovery of fullerene (Cgp) molecule [23,
36]. In the early 1990s research on fullerenes {Cgy) were accelerated by the
production of adequate amount of material using high pressure arc discharge
method, first demonstrated by Krastchmer et al [24]. Filling the cavities of carbon
nanostructures like carbon nanotubes (CNTs), carbon nano fibres, carbon nano
onions (CNOs) with magnetic nano particles is exciting and expected to give rise
to interesting materials with immensc scope for applications [59]. They display
interesting and unique properties for applications in optical limiting, catalysis,
gas storage, additives for aerospace applications, magnetic metal based composite
coatings, solar cells, light-emitting devices, fuel-cell electrodes etc [60, 184, 185).

With nanometer-scale quasi-spherical shape, perfectly arranged outer shell
and stability, CNOs are attractive materials for studies for tribological appli-
cations [37]. Their advantage over graphite is that they have no edges where
chemical attack can occur while maintaining the thermal stability of graphite. If
maguetic properties can be incorporated to these structures, their applications
are immense. The encapsnlated magnetic nanomaterials can find applications in
magnetic inks. magnetic recording media, toner for xerography and ferrofluids
for biomedical applications [59, 60]. The carbon coating protects the magnetic
nanoparticles against environmental degradation [186]. Moreover, carbon coat-
ings can impart biocompatibility and stability in many organic and inorganic
media. Therefore, carbon-coated magnetic nanoparticles have been recognized
as interesting candidates for many bio-engineering applications including biosen-
sors, drug delivery and magnetic contrast agents for magnetic resonance imaging
[152, 153. 187].

Ultrafine elemental cobalt, which is ferromagnetic, readily oxidizes upon ex-
posure to air, resulting in the formation of antiferromagnetic cobalt oxide layer

{188]. Bulk cobalt possess a large room temperature saturation magnetization



of 162 emu/g. Major efforts are on in encasing these magnetic metal nanopar-
ticles in a chemically inert oxygen-impermeable layer/matrix like gold, silica or
carbon [49--54]. In some cases organic compounds, surfactant and polymers are
also being tried. This approach also prevents unavoidable agglomeration which
reduces their surface energy. Besides being a protective coating, they act as a
means for attaching complex structures to biological systems like DNA, antibod-
jes, proteins and cells in order to target them to specific sites. Cobalt carbon
nanoparticles are reported as materials of great potential for in vivo tumor ther-
mal ablation, bacteria killing, and various other biomedical applications [187].
Thus the other aspect of this method is that it will facilitate the passivation
of otherwise highly reactive cobalt nanoparticles tuning the physical, mechanical
and optical properties. Controlling the size of the magnetic nanoparticles and the
thickness of the encapsulating graphitic layer is crucial for the design of devices.
A survey of literature points towards the fact that the organic capping material
and metal precursor governs the temperature of graphitization as well as size of
nanostructures.

Since the discovery of carbon nano structures, lot of efforts has gone into
in reducing the synthesis temperature of ordered carbon nano structures. Typi-
cal temperatures for graphitic carbon production by direct current arc discharge
method are >1200 K. To date, various techniques are in vogue for synthesizing
carbon-coated magnetic nanoparticles, such as conventional arc-discharge, mod-
ified arc-discharge and ion-beam sputtering methods {24-31]. Thermal transtor-
mation of carbonaceous compounds under pressure leading to structural reorgani-
zation of carbon residues formed is also reported {32, 33]. Pressure, temperature
or the duration of heat treatment are also significant parameters which modifies
the properties. Cobalt filled carbon nanoparticles or nanotubes are being studied
by several groups [189-191]. However, all the above studies were based on the
materials prepared by the conventional arc or modified arc method. In this work
we have tried to develop a modificd approach for obtaining cobalt embedded in
CNOs employing simple and inexpensive techniques.

Metal carbon nanostructures are ideal optical liniting (OL) materials too.
Carbon black. fullerene , or CNT suspensions have been extensively investigated

in this regard and are considered as benchmark OL materials [77 84]. Metal



nanowires (Co, Cu, Ni, Pd, Pt or Ag) have shown broadband optical limiting
properties comparable to materials like CNT which are dominated by nonlin-
ear scattering [34]. However, not much literature exists on the nonlinear optical
properties of magnetic metal nanoparticles probably because of their reactive na-
ture and high work functions. Passivation of metal nanoparticles with an inert
material like carbon can enhance their thermal stability and offers resistance to
laser dainages. These nanostructures have an added advantage of being a poten-
tial optical limiting candidate thereby enhancing the nonlinear optical properties.
These materials should possess sensitive broadband response to long and short
pulses, high linear transmission throughout the sensor bandwidth, resistance to
laser-induced damages and invariably have high stability. Moreover, these cobalt-
carbon nanostructures can be candidates as microwave absorbers once the metal
core size is well below their skin depth [192]. Layered graphitic shells can tune the

dielectric properties thereby improving the itnpedance matching criteria [181].

4.2 Experimental

4.2.1 Synthesis

Cobalt nanoparticies were prepared by the borohydride reduction of cobalt salts
in the presence of stabilizing surfactant, which is a modified procedure of previ-
ously reported method [6]. 0.2 M sodium borohydride (NaBH,, AR grade, purity
>95%, Merck Ltd, Mumbai) was added dropwise to a solution of 0.1 M cobaltous
sulphate (CoS04.6H20, AR grade, purity >98%, CDH (P) Ltd, New Delhi) con-
taining 5 ml of oleic acid (C13H3402, Merck Ltd, Mumbai) at 353 K. The mixture
was thoroughly stirred keeping the reaction temperature at 353 K for 1 h. A black
precipitate was obtained which was magnetically separated. washed with acetone
and dried in a hot air oven at 373 K for 3 h to obtain oleic acid coated cobalt
nanoparticles. The sample was labelled as Co-S. The same reaction procedure
was adopted with cobalt chloride as metal precursor. The resulting product was
labelled as Co-Cl. These samples were thoroughly chiaracterized. Co-S was leat
treated in air for 12  at 573 K (Co300). 873 K {(Co600) and 1073 K (C'o800) and

were [urther investigated using varions analvtical tools.



4.2.2 Characterization

Transmission electron microscope (TEM) with an accelerating voltage of 200 kV
(JEOL JEM 2200 FS) was used to characterize the morphology and particle size
of the synthesized nanostructures. Micro-Raman spectroscopy, which is widely
used to probe the quality of carbon structures, was carried out using 52000 Ra-
man spectroscopy equipped with an argon laser (Ac;= 514.5 nm). The structural
analysis was carried out in a powder X-ray diffractometer (Rigaku Dmax-C) us-
ing CuKa radiation (A=1.5406 A) [118] with a scanning rate of 5°/min in the 26
range 20-80°. Room temperature magnetic measurements were carried out using
a vibrating sample magnetometer (EG&G PAR 4500). Complex dielectric per-
mittivity and magnetic permeability were determined with the help of a vector
network analyzer in the S (2-4 GHz, Rohde & Schwarz-ZVB4) and X-band (8-12
GHz, Agilent-8510C) by employing the cavity perturbation technique. The non-
linear optical applications were probed via an open aperture z-scan measurement

technique.

4.3 Morphology

The TEM images and histogram showing the size distribution of oleic acid coated
cobalt nanoparticles prepared from sulphate and chloride precursors are depicted
in Figure 4.1 and 4.2 respectively. The dark regions indicate the formation of
cobalt nanoparticles with spherical morphology. The average grain size of Co in
Co-Cl is found to be ~26 nm, which is higher than the average grain size of Co-S
(12 nm). Oleic acid coating of ~2 nm thickness was found for Co-S. The length
of an oleic acid molecule is 2 nm and hence the observed thickness for oleic acid
in Co-S suggests that a monolayer of oleic acid is being coated over the metal
surface. However, this is not the case with Co-Cl samples. Here the particles
are nonuniformly coated with the surfactant. This result indicates that the size
of cobalt nanoparticle as well as the surfactant thickness varies significantly with

the type of metal precursor used, which is directly related to the rate of reaction

[193].





















carbon layers formed [197].

Mechanism of growth: The mechanism leading to the growth of carbon
nano onions assume importance because of their multifaceted properties and evo-
lution of various carbon nano structures during the process. The mechanism
can be properly elucidated by carefully analyzing the structure of cobalt-carbon
nanostructures. It is well known that the explosion of carbon rich materials
leads to carbon nanostructures (21, 22. 172, 191, 198~200]. Usually this process
occurs at high temperature and under adequate pressure. Various transition met-
als accelerate graphitization of carbon by the solution precipitation mechanism
[200, 201). This results in the rupture of C-C bond by the catalytic transition
metal particles. The carbon atom dissolves in the metal particle, diffuse and
precipitates as graphite at the particle surface [202].

Formation of onion like structure requires a high degree of praphite like or-
der. In the present system carbon rich organic surfactant (oleic acid) undergoes
pyrolysis. They decompose precipitating carbon nanostructures. At high tem-
peratures, thermal energy is absorbed leading to the breakage of some of the
C-C bonds with high defect density and high energy and eventually the structure
collapses. To reduce the surface energy, the broken domains tends to close from
inside to outside resulting in the formation of carbon nano onions. Due to the
lower radius and lower energy level contained at the outer layers, these broken
C domains cannot be converted into an associated crystal form leaving a carbon
nano sheath by amorphous carbon. Addition of layers results from a precipitation
of C previously dissolved by the metal. If the solubility of C is low, it prevents
this possibility. Annealing provides additional thermal energy that makes the
structural rearrangement possible long after the initial deposition process. There
are reports of energy transfer from the electron beam and catalytic effects from
metal in the carbon onion formation around Pd clusters [55]. The driving force
for graphitization would be the free energy difference between the initial and final
form of carbon.

Here, cobalt particles act as a nucleation center for the growth of carbon
nanostructures. The decomnposition of organic compound iuto molecular frag-
ments and their transformation or precipitation forming carbon uanomaterial is

promoted by the transition metal catalysts. cobalt. Hence a metal mediated



graphitization occurs. It is observed that the amorphous carbon in contact with
Co fully crystallize between 773-873 K (21, 22|. Carbon atoms dissolve onto the
metal and upon supersaturation, graphite precipitates outwardly at the inter-

faces. Metallic cobalt simply acts as a template for carbon nano onion formation.

4.5 Structural analysis using X-ray diffraction

The structure of cobalt nanoparticles thus formed is further investigated by an-
alyzing the XRD pattern of Co-S, Co300, Co600 and Co800 and are depicted
Figure 4.9.
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Figure 4.9: XRD patterns of Co-S at different annealing (in air) temperatures (a) Co-S,
(b) Co300, (c) Co600, and (d) Co800

Co-S show an amorphous nature, but when heat treated at 573, 873 and
1073 K broad peaks at 28 = 44.2° corresponding to {111) plane of fcc cobalt
emerges (ICDD file no. 15-0806). It is to be noted that other planes of Co are
not prominent in the XRD pattern, and the elemental cobalt is confirmed from
EDS analysis. Signatures of cobalt oxide {CoO or CozQy4) are absent in the XRD
pattern which confirms the effectiveness of the passivation of cobalt core within
the graphitic carbon shells or CNOs. The lattice constant is found to be 3.57 A
which is in line with the ICDD values.






treatment, cobalt particles undergo crystallization and the magnetic properties
undergoes drastic changes [203]. When Co-S is heated at 573 K(C0300). the coer-
civity is found to increase from 43 Oe to 717 Oe whereas there is only a marginal
increase in M;. For Co600, M; drastically increases to 78 emu/g from ~5 emu/g
with a coercivity of 62 Oe. These observations show that there is a strong rela-
tion between the magnetic properties and heat treatment on the nanomaterials.
Generally. it is known that the coercivity increases as the single domain grain
size increases. When the size of the grain attains a value at which it becomes
multidomain, the coercivity starts decreasing [2]. Moreover the enhancement of
coercivity may be attributed to the variation of both particle size and ordering of
the particles with annealing [31]. On heat treatment, the crystallinity increases as
evident from XRD and HRTEM. The particle size also increases which accounts

for the decrease of H,.
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Figure 4.11: ZFC-FC curve for Co600

Further, vibrating sample magnetometer was employed to study the variation
of magnetization with temperature in Co600. The ZFC-FC curves depicted in
Figure 4.11 shows the absence of any superparmmagnetic blocking in the temper-

ature range measured (4-340 K).



4.7 Optical limiting property using z-scan technique

The optical limiting properties of cobalt-carbon nanostructures were evaluated
using the traditional open aperture z-scan measurements. A frequency doubled
Q-switched Nd:YAG laser (Minilite, Continuwn) having a nominal pulse width
of 5 ns at 532 nm wavelength was used for the measurements. The sample was
dispersed in ethanol by sonicating for 10 min and was taken in a 1 mm glass
cuvette mounted on a stepper motor controlled linear translation stage. The
laser beam was focgsed using a planc-convex lens and the focal spot radius =,
was around 17 um. The laser propagation direction was taken as the z-axis. The
sample was translated in the z-direction in small steps, and the transmitted energy
was measured at each z position, using a pyroelectric laser energy detector (Laser
Probe Inc.). The experiment was completely automated in a linux platform.
The Co300 and Co600 samples were dispersed in ethanol with concentrations
such that their linear transmission was 50% at the laser wavelength, when taken
in the 1 mm glass cuvette. The samples show a decrease in the transmittance
at higher input intensities. The obtained z-scan curves fit well to a two-photon

process, in which the net transmission "T’, of the sample is given by

— R)?exp(—« +oc
TZ((1 R)\/;T:Z;( OL))[ In[\/1 + goexp(—t2)|dt (4.1)

where 'L’ and ‘R’ are the sample length and surface reflectivity respectively,
and o is the linear absorption coefficient. Here ‘qq’ is given by (1 — R)I, L.y,
where 3 is the two-photon absorption coefficient. and ‘I.’ is the intensity of the
laser beam at position z. ‘Lesy’ is the effective sample thickness given by [1 —
erp(—agL)] /. The obtained z-scan curves alongwith the theoretical fit to the
experimental data are presented in Figure 4.12.

Both samples exhibit good optical limiting properties. The two photon ab-
sorption cocfficients (3;) were evaluated to be 1.8x1071% m/W and 1.2x1071%m/W

for Co300 and Co600 sambles respectivelv.
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Figure 4.12: Optical limiting property of (a) Co300 and (b) Co600

The origin of this nonlinearity can be explained from the absorption spectra
of the samples. The optical absorption spectrum of cobalt-carbon nanostructures
(Co300 and Co600) ispersed in ethanol recorded in the range 200-1000 nm is de-
picted in Figure 4.13. The spectrum shows broad absorption peak at around 300
nm and is characteristic of 7 — 7* electron transition in the polyaromatic system
of curved graphitic layers [39]. Weak optical absorption of these nanostructures
is due to the higher value of work function and first ionization potential of cobalt.
The broad absorption band in the range 240-330 nm (band gap ~4eV) is ema-
nating from the carbonaceous structures formed around the cobalt nanoparticles.
Reports reveal the variation of band gap of carbon nanostructures is in the range
of 0.25 eV to 5.5 ¢V (21, 22, 40].

From the optical absorption spectrum, it can be seen that the samples have
a strong absorption at 266 nm. which is the two-photon absorption level corre-
sponding to the excitation wavelength of 532 nm. Considering the fact that there
is a small residual absorption at 532 nm and that the samples are prepared in
a concentration such that 50% of the incident photons are absorbed, the opti-
cal nonlinearity could be predominantly from a two-step excited state absorption
rather than a pure two-photon absorption. The two-photon absorption coefficient

evaluated thus can be termed ax an eHective two photon absorption coetiicient.
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Figure 4.13: UV-vis NIR spectrum of (a) Co300 and (b) Co600

Noulinear scattering, free carrier absorption, two/multi-photon absorption
and reverse saturable absorption are the main mechanisms attributed to the op-
tical limiting effects in nanomaterials [79-84]. It is a cumulative cffect, rather
than a contribution from one mechanism alone. The particle size, morphology,
aggregation state, the local environment or the host matrix, all contribute to the
limiting phenomenon. Pan et al. [34] has studied the optical limiting properties
of nickel and cobalt [204] and found that nonlinear scattering, resulting from a
photoionisation of metal atoms and subsequent expansion of the microplasmas in
the suspension produces the optical limiting effects. Moreover, the laser param-
eters like wavelength, pulse duration or repetition rate of the laser source, plays
a crucial role in the process.

From initial studies, it can be inferred that cobalt carbon nanostructures are
good optical limiters. Further studies on their nonlinear refractive index and

fabrication of devices based on these nanostructures can be carried ont.

4.8 Microwave absorbing property

Extensive use of electronic gadgets in communication devices for domestic. mili-
tary as well as industrial purposes using microwave freguencies has cansed envi-

ronmental pollution that causes health hazards and interference problems. One









creasing frequency (Figure 4.16) in accordance with the conventional theories
(75, 181]. Also for increased thicknesses, the reflection loss minimum shifted to
lower frequencies. A minimum reflection loss over -10 dB was obtained for a thick-
ness of 4.2-4.6 mm in the S-band while this thickness is lowered to 1.5-2.25 mm in
the X-band. This suggests the effectiveness of the cobalt-carbon nanostructures

for the development of microwave absorbing materials.

4.9 Conclusion

Production of metal nanoparticles by bottom-up solution phase approach of-
fers several advantages including easiness of surface modification, control of size,
functionalization, prevention from agglomeration and oxidation. Stable cobalt
panostructures passivated by oleic acid was initially prepared by a controlled
borohydride reduction technique. Effect of particle size and surfactant thickness
with change in cobalt metal precursor were also looked into. Cobalt particles
were formed in metallic form with no traces of cobalt compounds. Oxygen im-
permeable stealth, which is a prerequisite for use of these metal nanoparticles
for several applications, was fabricated successfully. This was done by the heat
treatment of oleic acid coated cobalt particles which lead to the evolution of
carbon nano onions. The structure and morphology of the composites were ex-
tensively investigated using TEM, Raman spectroscopy and XRD studies. Room
temperature magnetic properties of these nanoparticles determined using vibrat-
ing sample magnetometry revealed the effectivencss of the method developed for
obtaining stable magnetic cobalt carbon nanostructures. These cobalt-carbon
nanostructures were oxidatively stable and chemically resistant having desirable

optical limiting and microwave absorbing properties.




Chapter 5

Preparation and
characterization of highly
stable nickel/carbon core/shell

nanostructures

Magnetic metal nanoparticles attracted the attention of material scientists and
arc considered as ideal templates for the fabrication of novel magunetic nanostre-
tures. Nickel/carbon core/shell nanostructure is one such candidate that imparts
multifunctional propertics to the system. A simple and cost effective technique
for obtaining highly stable carbon coated nickel nanostructures at relatively low
reaction temperatures is worked out. Thermogravimetric analysis of the precur-
sors were carried out to optimize the annealing temperatures. Powder X-ray
ditfraction, transmission clectron microscopy and Raman spectroscopy were ised
to characterize the metal nanostractures. The magnetic properties were exten-
sively investigated using DC as well as SQUID magnetometry. The complex
diclectrie permittivity and magnetic permeability of nickel carboun nanostrue-
tures at different nicrowave frequencies (2-4 and 8-12 GHz) were measured nsing
cavity perturbation technique. Their reflection losses were evaluated for ditfer-
ent thicknesses usiug metal backed single laver absorber imodel. The synthesis,

characterization and their various properties are prescuted in this chapter.
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102 Preparation and characterization...

5.1 Introduction

Multifunctional magnetic nanostructures are increasingly being investigated be-
cause of thelr immense application potential in magnctic recording media, medical
diagnostics, solid fucls, spintronics and telecommuuication [1, 6, 152, 162, 205].
The catalytic activity of metal nanoparticles is also exploited in the synthesis of
carbon materials. Though magnetism of 3d-transition metals like iron, cobalt and
nickel 1s well understood at the bulk level, their nanocounterparts arc interesting
hecause, at the nanolevel, they exhibit altogether different physical, wechanical,
optical. chemical and clectrical properties [88. 206 208]. Such studies assume
importance as they are ideal templates for exploring magnetism at the nanolevel.

Stable nickel nanoparticles are promising candidates as they find applications
in tmagnetic recording. catalysis. solid lubricants. conducting and magnetic ma-
terials. and also in pressure cells and hiydrogen storage devices 37, 60, 184, 185].
Nanostructured nickel fabricated in the form of tubes or wires possesses multi-
functional properties and were found useful for diverse applications [2091.

The proliferation of clectronic devices using clectromaguetic (EM) waves in
the giga hertz (GHz) regime is a source of EM interference and is a subject of
concern to environmental protection agencies [210-212]. Microwave absorbers
and stealth materials are being engincered keeping in view of their microwave
absorption. weight. thickness, mechanical strength, environmental resistance and
cost of production [100]. Metallic magnetic materials have large saturation mag-
netization and higher Snoek’s limit when compared to hoth hard and soft ferrites
1159, 192, Weak magnetocrystalline anisotropy and attenuation of permeability
due to eddy current limits their use in the gigahertz frequencies [159, 160]. How-
ever, composites containing magnetic metal particles can modify the dielectric
permittivity and magnetic permeability once particle size is less than their skin
depth [161] and this reduces eddy current losses. Large surface area together with
the required aspect ratio aided with the forniation of interconnected networks in
carbon or metal carbon nanostructures enhance their microwave absorbing prop-
erties (146, 213, 214]. However. for stability and also for broad band utilization
of these nanostrictures as microwave absorbers, a graphite or carbon coating is

usually provided. Hence, dielectric permittivity and magnetic permeability ave to



be evaluated and reflection loss need to be modelled at different frequencies using
surface impedance equation for determining the optimum thickness for maximum
absorption to ascertain their suitability for application.

Passivation of nickel with carbon often necessitates employment of methods
like high pressure/temperature chemical vapor deposition, arc discharge process
or sputtering [25-34]. Since, nanoparticles have large surface to volume ratio they
are highly reactive and unstable. This makes preparation of nickel nanoparticles
a difficult task. Mechanical milling, co-precipitation, reverse micelle technique,
sol-gel method, microemulsion technique, sonochemical method, laser ablation
and radiolysis are a few to list [6, 9-13, 17-22, 88, 155, 215]. Among the various
solution-phase methods for obtaining nickel nanoparticles, reduction of nickel
salts by reducing agents like sodium borohydride, hydrazine, polyols and amines
are employed {216-218]. Strong reducing agents like sodium borohydride can
he made use to synthesize metal nanoparticles within a short reaction period
achieving narrow grain size distribution.

A number of strategies for passivating nickel nanoparticles are reported in
literature. Nickel/nickel oxide core/shell structures have proved to keep the core
nicke! protected from oxidation [49]. In situ synthesis of magnetic metal nanopar-
ticles in matrices like SiO; have resulted in stable magnetic composites [50, 215].
Production of carbon/graphite encapsulated metal nanoparticle has also been
reported by several groups [51, 53, 54. 152, 166, 191, 198, 218-221]. Encapsu-
lation of metal in carbon cages is a better choice when compared to materials
like silica or polymer. This is because carbon exhibits higher chemical as well
as thermal stability when compared to silica or other polymer cages when sub-
jected to vigorous conditions (like acidic, basic. corrosive, oxidizing/reducing en-
vironments and high temperature or pressure). Furthermore, carbon is an ideal
candidate for surface coating due to its biocompatibility [152, 162, 205] and ease
of functionalization [222]. Carbon coated magnetic particles are being used for
tagging catalytically active specics on their surface [53. 198]. This facilitates the
separation of expensive catalysts for further use. High production cost and rela-
tively low yield of most of these methods has limited their large scale production.
Developing an easy and cost effective synthesis technique for producing carbon

encapsulated magnetic metal nanoparticles is still a challenge for researchers.
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Methods like arc discharge, maguctron sputtering, ion beam sputtering, cheim-
ical vapour deposition. spray methods and pyrolysis of organometallic compounds
[51. 53, 54. 152, 165, 166, 191, 198, 205, 220. 221] are being adopted for coating
carbon over metal nanoparticles. Carbon encapsulated nickel and iron nanopar-
ticles were successfully prepared by Jicshan Qiu et al. (219, 220] by modified arc
discharge tochniques. These particles had diamceter ranging from o few nanome-
ters to less than 55 nm, effectively passivated by several layers of carbon/graphite.
A simpler method of passivating nickel is always thought of as a viable alternative
of obtaining nickel/carbon nanostructures. I the present study, we veport the
synthesis and properties of highly stable nickel/earbon core/shell nanostructure

by a simple and cost cffective method.

5.2 Experimental

5.2.1 Synthesis

Nickel nanoparticles were prepared by a modified borohydride reduction method
[216. 217]. Aqueous solution of 8.1 M nickel chloride hexahydrate (NiCly.G6H0O.
AR grade. purity >98%, CDH (P) Ltd, New Delhi) in 500 ml distilled water
was thoroughly mixed with 5 ml oleic acid (CixH;109. Merck Ltd, Munbai)
under vigorous stirring for 30 min at 333 I, To this. 500 ml 4.2 M sodinn
horohydride (NaBIy, AR grade. purity >95%. Merck Ltd. Muinbai) solution
was added dropwise. Nickel ions were reduced to nickel particles as evident from
the colour change of the solution from light green to black. The grain size was
controlled by confining the reaction in micro-emulsion of oil {(oleic acid) in water.
Olcic acid. which acts as the surfactant, gets coated over the swrface of uicke!
nanoparticles terminating the agglomeration of nanoparticles.  The oily black
precipitate was magnetically scparated and washed twice with distilled water to
remove the unreacted precursors, byproducts e execess of surfactants. Tt was
then centrifuged and the resulting slurry was dricd in an hot air oven for 5 hoat
333 K. The sample was labelled as NiA, TGA was carried out on NiA and hence
the anunealing temperature was optiized which was found to he 873 I i high
purity nitrogen gas fow (flow rate maintained at 5 1/hy for 12 he The sample

was cooled to room temperature and the obtained powder was labelled as Nia (.



Ni@C was aged for one year and then heated at 573 K in air for 2 h. This sample

was labelled as Ni@C-1.

5.2.2 Characterization

TGA was carried out in a Perkin Elmer Pyrex diamond 6 instrument in a nitro-
gen atmosphere at a heating rate of 10 K/min from 323 to 1073 K. XRD was
performed with a Rigaku Dmax-2C X-ray diffractometer using Cu Ko radiation
(A=1.5418 A). A JEOL JEM 2200 FS electron microscope using an accelcrat-
ing voltage of 200 kV was used to examine the morphology and particle size
of the samples. The percentage of elemental nickel in the composite was found
out using inductively coupled plasma atomic emission spectroscopy (ICP-AES,
Model: Thermo Electron IRIS INTREPID II XSP DUO). FT Raman spectrome-
ter (Model: BRUKER RFS100/S, Germany) equipped with an Nd-Yttrium Alu-
minium Garnet (YAG) laser (A.;=1064 nm) and a Germanium target was used
for characterizing the carbon structures. The Raman laser power used was 50

mW with a resolution of 4 cimn'.

Magnetic properties were studied from the
magnetization versus applied ficld (M-H) curves measured at different temper-
atures using Lakeshore 7225 DC magnetometer. The magnetic properties were
also investigated using SQUID (MPMS-5S XL, Quantum Design) magnetometer
equipped with a superconducting magnet which can produce a field of 1 T. The
microwave absorbing properties were determined by measuring complex dielec-
tric permittivity and magnetic permeability by using a vector network analyzer
in the S (Rohde and Schwarz-ZVB4) and X-band (HP-8510C) employing cavity
perturbation techniques [100]. Ni@C powder was pelletized to get rectangular
rods of dimension ~ 4 ¢in x 2 mm x 1 mm with 1% polyvinyl alcohol added as

binder.

5.3 Thermal analysis

Nickel nanoparticles svithesized by sodinm horohydride reduction method were
in situ coated with oleic acid and subjected to TGA in the temperature range of

323-1073 K (Figure 5.1).
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Figure 5.1: TGA /DTA curves of NiA taken in the temperature range 323 to 1073 K

Rapid weight loss (~44.5 wt.%) observed from 373 to 673 K is attributed to
the desorption of oleic acid present on the surface of nickel nanoparticles. An
endothermic peak at ~635 K depicted in the differential thermal analysis (DTA)
curve indicates the hoiling point of oleic acid. A small increase in weight percent-
age from 673 to 873 K points towards the possible carbonization occurring around
nickel nanoparticles from the radicals decomposed from carbon rich surfactant.

The annealing temperature was optimized and fixed at 873 K.

5.4 Structure and morphology

XRD pattern of NiA, Ni@C and Ni@C-1 are shown in Figure 5.2a-c. A broad
peak, emanating from the short range ordering, centered at around 26=44.5° in
NiA (Figure 5.2a) indicates the formation of amorphous nickel with face centered
cubic structure (ICDD file no. 04-0850) [196, 222-224]. The peak around 21.2°
can be attributed to the amorphous carbon rich oleic acid layers, whicli com-
pletely disappear upon heat treatment (216, 217]. The peaks at 31.4¢ and 45.2°
(Figure 5.2a-¢) corresponds to (200) and (220) planes of sodium chloride (ICDD
file no. 77-2064) impurity trapped in the slurry (indicated Ly ‘#"). This could
not be washed off completely as this led to the removal of oleie acid from the

precipitate, leaving behind bare nickel which is highly unstable. Thus, the wash-









Figure 5.3(a.b) depicts the TEM images of NiA and Ni@C. Passivation of
nickel nanoparticles in oleic acid matrix is evidenced from the dark and light
regions (Figure 5.3a). The diameter of nickel particles in NiA is in the range
10-25 nm with an average size of ~17 nm. Examining the TEM image of NiQC
(Figure 5.3b), it is seen that the nickel particles of size 20-60 nm are covered
with carbon layers. The average size of nickel particles was found to be ~35 nm.
Histogram showing the size distribution of nickel particles in NiA and Ni@C are

depicted in Figure 5.3(c,d).

During the initial stages of reaction in aqueous solution, the hydrophilic car-
boxyl groups of oleic acid get attached to the newly formed elemental metal
(nickel) particles {225]. The hydrophobic carbon tails remain pointed outwards
from the nickel particle surface, thus preventing it from oxidation. Coating of
oleic acid on the nickel surface also inhibit further growth of nickel nanoparticles
since the COO™ group prevents the interaction between the neighbouring mag-
netic nickel grains, thus providing stability to nickel particles against coalescence
or agglomeration. At elevated temperatures NiA undergoes pyrolysis. The or-
ganic oleic acid coating decomposes, while nickel nanoparticles in the composite
grow by coalescence. Nickel particles simultaneously act as catalyst precipitating
carbon layers over its surface leading to the formation of stable nickel/carbon

core/shell nanostructures (162, 166, 196, 224].

Figure 5.4 depicts the low resolution TEM of Ni@C along with their corre-
sponding energy dispersive spectra and element mapping corresponding to nickel
and carbon. The formation of nickel embedded in carbon nanostructures are

confirmed from the mapping images.






(DDP Model) [200, 201] suggested for the growth mechanism of metal/carbon
core/shell structures can be applied to the present system. The DDP model
assumes that the carbon atoms dissolve into the catalyst particle (nickel) and
once the particle is supersaturated with carbon, atoms precipitated on metal
catalyst forming graphitic layers which occurs at lower temperatures (~ 873 K)
[200]. The tubular growth is ceased because of insufficient kinetic energy of the
graphitic islands. The experimentally observed results are in agreement with the

carbon nanostructure growth reported by Jiao and Seraphin [191].
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Figure 5.6: Raman spectrum of nickel/carbon nanostructure (Ni@C), A,,=1061 nm

Further, information regarding the structure of carbon formed in the system
was obtained from the Raman spectrum of Ni@QC (depicted in Figure 5.6) at an
excitation wavelength of 1064 nm. Raman spectrum revealed two peaks inherent
to carbon structures. The G-band (or Ez; mode), related to the vibration of sp?
hybridized carbon in the 2D graphite for ordered carbon species, is at 1592 cm™!.

The Raman breathing mode (D-band or A, mode) is found at ~1288 cin ~1(226).
The D-band is highly sensitive to disorders in the carbon materials. A shift in
the D-band from the typical values with respect to highly ordered graphitic car-
bon (G-band: 1592 cm ! and D-band: 1279 ecm™', A.,=1064 nm) [175] can be
ascribed to the defects (from edges, cracks, dislocations or vacancies). hinite size
effects and strains developed in the fibrous carbon nanostructures. The bands
at 2576 and 3189 cin~! are the overtones of D and G modes. A low intense Ra-

man breathing mode at ~-87 em ™! is characteristic of a tubular carbon structure,



formed in the sample. Raman results thus agree well with the observed carbon
layer structures in the TEM images of Ni@C (Figure 5.3b, 5.4a. and 5.5). The
intensity ratio of D to G band is found to be 0.95 indicating the presence of
disorder in the system as evident from TEM results.

Formation of magnetic metal@carbon nanostructures are reported at con-
trolled conditions of elevated temperature (>1473 K) and pressure [162, 227].
This requires well fabricated experimental setup with multiple chambers and gas
flow inlets equipped with proper cooling system. Sputtering, high pressure chems-
ical vapour deposition or arc discharge processes [43, 44, 228] are some of the
techniques used quife often to fabricate carbon nanostructures. This constrains
the scalability of the process since many parameters have to he optimized to
get the optimal experimental conditions. Here we have obtained highly stable
nickel/carbon core/shell nanostructure by the catalytic action of nickel nanopar-
ticles on oleic acid without the application of any external pressure at relatively
lower temperature of 873 K.

During heat treatment organic layer undergoes thermal decomposition pro-
ducing atomic or molecular fragments or radicals of carbon, hydrogen and oxy-
gen. They segregate, diffuse and precipitate over the closest metallic nickel par-
ticle surface thereby reducing their surface energy. Nucleation and growth take
place through continuous carbon deposition over bare nickel surface. The nickel
nanoparticles acts as a catalyst for the growth of carbon layers [229]. Yu’an
Huang et al. [230] reported the formation of cage like carbon structures over
nickel particle of size less than 40-80 nin in diaineter which is in consistent with
owr results. Earlier reports [54] indicate that the growth rate depends on the cat-
alyst type and is maximum for nickel (nickel>cobalt>iron). Hence this method
is most suitable for the encapsulation of nickel due to their superior catalytic

activity when compared to other ferromagnetic 3d-transition metals.

5.5 Magnetic propertics

Further, the magnetic propertios of the surlace wodificd nickel nanoparticles were

investigated by measuring the M-H curves at different temperatures (77, 120.



280 and 300 K) with a maximum applied field of 10 kOe. Typical ferromagnetic
behaviour was observed for both NiA and Ni@C (Figure 5.7 and 5.8).
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Figure 5.7: Magnetization curves for NiA at (a) 77 K (b) 120 K {c¢) 200 K and (d) 300

K

The percentage of nickel in NiA determined from [CP-AES analysis was 30.46
wt.% and hence the effective magnetization of nickel in NiA is determined (Table
5.1). The low value of coercivity (<15 Oc at 300 K) indicates the single do-
main supermparamagnetic nature of the NiA. Lower saturation magnetization is
attributed to the finite size effects and amorphous nature of formed nickel parti-
cles. Surface effects like spin canting and anisotropy influence the magnetization
of oleic acid coated nickel nanoparticles. At reduced particle sizes, as observed
from the broad peak in the XRD pattern, the magnetic properties of the surface
layers is expected to become increasingly dominant. The high surface to volume
ratio, random arrangement of atoms and large munber of interfaces, all contribute
to higher disorder in the system leading to reduction of magnetic properties.

'The M-H loops of Ni@C at ditferent temperatures (Figure 5.8) depict the



intrinsic properties of a ferromagnetic nickel species. Annealing improved the
crystallinity simultaneously enhancing the room temperature saturation magne-
tization to ~23.6 emu/g. The percentage of nickel in the Ni@C nanostructure
was estimated to be 43 wt.% from ICP-AES analysis. Taking into account of the
magnetic component, the saturation magnetization of Ni@C was estimated to be

54.8 emu/g which is close to the bulk value of nickel (55.4 emu/g)(231].
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Figure 5.8: Magnetization curves for NiaoC at different temperatures (a) 77 K (b) 120
K (c) 200 K and (d) 300 K

The saturation magnetization (M,). effective magnetization of nickel (Mss).
remanence (M;) and coercivity (H;) of passivated nickel nanoparticles at different
temperatures are listed in Table 5.1.

The remanance increased from 0.007 to 5.19 ewmn/g at room temperature.
Coercivity depends on factors like magnetocerystalline anisotropy energy. particle
morphology, and the surface effects of fine particles. An enhanced coercivity with
respect to bulk nickel is observed in NiQC at all temperatures measured. which

is ascribed to the finite size effects [2. 232].



Table 5.1: Hysteresis loop parameters at different temperatures for NiA and Ni@QC

T M; (emu/g) Mgz (emu/g) M, (emu/g) He (Oe)
(K) | NiIA Ni@C [ NiA Ni@C NiA Ni@C | NiA Ni@C
77 1.87 2525 6.1 58.7 0.585 7.07 128.6 283
120 | 1.63 2493 5.2 57.9 0.289 6.40 40.76 240
200 | 1.28 24.66 4.1 57.3 0.066 5.86 18.9 210
300 | 0.42 236 1.3 54.8 0.007 5.19 14.6 170

Temperature dependent magnetic properties of passivated nickel nanostruc-
tures were also investigated using a SQUID magnetometer. The temperature
dependence of magnetization was measured under small DC probe fields (100
and 200 Oe) between 5-300 K using zero-field-cooling (ZFC) and field-cooling
(FC) procedures. A A-shape curve in the ZFC/FC curve (depicted in Figure

5.9a,b) show a superparamagnetic blocking in NiA.
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Figure 5.9: ZFC/FC curves of NiA with an applied ficld of (a) 100 Oe and (b) 200 Oe

At high temperatures the two curves coincides following the Curie-Weiss law.
At low temperatures (below ~150 K) the two curves separate out, with the ZFC
curve giving a broad maxinmm. a sure indication of superparamagnetic hehavior.
The blocking temperature of noninteracting systenn of nickel nanoparticles were

determined from the derivative enrves (Figure 5.10a,b).
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Figure 5.10: Derivative plots showing the blocking temperature with an applied field
of (a)100 Oe and (h) 200 Oe

Both Mzpc and Mpge are a function of dipole interaction strength, probe
field and the particle size distribution of the system. The blocking temperature
is given by Tp=25KV /k. For a homogeneous system, the Mz pc and Mg¢ curves

follows the Langevin function given by [233]
Mzpre =0and Mpe = M,, if T < Tg
Mzpc = Mpe = M,L{#Y},if T > Tg

where L{HV/T} is the Langevin function [2]. But for an inhomogeneous sys-
tem, as in the present study, the expression has to be generalized by considering
the log normal distribution of grain size. Thus, the magnetization relaxation
behavior, level of magnetization and blocking temperature distribution of the
system can be determined from the rate of net magnetization reversal at which
the particles become unblocked. From the —d(Mzpc — Mpe)/dT vs T curve (or
the T'g distribution curve), the temperature at which Ty distribution peaks can
be determined. The bifurcation temperature in the Mzgc curve thus deviates
from the Tp so determined.

The blocking temperature of NiA is found to be 110 K with 100 Oe applied
field. At a higher field of 200 Qe, the blocking is shifted to 80 K which is consistent

with relation for Tgx(H) for a noninteracting system given by

, H
Tp(H) = Tg(0)[1 — -]



where |m| can take values between 3/2 and 2 [234]. The broad peak in the
7ZFC curve is yet another indication regarding the size distribution of magnetic
particles in the composite consistent with the TEM results.

The carbon coated nickel particles (Ni@C) possess magnetic properties strik-
ingly different from that of NiA (Figure 5.11). The ZFC/FC curves are found to
meet near room temperature indicating the non interacting nature of the nickel
particle in the nickel-carbon nanostructures. Ni@C has no signatures of super-
paramagnetic blocking as evident from the abseuce of any bifurcation in the
ZFC/FC curves. This points towards higher grain size, as evident from the TEM
results. These results are consistent with the classical micromagnetic theory (the

anisotropy energy is proportional to the volume of single particle and anisotropy

constant).
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Figure 5.11: ZFC/FC curves at {2)100 Oe and (1)200 Oe for NiaC

5.6 Microwave absorbing properties

Figure 5.12a shows the variation of real part (¢') and imaginary part (¢ ) of
complex permittivity as a function of frequency for Niw('. ¢ remained almost a
constant (~11.25) while ¢ increased with increase in frequency from 1.2 to 6.
Space charge polarization emanating at the nickel carbon interfaces contribute to
the high dielectric permittivity in Niw(' nanostrcture, The free elcetrons from
nickel core assist the accimulation of charges on the interface wlhile the dielectric

shell around nickel reduces the clectrical conductivity and lmits the eddy current
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cffects in the Ni€@C comiposite. Moreover. the polarized metal cores act as dipoles
. - - . i’ . - .

at high frequencies[235!. The enhancement in e is ascribed to the semi-metallic

naturc of nickel carbon nanostructures (DC clectrical conductivity measured for

Ni@( is ~ 1072 §/m).
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Figure 5.12: {a) Dielectrie permittivity and (h) magnetic permeabilivy spectra of NigiC
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Figure 5.12b shows the frequency dependence of real part ( 1) and imaginary
pait (/1,”) of magnetic perneability. Initially theve is a decline in i in the S
band (1.2 to 1.13) while it is more or less a coustant in the X-band. The low
value of permeability at high frequencies is expected in core-shell stiuctures due
to lower magnetization and slower respouse to microwave [236)]. i s found
to incrcase from 0.09 to 0.16 over the frequency range 2-12 GHz. Primarily,
the microwave absorplion mechanism is ascribed to the intrinsic magnetic loss
of the uclusion due to spin rotation and domain wall displacement resonances
[192]. This 15 caused by the time lag of the magnetization vector behind the
exterual altermative magnetic field. The domain wall wotion in nanostructures
can be ruled out as the size of the magnetic inclusions arc well below their critical
diameter (~55 mn). So the spin rotations ought to contribute to the magnetic
loss in the system. though detailed study in this regard needs to be carried ont.

The reflection loss for optimnm thickness is evaluated from the measured
values of € . ¢ ,u,’ ancl /1// based on the model of a siugle layer metal backed plane
wave absorber proposed by Naito and Suetake "181]. Accordingly, the iuput

inipedance (Z,,,) and hence the reflection loss in decibels is detenmnined.






5.7 Conclusion

An easy synthesis technique for obtaining highly stable carbon encapsulated
nickel nanoparticles was developed. Homogeneous face centered cubic nickel
nanoparticles with ~5 nm thick carbon layers were obtained. This method is
superior to other conventional methods which requires high pressure and an-
nealing temperatures. The HRTEM images and Raman spectrum confirmed the
formation of carbon structures around nickel nanoparticles. The nickel/carbon
core/shell nanostructures exhibited a shelf life of more than a year, with high ther-
mal stability and excellent magnetic properties. This synthesis route provides
scope for large scale production of nickel/carbon nanostructures. This makes
them suitable for use in functionalized drug targeting, as solid lubricants and
electromagnetic shield materials. A reflection loss minima less than -10 dB was
found for an absorber thickness of 2.2-2.8 mm in the X band. At 3.13 GHz, a
minimum reflection loss of -45 dB was obtained for an absorber layer thickness of
6.6 mm. Hence, such hybrid magnetic metal carbon nanostructures can be used

as potential candidates for multilayer absorber materials.



Chapter 6

Synthesis of nickel ferrite
nanoparticles via different
routes and studies on their
structural, magnetic and

dielectric properties

Properties of materials are substantially modified with reduction in their size.
This has been an extensive area of research with regard to the family of ferrites.
Nickel ferrite belonging to the class of soft magnetic materials is one such candi-
date which has wide application potential. In this chapter, nickel ferrite in the
nanoregime were prepared by employing both top-down as well as bottom-up ap-
proaches. Structural and magnetic properties of these particles were determined
using X-ray diffraction, Fourier transform infrared spectrometry and vibrating
sample magnetometry. The temperature dependent dielectric properties were ex-
amined using an LCR meter. These properties werc found to be dependent on size
as well as preparative conditions. The enhancement of dielectric parameters with
reduction in grain size is in accordance with the Koop's and Maxwell-Wagner

dielectric dispersion model.
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6.1 Introduction

Novel methodologies for the development of nanoferrites and investigation of
their properties has gained much attention owing to their numerous needs for
application in areas like magnetic recording media, targeted drug delivery, mag-
netic resonance imaging, sensors, heterogeneous catalysis, repulsion suspension
for use in levitated railway system, ferrofluids, catalysis, magnetic refrigeration,
microwave devices and antennas [238-247|. Ferrites have technological impor-
tance due to their high frequency applications. They are good dielectric materials
whose properties vary with the method of preparation, sintering condition and
amount of constituents [19, 248-250]. When size of ferrite particles gets reduced
to nanoscale, they exhibit unique properties quite different from their bulk coun-
terparts. This opens up several questions regarding the fundamental physics and
chemistry of ferrite materials.

Figure 6.1: (a) Spinel unit cell structure (b) Octahedral interstice (B site: 32 per unit
cell, 16 occupied), and (c) tetrahedral interstice (A site: 64 per unit cell, 8 occupied)

Ferrites are well explored in the micron regime [251-253]. They are mixed
metal oxides with iron (III) oxides as their main component. Ferrites crystallize
in three crystal types {254): spinel type (with cubic crystal structure and general
formula Me?*+Fe;04 where Me = Fe, Mn, Mg, Ni, Zn, Cd, Co, Cu, Al or a
mixture of these, garnet type (with cubic crystal structure and general formula
Ln§+Fez,012 where Ln = Y, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, or Lu) and
magnetoplumbite type (with hexagonal crystal structure and general formula
Me?* Fe; 20,9 where Me = Ba or Sr).



Spinel ferrites or ferrospinels as they are called are ferrimagnetic materials
named after the mineral spinel, MgAl;Oy4 [144, 255, 256] having a general chemical
composition MeQ.Fe; O3 where ‘Me’ is a divalent metal. A unit cell representing
the smallest 3D building block of spinel crystal structure is shown in Figure
6.1. The spinel structure is determined primarily by the oxygen ion lattice. The
oxygen anions are packed in a face centered cubic arrangement such that there
are two kinds of interstitial space between the anions- octahedrally co-ordinated
B sites (Figure 6.1b) and tetrahedrally co-ordinated A sites (Figure 6.1¢). There
are eight formula units of Me.Fe;0, in a unit cell. Thus, in a unit cell of 32
oxygen anions, there are 64 tetrahedral sites and 32 octahedral sites. It turns out
that out of the G4 tetrahedral sites only 8 are occupied and out of 32 octahedral
sites, only 16 are occupied. The exchange interaction between A and B sites
is negative and the strongest among the cations, so that the net magnetization
results from the difference in magnetic moment between A and B sites.

Factors like jonic radii of the catious, preference of ions to specific sites,
Madelung energy, crystal ficld effects ete. determine the distribution of cations
in spinel ferrites. The interesting and useful magnetic and electrical proper-
ties of the spinel are governed by the distribution of the Fe and the divalent
metal ions among the octahedral and tetrahedral sites of the spinel lattice. Ac-
cording to the occupancy of Fe and Me ions in these sites, spinels can be nor-
mal, inverse or mixed. The general cation distribution can be represented as
MejtFelt IMet? ;Fel? (O, where the cations inside brackets are located in oc-
tahedral sites and the other outside brackets in tetrahedral sites. For 8 = 1, the
ferrite form the normal spinel while for § = 0, it is called inverse spinel. For ran-
dom distribution § = 1/3. ZnFepQ, and CdFesQ4 are normal spinels with all the
divalent metal cation distributed in the tetrahedral sites. In inverse spinels like
NiFeg0, and CoFep )y, the metallic cation occupies the octahedral sites only with
ferric ions equally distributed in the two sites. The lattice constant of ferrites
is dependent on the metal-ion content. varying with different metal ions form a
cubic side of about 8.3-8.5 A.

Nickel fervite (Fedt) ([Ni*t Fed™] 5.0y is one of the most important semicon-
ducting ferrimagnetic material with an inverse spinel structure. Considerable

attention has been laid towards the study of nanosized nickel ferrite due to their



technological importance [238-247]. Ferrimagnetisin in nickel ferrite originates
from the magnetic moment of anti-parallel spins between Fe®t ions at tetra-
hedral sites and Ni%* ions at octahedral sites [144]. Their properties could be
tailored by metal substitution. Phase pure nickel ferrite has been studied exten-
sively by several groups [3, 257- 261]. Sol-gel pyrolysis, hydrothermal technique,
mechanical alloying, co-precipitation technique, electrospinning, reverse micelle
technique, plasma depaosition method, radio frequency thermal plasma torch tech-
nigue, pulsed wire discharge and high energy ball milling [19, 20, 261-272] are
some of the common synthesis methodologies adopted. Recently Ramalho et al.
synthesized nickel ferrite powders of crystallite size 120 nm by combustion reac-
tion using urea as fuel {272 while Santi Maensiri et al. [248] developed methods
to obtain nickel ferrite (NiFepQO4) nanoparticles using Fe and Ni nitrate precursors
and freshly prepared egg white in an aqueous mediun.

The strong dependence of the conduction mechanism and dielectric proper-
ties of material on the grain size, porosity as well as density are well established.
Earlier studies conducted on polyerystalline ferrites [258, 273, 274} have shown
the dependence of composition, size and shape on their structural, electrical as
well as magnetic properties. Conduction in ferrites is due to hopping of electrons
between Fe?t and Fe®t ions over the octahedral sites of the spinel lattice. The
magnetic and electrical properties of ferrites are highly sensitive to the cation
distribution and microstructure which in turn are sensitive to the synthesis con-
dition. Hence, selection of appropriate process is crucial in order to obtain with
desirable properties. Modern research aims at developing simple low temperature
techniques for delivering ferrite nanoparticles in large quantities having improved
properties than those produced by conventional techniques. Among these. an
ideal method would be the one which could be carried out at low temperatures
with minimal energy consumption having better yield.

Usually ferrite preparation involves conventional solid state reaction methods,
which apart from being cumbersome has serious limitations like requirement of
prolonged heating at high temperatures which may result in evaporation of some
of the constituents leading to change of the desired stoichiometry. Grinding
and milling of the precursor materials can cause loss of some of the materials

resulting in nonstoichiometric compositions. Here in this studv we have tried



to investigate and compare the structural, magnetic and dielectric properties of
ultrafine nickel ferrite particles obtained by autocombustion /sol-gel and ceramic
method. The effect of mechanical attrition on various properties of nickel ferrite

are also studied.

6.2 Experimental

6.2.1 Synthesis

Nickel ferrite nanoparticles were synthesized by employing both bottom-up and
top-down approaches namely sol-gel method, conventional ceramic method and
mechanical attrition.

Sol-gel method: Analytical grades of metal precursors, Fe(NQOj3)3.9H,0
(purity >99%, Merck India) and Ni(NQOj)9.6H,0 (purity >99%, Merck India)
were taken in the 2:1 molar ratio and dissolved in minimum quantity of ethylene
glycol (25%, AR grade Merck India) at room temperature. The so obtained
saturated solution was heated at 333 K to form a wet gel. It was further dried
at 373 K which lead to self combustion giving Auffy nano sized nickel ferrite.
The sample was homogenized in an high energy ball milling unit (HEBM, model:
Fritsch Planetary micromill ‘Pulverisette 7') at 200 rpm for 10 min and was
labelled as NFEG.

Conventional ceramic method: QOxalic acid (CéH204.2H20, purity >99.5%,
Merck India) was allowed to react with ferrous sulphate (FeSO,.7H;0, purity
>99%, Merck India) solution taken in appropriate stoichiometric ratios. The re-
action was carried out at 333 K with continuous stirring. The formed precipitate
was filtered, thoroughly washed in distilled water and dried at 373 K for 3 h in
a hot air oven to obtain ferrous oxalate dyhydrate (FOD). This freshly prepared
FOD was then mixed with nickel carbonate (NiCOj3, AR grade, Nice India) in 2:1
(Fe:Ni) molar ratio in an agate mortar with acetone (extra pure, Merck India)
as the mixing medium. The powder was pre-fired at 773 K for 4 I, again mixed
and calcined at 1273 K for 12 h to obtain phase pure nickel ferrite. The sample
was labelled as NFCer.

Mechanical attrition using high energy ball milling: Nickel ferrite

prepared by both sol-gel and ceramic methods were subjected to HEBM for 180



min. For this the ferrite powder samples were loaded in the mill in 1:10 powder
to ball weight ratio and wet milled in toluene medium. The samples were labelled

as NFEG180 and NFCer180 respectively for the ball milled NFEG and NFCer

samples.

6.2.2 Characterization

XRD pattern was recorded using Rigaku D-max C powder X-ray diffractometer.
The SEM images of the synthesized nickel ferrite particles were observed in a
JEOL Model JSM - 6390LV. Further, Fourier transform infrared spectrometer
(Thermo Nicolete Avatar DTGS) was used to analyse the structure of the metal
oxide nanostructures. The room temperature magnetic properties were mea-
sured using EG&G PAR 4500 vibrating sample magnetometer. Dielectric mea-
surements of nickel ferrite nanoparticles were carried out in an HP impedance
analyzer (4285A) in the frequency range of 100 kHz to 8 MHz. The powder
samples were pelletized at a pressure of 5 tonne. They were then held tightly
between two circular copper plates (12 nun diameter, thickness ~2 mm) to form
a capacitor and placed inside a home-made dielectric cell. The capacitance and
loss tangent were measured and recorded by interfacing the impedance analyzer
with a personal computer through a GPIB cable IEE488 using LabVIEW (Ver-
sion 8). Moisture content present. if any, in the samples were removed by heating

the pellets in a hot air oven at 373 K for 2 h prior to measurements.

6.3 Structure and morphology

Figure 6.2 shows the XRD pattern of NFEG. NFEG180, NFCer and NFCer180.
The diffraction pattern reveals the characteristic peaks of inverse spinel structure
corresponding to phase pure nickel ferrite (ICDD 74-2081). The crystallite size
of nickel ferrite particles was determined by employing Debye Scherrer’s formula.
The line broadening of the maximum inteuse (311) peak clearly shows the effective
reduction of grain size induced by HEBM. The ervstallite size was found to be 32
nm and 21 nim respectively for NFEG and NFEGI80. Tt showed a 38% reduction

in size when subjected to HEBM for 180 min.












Table 6.1: FTIR vibration peaks

Wavenumber Assignment of peaks

400 cm ! Octahedral-metal (Ni-O) stretching

600 con—1 Intrinsic stretching vibrations of metal at tetrahedral site (Fe-O stretching)
1600 cm ™! O-H stretching

~2340cm ! Traces of adsorbed carbon dioxide present in the system

3500 cm ! O-H stretching vibrations interacting through H bonds

~1370 cm™! Stretching vibrations of carbuxylate group (CO?~ )which emerge upon
milling from organic material, toluene

phase[277] are evident from the spectra. The absorption band near 400 cm™!
is assigned to the octahedral-metal (Ni-O) stretching and that near 600 cm~!
correspond to the intrinsic stretching vibrations of metal at the tetrahedral site
(Fe-O stretching).

These vibrations are observed in all the samples (Figure 6.6), typical for pure
nickel ferrite {278, 279]. The broad intense band around 3500 cm™! and a less
intense band around 1600 cm™! is associated with the O-H stretching vibrations
interacting through H bonds emanating from free water molecules. Table 6.1 lists
the peaks assigned to different vibrations observed for nickel ferrite.

Absorption peak at ~2340 cm™! (indicated by * in Figure 6.6a,b) is due to
the presence of traces of carbon dioxide present in the samples formed during
combustion. These are seen only in NFEG and NFEG180 while such vibrations
are absent in the calcined samples, NFCer and NFCer180. A distinct band at
~ 1370 cm™! in NFCerl80 (represented by vy’ in Figure 6.6d) indicates the
stretching vibrations of carboxylate group (CO;) which emerge upon milling.

6.4 Magnetic properties

The room temperature hysteresis loops of the NFEG and NFCer, and those ball
milled for 180 min are shown in Figure 6.7. The corresponding loop parameters
determined are tabulated in Table 6.2.

There is a direct correspondence between the duration of milling or the grain
size of ferrite particles with their magnetic properties. During the initial stages
of ball milling, the grain size decreases and then saturates even after prolonged

milling (2, 88]. The change in coercivity of NFEG with milling time is on expected






6.5 Dielectric properties

Although extensive research on the dielectric properties of micron sized ferrite
particles have been carried out in the last decades, no much efforts were laid to
understand these aspects at the nanoregime, until the advent of novel synthesis
techniques. Only recently, the effect of grain size on the dielectric properties of
ferrite particles has been investigated by several groups [273, 281]. Proper un-
derstanding of these aspects would help in tailoring the properties for obtaining
feasible materials for applications. Powder samples were pelletized, dried at 373
K for 2 h and held inside a homemade setup to determine their dielectric proper-
ties. Dielectric permittivities of the samples were calculated using the following

relations (68, 282].

€ =— (6.1)

where € is the real part of dielectric permittivity, ‘C’ is the capacitance of
the capacitor formed by inserting the sample between two metal plates, 'd’ is the
thickness of the sample, ¢, the permittivity of free space and A’ is the area of

cross section of the sample.

6.5.1 Frequency and temperature dependence of dielectric per-
mittivity

The dependence of dielectric permittivity with frequency or the dielectric dis-
persion occurs due to several types of polarization mechanisms. This includes
electronic, ionic, dipolar or interfacial polarization [282]. The variation of dielec-
tric parameters with frequency was measured at different temperatures and the

corresponding plots are shown in Figure 6.8.






conductivity. Maxwell-Wagner theory is a result of inhomogeneous nature of di-
electric structure consisting of two layers-well conducting grain and a thin layer
grain boundary. The grain boundaries are more effective at lower frequency while

ferrite grains are more effective at high frequencies.

Moreover, according to Rezlescu model {258], the dielectric behavior exhibited
by ferrite materials is due to the collective contribution of two types of carriers, p
and n to the polarization. n-type conduction is due to the electron exchange in-
teraction between Fe?* « Fe3* resulting in a local displacement of the electrons
in the direction of the applied electric field which determines the polarization.
The origin of p-type conduction arises from the occurrence of the anion vacancies
due to the escape of oxygen ions from the spinel structure. Large value of dielec-
tric permittivity at lower frequencies is due to the predominance of the species
like Fe?* ions, piling up of interfacial dislocations, oxygen vacancies and grain
boundary defects. The decrease is rapid at lower frequencies and becomes slow

at high frequency.

Temperature dependence of dielectric permittivity of nickel ferrite is also ex-
amined. Temperature was varied from 300 to 390 K in steps of 10 K (Figure 6.9).
There is a gradual rise in dielectric permittivity due to the increase in interfacial
polarization facilitated at higher temperatures {281]. Moreover, the ionic mech-
anism and drift mobility of charge carriers increases the dielectric permittivity
with rise in temperature. In ionic dielectrics, the orientation of the dipoles is fa-
cilitated which increases the dielectric permittivity. Chaotic thermal oscillations
of molecules are intensified and the degree of orderliness of their orientations is

diminished [68].






to lesser number of hopping as a result of cation redistribution of nanoparticles.
But here we have found that milling has increased the permittivity in nickel ferrite
nanoparticles. This may be due to lesser number of Fe?t ions in the system which
usually forms at high temperature of sintering. It is likely that smaller grains
facilitate the formation of Fe?* ions leading to lesser number of Fe?* ions (7].

Moreover, during mechanical attrition oxygen ions escape from the spinel
structure creating anion vacancies [288--290]. This is another main contribution to
the electrical conduction in ball milled samples. The p-type carrier concentration
becomes high due to more number of oxygen ion vacancies. At lower frequency,
the mobility of p-type carriers is lower when compared to n-type carrier [291, 292].
A sudden decrease in dielectric permittivity is observed with grain size reduction
in milled samples as frequency is increased.

Hence, a strong dependence of grain size on the dielectric parameters is evi-
dent from these studies. XRD and SEM analysis substantiates these observations.
Thus, high energy ball milling is found to be an appropriate tool for obtaining

finite grain size causing enhancement of dielectric permittivity.

6.6 Conclusion

Phase pure nickel ferrite nanoparticles were prepared by different routes namely
sol-gel autocombusion method, conventional solid-state reaction method and me-
chanical attrition by HEBM. Structural and morphology of these particles were
systematically analysed employing various analytical tools. XRD and SEM re-
vealed the reduction of grain size with milling. Further, magnetic as well as
dielectric properties of the particles were investigated to study the effect of grain
size on the ferrite particles. The investigations revealed that sol-gel route fol-
lowed by HEBM yielded finer particles. Studies confirmed that as the number
of grain-grain boundary increases, interfacial polarization enhances the dielectric
permittivity of the system. Selecting appropriate synthesis methodology is hence

crucial in developing materials for specific applications.



Chapter 7

Fabrication of flexible rubber
ferrite nanocomposites for

microwave applications

Natural rubber and nanostructured ferrites are an ideal combination to fabri-
cate flexible rubber ferrite nanocomposites. Rubber ferrite nanocomposites can
be employed as microwave absorbers and the bandwidth of absorption can be
tuned. This chapter discusses the preparation of Hexible magnetic nanoconipos-
ites by incorporating pre-characterized nickel ferrite nanoparticles in a natural
rubber matrix. The processibility and mechanical properties are discussed. Di-
electric permittivity of rubber ferrite composites were investigated in the RF fre-
quency regime. The complex dielectric permittivity and magnetic permeability
of the composites were measured at different microwave [requencies. A steady in-
crease in dielectric permittivity with increase in filler concentration was observed.
Maxwell-Garnctt mixture equations were emploved to model the effective perimit-
tivity and permcability of the composite. Further, reflection loss was estimated

by employing the model of single layer absorber hacked with a perfect conductor.

7.1 Introduction

The demand for miniaturization of devices has prompted material seientists and

engineers towards developing composite materials having nimltitunctional prop-
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ertics. These composites consist of two or more constituent materials remaining
separate and distinct on a macroscopie level, forming a single component [9].
The constituents in a composite can be categorized as matrix and filler. The
matrix surrounds and supports the filler material by maintaining their relative
positions, thereby enhancing physical and mechanical properties of the composite.
A variety of fillers are available for incorporation in the matrix and the dielec-
tric, mechanical and magnetic properties can be tailored for various applications
62. 69. 160, 293-296]. The polymer matrices commonly used are either plastics
or rubbers. Among them natural rubber (NR) is more important because it is
a sustainable raw material extracted from the latex of Hevea Brasilliensis which
produces 99.99% of cis-1, 4 polyisoprene {62]. The cheniical structure of NR is

as shown in Figure 7.1

H,C H
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Figure 7.1: Chemical structure of ¢is 1,1 polyisoprenc

NR is widely used not only for its compatibility with fillers but also for its
Ligh tensile strength as a result of its outstanding strain induced crystallization
297, 298]. Furthermore, NR. is characterized by low hysteresis and low water ab-
sorption properties. Raw rubber has a specific gravity of 0.934 and a specific hieat
ol 0.502 at 293 K. Besides that, the specific resistivity of raw mbber is 1 x 1019
to 2 x 10%olin.cm [299]. Raw rubber is seldom used in its original state. Rubber
manufacture involves addition of rubber many ancillary materials called additives
(like vuleanizing agents, accelerators, activators/retavders. autidegradents, fillers,
plasticizers ctc.) to rubber, thus forming potential materials for articles requiring
high mechanical strength. The double bond of polyisoprene in NR. is important
for sulphur vulcanization. However, these unsaturated sites are reactive to oxy-
gen or ozone consequently degrading the rubber. Hence antioxidants are used to
reduce the degradation.

Ferrites of different composition lind numerous applicalions in electronic de-

vices [6X, 300-302]. Spinel ferrites. especially nickel ferrite. asswmes significance



because of their salient magnetic and dielectric properties at radio and microwave
frequencies. They possess high electrical resistivity, mechanical hardness and
chemical stability [303] although these properties are size dependent [304]. Nickel
ferrite has been widely used in microwave devices and in electromagnetic shields
due to its chemical stability, corrosion resistance and high saturation magneti-
zation in addition to its microwave absorbing properties. Significant changes in
magnetic and dielectric properties are observed at nanometric dimensions. They
find applications in inductor cores, isolators, magnetic recording media, ferroflu-
ids, microwave devices and EMI shields {69-73).

NR composites based on ceramic spinel ferrites have been extensively studied
over the last decades [68, 305]. These magnetic rubber composite, otherwise
called rubber ferrite composites (RFCs) are significant as far as applications are
concerned. Dielectric and magnetic properties of RFCs can be easily tailored
by using the right amount of filler in a single shot. Such materials have added
functionalities like flexibility, mouldability and tunability of both dielectric and
magncetic properties. Incorporation of nano fillers in a polymer matrix will impart
reinforcing properties to the matrix [306]. Addition of magnetic fillers modifies
the physicomechanical, magnetic as well as dielectric properties of RFCs. Filler
addition affects their processability as well since the degree of freedom of rubber
chains are decreased due to the interaction and adsorption of non-deformable filler
onto the rubber [307]. At room temperature, though there is no physical ageing
of NR vulcanisate (glass transition temperature, T, = 198 K or -75 °C), there is
a mechanical history to the specimen. Although there are several reports on the
conduction mechanism in ferrites systems (both at bulk and nanoscales)(68, 305],
the studics of their nanocomposites based on NR is scarce.

RFCs can play an important role herc in realizing microwave absorbing ma-
terials with additional functionalities like elasticity and mouldability aided by
lightweight [67. 68, 307]. Tuning the imaginary part of permeability i improves
matching. broaden the range of operating frequencies, increase attenuation and
recuce the thickness of absorber layer. This can be achieved by using appropriate
fillers with optimum magnetic permeability.

Nickel ferrite as a filler fits into the requirement of having the appropriate

permeability, low loss and low de conductivity. High resistivity (~ 10 times that



of metal) ensures low eddy eurrent loss in high frequency regime {308]. Further,
the Curie temperature of nickel ferrite is ~858 K which makes it ideal for high
temperature applications. Low coercivity and high saturation magnetization of
nickel ferrite are also significant for obtaining good absorption properties. It has
been reported that in the nano regime, the dielectric permittivity and magnetic
permeability of ferrites gets considerably modified with respect to their ceramic
counterparts because of their high surface to volume ratio [68, 300-302]. Hence
incorporation of nickel ferrite nanoparticles into a matrix like NR can result in
an exccllent microwave absorbing material. Moreover, proper understanding of
the dielectric and magnetic behaviour of polymer composites at high frequencies

will help in engineering new materials for applications.

7.2 Experimental

7.2.1 Synthesis of nickel ferrite nanoparticles

Nickel ferrite particles were synthesized by using a modified sol-gel method [20].
Analytical grade Fe(NO3)3.9H,0 (purity >99% AR grade, Merck India) and
Ni(NO3)2.6H,0 (purity >99% AR grade, Merck India) were taken in a 2:1 molar
ratio and dissolved in a minimum amount of ethylene glycol (25% AR grade,
Merck India) at roorn temperature. The saturated solution was heated at 333+£5
K for 2 h to form a wet gel. This was further dried at 373 £ 5 K leading to self
ignition to produce fluffy nickel ferrite nanoparticles. They were then homoge-
nized in a high energy ball milling unit (Fritsch Planetary micromill ‘Pulverisette

7') at 200 rpm for 10 min.

7.2.2 Incorporation of NiFe,O, in natural rubber matrix

Pre-characterized nickel ferrite nanoparticles were incorporated in natural rubber
(ISNR 5 grade, supplied by Rubber Research Institute of India. Rubber Board,
Kottayam) matrix according to a specific recipe (Table 7.1) obtained by exten-
sive experimental iterations. The mixing was first carrvied out in a Brabender
Plasticorder (torque rheometer. model: PL 3S) at 343 K for 10 wmin at a specd
of 50 rpm. This was then homogenized in a two roll mill (15 cir x 33 ¢mn) as per

ASTM D 3182(1982).






vulcanisate was labelled as NRO and RFCs with different percentage of nickel
ferrite loading were labelled as NRNFx, where x represents phr of filler (x =
20, 40, 60, 80, 100 and 120 phr - parts per hundred parts by weight of rubber).
Figure 7.2 shows the photographs of raw rubber as well as moulded composite

sheets.

7.2.3 Characterization

The cure characteristics of the composites were determined using a rubber process
analyser (RPA, Alpha-technologies 2000). The cure parameters such as minimum
torque (Dpin), maximum torque (Dmaz), optimum cure time (tgg) and scorch
time (t;o) were determined from the cure curve. The stress-strain properties
such as tensile strength, modulus and elongation at break were determined using
a universal testing machine (UTM, Shimadzu SPL 10 kN) as per ASTM D 412-98a
(2002). Tear strength of the samples were measured as per ASTM D 624(2000)
using standard test specimens (Type C). Type A durometer hardness (Shore A)
tester was used for measuring the relative hardness of rubber ferrite composites.
Rebound resilience (%), the ratio of energy of the indenter after impact to its
energy before impact, was measured according to the ASTM D 2632(2001) with
vertical rebound resiliometer.

Transmission electron microscopy (PHILIPS CM200 operating at 20 kV) was
employed to determine the particle size of nickel ferrite filler particles. Nickel
ferrite as well as RFCs were characterized using X-ray diffractometer (Rigaku
Dmax-2C). Scanning electron microscope (JEOL JSM - 6390LV) was employed
to gather information about morphology and micro structural properties of the
fractured surfaces of the tensile test specimens by sputtering a conducting coating
over the surface. Thermogravimetric analysis (TGA) was carried out in a Perkin
Elmer Pyrex Diamond 6 Instrument in a nitrogen atmosphere at a heating rate
of 10 K/min from 313 to 873 K. The room temperature magnetic properties of
the composites were studied using a vibrating sample magnetometer (EG & G
PAR 4500). The dielectric properties of the RFCs were determined using HP
4285A LCR meter by placing the samples between two circular copper discs of
12 mm diameter to form a capacitor, held inside a homemade dielectric cell in

the frequency range 0.1 to 8 MHz in steps of 100 kHz at different temperature



(303-393 K). Complex dielectric permittivity and magnetic permeability were
determined with the help of a vector network analyzer in the S (2-4 GHz, Rohde &
Schwarz-ZVB4) and X-band (8-12 GHz, Agilent-8510C) by employing the cavity

perturbation technique [144, 145].

7.3 Cure characteristics of RFCs

Table 7.2 depicts the variation of cure parameters with loading of nanosized nickel
ferrite filler. The cure time is found to decrease initially due to the adsorption of
curatives over the active surface of the filler and at higher filler loading the cure
time increases due to the dilution effects. Scorch time also showed a decreasing
trend since the filler loading causes an increase in heat of mixing due to additional
friction imparted by the filler particles [309]. This indicates that the composite
takes less time to reach the onset of vulcanization with filler loading. Reduction
of scorch time beyond a limit will lead to premature curing of the compounds.
But in the case of nickel ferrite based RFCs, the compounds are processable even

with 120 phr of filler loading.

Fromn tgg and tqg, the cure rate index (CRI) was determined using the relation

[116)

CRI = —2_ (7.1)

tgo — t1o
Figure 7.3 shows the dependence of rate of cure reaction or CRI on the con-
centration of filler or rubber phase. CRIis found to increase initially with loading
(upto 40 phr) suggesting that at lower loadings of nickel ferrite, the filler activates
the cure reaction. At higher filler loadings there is a sharp decrease in CRI due

to the reduction in the volume fraction of rubber phase.



Table 7.2: Cure characteristics of nickel ferrite filled natural rubber based rubber ferrite

nanocomposites
Sample tao tig Dyin Dnaz
{min) (min) (dNm) dNm
NRO 11.43 5.43 0.11 3.00

NRNF20 8.98 4.04 0.19 3.48
NRNF40 7.87 3.16 0.19 3.70
NRNFs60 7.83 2.55 0.16 3.19
NRNF30 1482 1.84 0.25 2.75
NRNF100 1760 1.25 0.39 2.90
NRNF120 19.64 1.26 0.22 3.26
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Figure 7.3: Dependence of CRI on nickel ferrite loading in RFCs

The torque values are a direct indication of the polymer-filler interactions.
Minimum torque is a measure of the viscosity or stiffness of the compound. Al-
though there is an increase in minimum torque value with loading of nickel ferrite,
it does not affect the processability of the compound. The increase in viscosity of
the compound with the incorporation of fillers is due to the occlusion of rubber
within and between the filler aggregates and inunobilization of a layer of elas-
tomer at the surface of the filler [62, 307]. Maximum torque gives information
regarding the shear modulus of the fully vuleanized rubber at the vulcanisation
temperature. In RFCs, the maximum torque does not decrease substantially be-
cause of the porous nature of nano sized filler particles. There is an increase in

torque value for RFCs with 20 aud 40 phr nickel ferrite loadine. but at hieher



loadings the maximum torque shows marginal decrease. These results points out

that no strong chemical interactions between the filler and matrix takes place in

the composite and hence matrix properties are not affected much.

7.4 Mechanical properties

Mechanical properties of the elastomer are a major concern in designing the
composite materials for specific applications. Among the different ingredients in
the composite, filler plays an important role in delivering the final vulcanizate
properties. The filler can be either reinforcing or non-reinforcing, which is decided

by the size, size distribution, shape as well as specific surface area {62, 310].
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Figure 7.4: Variation of (a) tensile and tear strength and (b) stress at 100%, 200%,
and 300% strain

Variation of tensile and tear strength with increase in nickel ferrite loading
is depicted in Figure 7.4a. Tensile strength of RFCs is found to reduce with the
addition of nickel ferrite above 40 phr. The decrease in tensile strength at higher
loadings is due to filler agglomeration and lower volume fraction of rubber. Filler
reduces the effective cross-section of the matrix in the composite and they are
unable to transfer the stress to the polymer matrix. Moreover. the adsorption of
polymer molecular chains on the filler surface reduces the mobility of the polymer
segments and results in a rubber shell on the filler surface. This reduced mobil-
ity and the rubber shell increase the polymer viscosity and hence the modulus.

These factors lead to increase in internal stress at any given external load when



compared to that of the unfilled rubber. The microplastic deformation occurring
around the filler particles facilitate damage of the material at lower external load,
when compared to the gum vulcanisate. Tear strength (which is a measure of
resistance to failure of a material when it is subjected to continuous stretching)
is found to decrease with filler loading. For the unfilled rubber tear strength is
41.6 MPa which decreased to 29 MPa with the addition of 120 phr nickel ferrite
nanoparticles (30% decrease is noticed). The inclusions of nickel ferrite nanopar-
ticles in between the polymeric chains create stress. Filler loading thus increases
the modulus at 100%, 200% and 300% elongations (Figure 7.4b), indicating in-

crease in elasticity of RFC with the incorporation of ferrite nanoparticles.
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Figure 7.5: Variation of (a) elangation at break, and (b) hardness with filler loading

Elongation at break showed a decreasing trend (Figure 7.5a). Although it
is reported that finite size filler can improve the stress bearing capacity of the
filler polymer interface, at higher volume fraction of the filler, the interaction
between the filler and polymer decreases. This decrease in the elongation at
break indicates a reduction in the stress bearing capacity of the composite. The
hardness and rebound resilicnee of the RI'Cs were measured using standard test
methods {62, 110, 111, 311]. Hardness (which is a measure of modulus at low
strains) of RFCs is found to inercase with loading due to the decrease in mobility

of the elastomer matrix (Fignre 7.5h).
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Figure 7.6: (a) Variation of resilience with filler loading, and (b) Ry-R vs my/m,, curve

The variation of resilience showed a decreasing trend (Figure 7.6a). which are
on expected lines. The filler restricts the mobility and deformability of the matrix
macromolecules. The decrease in rebound height with filler loading is related to
the mass of the filler (my) and polymer (m,) given by

my

Ry—R=A (7.2)

My,

where R, is the rebound height of the gum vulcanisate and R is that of the

RFC. From the Rg-R vs mys/m, curve, slope of the straight line obtainued is 7.28
which is a characteristic constant of the filler (Figure 7.6b).

Although there is a deterioration in the mechanical properties, the composites
are not demerited for its elastic applications with the present properties. The
obtained physicomechanical properties are adequate for the fabrication of flexible
absorber materials with natural rubber as base matrix that has an inherent shock
absorbing property. This justifies the preparation of RFCs for static applications

from the available base material (NR).

7.5 Structure and morphology

XRD pattern of NiFeO,;, NRNF80 and NRO are depicted in Figure 7.7, The
characteristic diffraction peaks of NiFe;O4 (ICDD file No. 01-74-2081) obscrved

in the nickel ferrite powder and composite contirms the formation of pure inverse
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spinel structure of the nickel ferrite filler material. From the XRD pattern, aver-
age particle size was evaluated using Debye Scherrver’s fornmla ;118] and is found
to be 32 nm. Diffraction peaks found in NRO (marked as ’+ in Figure 7.7¢) are
emanating from the unreacted curatives present in the composite. These peaks
disappear at higher filler concentration (Figure 7.7h), since characteristic peaks

of crystalline nickel ferrite becomes more prominent.
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Figure 7.7: X-ray dilfraction pattern of {(a) Nile, Oy, () NRNFS80, aud (¢} NRQ

Size ol nickel ferrite particles was determined from the transmission clectron
micrograph (Figure 6.3}, From the nonmnalized Gaussian it ol size distribution,
an average particle size of 35 mn was obtained. This is consistent with the particle
size estimated from XRD pattern,

Figwre 7.8 shows the SEM iinages of the tensile fracture surfaces of REFCs at
different loadings. The large smooth arca in NRO {(Figure 7.8a) cau be compared
with that of the nickel fervite grains seen in the rough surfaces of RFCs. The
hnages clearly show two distinguishable regions. dark vegions is the matrix while
the bright patches are the regions of filler particles dispersed in the matrix. The
morphology of the composites at different filler loading in the rubber composites

indicates the homogenous mixing of the fillers in the composite.
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Figure 7.9: TGA curves of RFCs (a) NRO, (b) NRNF20, (c) NRNF80, and (d)
NRNF120

The nanocomposites were found to be stable at temperatures below 573 K
and began to decompose at temperature higher than 573 K. The weight loss at
873 K is indicative of the residue left in the rubber composites. The temperature
at 5% (T-5%), 10% (T-10%) and 30% (T-30%) degradation are given in Table
7.3. T-30% increased from 622 to 650 K with 120 phr loading of nickel ferrite,
which confirms the improvement of resistance to thermal degradation. This is
due to the presence of metal oxide in the composite which have high thermal
stability and can withstand high temperatures (~ 1173 K). The results reveal
that incorporation of nickel ferrite nanoparticles in a rubber matrix can improve
the thermal resistance of the RFCs.

The residual char yield at 873 K (which is the fraction of nonvolatile material
at 873 K) increases with loading when compared to gum vulcanisate. The forma-
tion of char could hinder the out-diffusion in the rubber composites. Therefore,
the increase of the char can improve the thermal degradation resistance of RFCs.
The enhancement in thermal stability with increase in nickel ferrite nanoparticles
in NR evidenced from our study is consistent with earlier reports [313].

7.7 Magnetic properties

The room temperature hysteresis curve of nickel ferrite and RFCs are shown in
Figure 7.10a. For nickel ferrite, the hysteresis loop parameters like saturation

magnetization (M,), coercivity (H;) and magnetic remanence (M;) are found to









NR possesses a refractive index of 1.59 and has a theoretical dielectric permit-
tivity of 2.53 [316]. The experimentally determined room temperature dielectric
permittivity of NRNFO is found to be 2.91 (at f = 0.1 MHz). Deviation from the
theoretical value may arise due to the presence of curatives in the gum vulcan-
izate. Dielectric permittivity decreases rapidly with increasing frequency towards
high frequencies. The large value of dielectric permittivity at lower frequencies
is attributed to the heterogeneity in the composite [317. 318] which gives rise to
interfacial polarization. A summary of room temperature plots of RFCs at dif-
ferent loadings of nano filler is given in Figure 7.12. Similar hehavior is observed
for all frequencies (2, 4, 6 and 8 MHz). The dielectric permittivity is found to

increase with loading while it decreased with increasing frequency.
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Figure 7.12: Variation of dielectric permittivity with loading of nickel ferrite in the
RFCs at 303 K for differemt hrequencies

The electronic polarizations in materials have a relaxation time of 10~s,
and so it will not contribute to the polarization mechanism at radio frequencies.
The main mechanism here would therefore be the interfacial polarization. As the
frequency of the applied electric field is increased. the orientational polarisation
becomes out of phase with the applied field. So. the dipolar motion can no longer
follow the rapid vibration in the electric feld. Hence the dielectric permittivity
of the polymeric materials decreases with increase in applied frequency. This
behavior of complex diclectric permittivity (e = E - _jf”) can be understood from

the Debye model for dielectric relaxation (derived on a molecular basis). given by
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" — € _
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where w is the angular frequency. €, is the static dielectric permittivity and
. . . . .. . PR - T ’ . .
(oo 15 the dielectric permittivity at infinite frequency. The real (€') and imaginary

¢} part of diclectric permittivity is given by the relation {282
p : Y i
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Accordingly. the dielectric permittivity decreases with increase in frequency
and this decrease is more prouounced at higher frequencies, which Is in aceor-
dance with the Maxwell-Wagner theory of interfacial polavization and Koop's
phenomenological model [282, 286]. As the frequency of applied fickd increases,
mterfacial polarization decreases reducing the dielectric permittivity. Tlms. by
varying the percentage of nickel fervite alone, the dielectric permittivity of RICs

could be tuned (2.85-6).

7.8.2 Dependence of diclectric permittivity on temperaturc

Investigating the temperature depeudence on the diclectric permittivity of RFCs.
it is seen that there is a gradual decrease with temperature (Figure 7.13). Two
competing mechanisms namely segmental mobility aud thermal expansion of the
polymeric matenal come into play with increase in temperatwre. The former
tends to increase the permittivity while the later reduces it.

At high temperatures thermal expansion occnrs in the rubber composite and
the ratio of the number of molecules to the effective length of the diclectric
diminishes leading to a deercase in eflective density of 1he diclectrie material. At
this instance, it is to be noted that the linear thermal expansivity of NI ix 220
x 1078/K [62] and hence its volnme expansion is 660 parts per million per .
This in turn affects the measurement conditions by incrcasing the thickness of
the formed capacitor, therchy rveducing the diclectrie peraittivity. Differential

thermal expansion between the filler and wmatrix and the resnltam disruption of
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The frequency dependence on the ac conductivity of RECs with different loading
of mickel ferrite nanoparticles in the temperature rauge 300-390 K are plotted
in Figure 7.14. Polymeric materials are usually insulators and practically no
conductivity is observed in unvulcanized elastomner. NR being a semicrystalline
polyrner can be thought of as a continuous matrix of amorphous polymer whose
propertics arc modified by the short range crystalline regions which act as the
reinforeing centers. The observed low value of ac conductivity in the vulcanized
clastomers may be due to the effect of different componnding ingredients added
to it for ciwing which may act as carniers for conduction. At higher frequencies

the ac conductivity is increased as seen from plots shown in Figure 7.14a-c.
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Figure 7.14: Dependence of ac condnetivity with filler pereentage at different frequen-
cies (a) 0.1 MHz. () 2 MHz, and (¢) 4 MH»

In the REFGs. the ac conduetivity s found to increase with increase in loading
of mckel foymie filler (Figure 7.14) {or all frequendies measured. H the condue-

tion is ionic. ion mobility through the crvstalline regions will be low and if the



conduction is electronic, the crystalline-amorphous interface will act as tapping
regions. This is similar to Maxwell-Wagner two layer models (273, 286, 287]. The
hopping of electrons between Fe?* and Fe3* ions on octahedral site and the hole
hopping between Ni2* and Ni®* ions in the B site contribute to the conduction in
nickel ferrite. At low frequencies, the grain boundaries are more active and hence
hopping of electrons between Fe?* « Fe3* is less. At high frequencies conducting
grains are more active and Fe3* « Fe?* hopping frequencies increase. Hence an
increase in conduction is observed with frequency.

Similar to dielectric permittivity, ac conductivity in composites is found to
decrease with temperature (Figure 7.15). This may be due to the thermal expan-
sion of polymer matrix. At higher temperatures the polymer density is reduced
which reduces the conductivity. At lower loading there are only marginal changes
in ac conductivity with temperatures while a sharp increase in the conductivity
is observed with loading which is due to the formation of short range conductive

paths in the rubber matrix towards the formation of percolation conduction path.
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Figure 7.15: Effect of temperature on the ac conductivity at different frequencies for
the RFCs (a) NRNF80, and (b) NRNF120

7.9 Microwave absorbing properties

The flexible nanocomposite samples prepared in the form of sheets were cut into
rectangular strips of dimension ~1 mm x 2 mm x 4 cm. Complex dielectric
permittivity (¢ —ie ) and magnetic permeability (z —ip ) were determined by

measuring the shift in resonant frequency and the change in quality factor of a
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€eff = €m

Figure 7.17 shows the plot of the measured and calculated effective permit-
tivity at different frequencies as a function of ferrite content. There is a good
agreement between the two plots. Maximum deviation of the measured permit-
tivity from the calculated value is only 3.2%. However the dielectric permittivity
is found to be a constant within the measured frequency range.

7.9.2 Complex magnetic permeability of the composite

When microwave propagates through a material, losses occur due to the time
dependent magnetic field represented by the complex permeability. The real part
of relative permeability (1) represents the reactive portion while the imaginary
part (i) describes the magnetic losses. Figure 7.18 depicts the variation of
and p" with frequency for the composites with different ferrite concentrations.
The permeability is found to decrease with frequency and increase with filler
loading. Permeability dispersion observed in ferrite is due to two magnetization
processes: domain wall motion and spin rotation [179]. The permeability u can
be expressed as gt = 1 + Xspin + Xdomain- But intrinsic rotational susceptibility
(xspin) and domain wall susceptibility (Xdomain) in turn is related to the square of
saturation magnetization (M,) [180]. Thus permeability has a direct dependence
on M,. Hence higher value of M, is one of the reasons for improved permeability
for composites with higher filler content. For single domain particles (less than
their critical diameter), the main contribution for increased permeability is solely
from spin rotation, while the domain wall motion can be neglected. However
the composites are found to have lower permeability values when compared to
that of pure ferrites. This is because the ferrite grains are embedded in rubber
matrix. The nonmagnetic rubber matrix causes a discontinuity in the composite
giving way to demagnetizing fields, thus reducing the permeability [326] at low

filler content.






The ohserved permeability of the composite is compared (Figure 7.19) with

the values evaluated using the MG mixture equation given by

2pm(l — v) + (1 + 2v)
Hm(2 + v) + pi(1 — v)

Peff = Hm (7.10)

Here 15 is the effective permeability of the composite, 1, (=1) is the perme-
ability of the host medium (natural rubber), y; is the permeability of the inclusion
(nickel ferrite) and v is the volume fraction of inclusion (nickel ferrite). The dis-
crepancy between the measured and calculated values is attributed to magnetic
interactions occurring between the grains of nickel ferrite. This interaction in-
creases with loading of filler. Also, factors like shape of inclusions, orientation
and alignment of moments of inclusions and morphology of the composite affect

the frequency response of permeability in a composite [327].

7.9.3 Evaluation of attenuation constant and reflection loss

Electromagnetic wave energy can be completely absorbed and dissipated to heat
through magnetic and dielectric losses. This can be quantified by the attenuation
constant and reflection loss which signifies the effectiveness of an absorber mate-
rial. For a good microwave absorbing material, the electromagnetic wave entering
should be attenuated completely. The attenuation constant (321] estimated from
the measured permittivity and permeability values using Equation 3.2 is plotted

in Figure 7.20a.

It is to be noted that at 2.55 GHz the attenuation constant is only 1.4 for
NRNF20 whereas a maximum value of ~18 is obtained for NRNF120 at 3.6 GHz.

This suggests the improvement in shielding of the RFCs at higher frequencies.






Figure 7.21: Reflection loss evaluated for NRNF20, NRNF80, and NRNF120 with a
sheet thickness of 12 mm in the X-band

The X-band permittivity and permeability of selected composites were mea-
sured and their corresponding reflection losses were simulated for a thickness of
12 mm. € is found to be 2.4, 2.9 and 3.7 while ¢ is obtained as 0.02, 0.07 and 0.22
respectively for NRNF20, NRNF80 and NRNF120. The measured value of y' is
1.02, 1.04 and 1.06 whereas p" is 0.04, 0.08 and 0.14 respectively for NRNF20,
NRNF80 and NRNF120. The reflection loss of the composite is found to depend
on the filler concentration. Simulations gave a minimum reflection loss of -16 dB
at 9.5 GHz for NRNF120 with an absorber thickness of 12 mm (Figure 7.21).
As reported in literature[323], the minimum reflection frequency is found to shift
towards lower frequency region with the increase in filler content. Tailoring the
complex dielectric permittivity and magnetic permeability of the composites will
aid in obtaining improved microwave absorption in the materials based on NR.

7.10 Conclusion

RFCs with different loadings of nanosized nickel ferrite in NR were prepared
and moulded into rectangular sheets. Their processability as well as mechanical,
thermal, structural and dielectric properties were examined. Though there was a
slight deterioration in the reinforcing properties of the composites, the RFCs re-
tained the physicomechanical properties of NR. Filler dispersion in the composite
was observed to be uniform. XRD pattern of nickel ferrite and RFCs indicate



phase purity of constituent materials. The electrical properties like dielectric per-
mittivity and ac conductivity of RFCs enhanced with increase in percentage of
nickel ferrite. The complex permittivity and permeability of the composites were
measured using cavity perturbation method. Maxwell-Garnett model for effective
permittivity and permeability was found to fit well with the experimental results.
A minimum RL of -5.9 dB in the S-band is obtained for 12 mm thick 120 phr
nickel ferrite loaded natural rubber composite. Simulation studies carried out at
higher frequencies (X-band) indicated that a RL up to -16 dB at 9.5 GHz were
obtained for 12 mm thick NRNF120 composite. These microwave characteristics
combined with superlative mechanical properties of natural rubber are desirable

for using RFCs as absorbers in the high frequency regime.



Chapter 8

Microwave absorbing
properties of ferromagnetic
metal /natural rubber

nanocomposites

Nanoscale magnetic metal particles embedded in a flexible polymeric material like
polyisoprene (natural rubber) permit tailoring of electromaguetic properties of
the resulting nanocomposite. This chapter discusses the preparation and charac-
terization of ferromagnetic metal natural rubber nanocomposites. Ferromagnetic
metal nanoparticles of Fe, C'o and Ni were prepared by the top-down mcethod of
high encrgy ball milling and then they were incorporated in a polymer matrix
according, to a specific recipe to obtain flexible magnetic nanocomposites. Their
diclectrie permittivity and magnetic permeability in the different microwave fre-
guencies were investigated using a vector network analyzer by employing a cavity
perturbation technique. The reflection losses of the composites with different
absorber laver thicknesses were evaluated based on the model of a single Luyer
absorber backed by a perfeet conductor. The optimum thickness for a particular

opuerating frequeney is determined.
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8.1 Introduction

With the proliferation of different comnuunication gadgets and employment of
very high frequencies in communication systems (RADAR. mobile phones, wire-
less LAN, Bluetooth etc.), electromagnetic inuterference [237, 328] ltas become a
concern of legislators, planners as well as sclentists. The devclopment of cost
effective flexible electromagnetic wave absorber is one of the alternatives before
scientists and engincers in order to mitigate this man made menace [329).

Usually polymer composites are used as electromagnetic wave absorbers. They
are made by the incorporation of metal particles or provided with an appropriate
coating of netal, in order to tune the matching parameters for enhanced absorp-
tion. Once polymer volume predominates in the composite, the filler particles
are insulated from one another and theiv mechauical properties follow those of
polymer. But when the filler loading is high. imicrowave properties are enhanced
but mechanical strength degrades. Henee a tradeofl between these two has to be
made to obtain a fexible microwave absorbing material.

Natural rubber (NR) is a flexible dielectric material with good inechanical
shoek absorbing property. Incorporation of fervo/ferri magnetic particles in NR
can impart both dielectric permittivity and magnetic peruteability to the rubber
composites [100, 325]. Magnetic metal inclusions can impart higher maguetic
permeability and such metal/polviner composites ave of significant interest to
the scientific community when compared to conventional composites contalning
ferrites [325]. But high conductivity of mietals limits their use for high frequency
applications due to skin effects |159]. This can be overcome by size reduction
of metal particles followed by surface modification or incorporation in a noncon-
ducting medium {88, 302|.

Emergence of nanotechnology has evolved novel methods of size reduction that
has paved way for the fabrication of nanocomposites with superlative absorbing
characteristics. Maguetic metal particles have a skin depth of few micrometers
i the giga hertz (GHz) range (161, 330]. So reducing the particle size well below
this scale and isolating them by ap inselating material will help in suppressing
the eddy carrent losses, Nanosized magneric metal composites bhased on carbony!

iron 331]. hollow wickel spheres (3320 3337, Ni-Ag core shell structuresi334] and



metal encapsulated in carbon nanotubes [146] have shown enhanced microwave
absorbing properties. These magnetic nanostructures have limitations with re-
gard to their scalability and cost.

Metal particles when subjected to high energy ball milling can transform to
grains of few tens of nanometers (88| well below their skin depth. Here particle size
is controlled by optimizing the duration, speed and medium of milling. Particles
of appropriate sizes can thus be prepared and incorporated in to the host matrix to
prevent further oxidation. Absorber layer thickness and bandwidth of absorption
can be modelled as per the surface impedance equation. This chapter discusses
the findings of such an investigation carried out on ferromagnetic metal/rubber

nanocomposites.

8.2 Experimental

8.2.1 Synthesis

Ferromagnetic metal powders, Fe (5.D fine-CHEM LTD. BOISAR 401501, Iron
(metal) powder, electrolytic-300 mesh LR, Product No.38601), Co(CDH extra
pure >99.5%) and Ni (SRL Pvt Ltd, Nickel powder extra pure >99.5%) were
subjected to high energy ball milling in a I'ritsch Planetary micromill 'Pulverisette
7. A milling medium of toluene was used to avoid contamination from the milling
tools and to minimize the wear. The powder to ball mass ratio was maintained
at 1:10. The milling speed was fixed at 500 rpm for 1 h. Earlier studies on
ferromagnetic metal powder («-Fe) [88] indicate that the maxiimum size reduction
is attained during the initial stages of milling time and once an optimum size is
attained, reduction in grain size is marginal even after prolonged milling. So the
milling time was fixed for 1 h.

These powders were thoroughly characterized and then mixed with natural
rubber (ISNR- 5 grade, supplied by Rubber Research Institute of India, Rubber
Board. Kottayam) along with appropriate amowits of curatives in a Brabender
Plasticorder (model: PL 3S) as per ASTM staundards (D 3182-89 2001) according
to a specific recipe (Table 8.1) developed by extensive experimental iterations.

The samples were labelled as NRO for gum (unfilled) NR while NRFe80, NRCog0
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Table 8.1: Formulation of mixes for preparing ferromagnetic metal natural rubber
prey s &

111:1110(?01!1])()“{95

Ingredients NRO NRFe80 NRCo80 NRNIi&0
(phr)
Natural rubber {(ISNR-5) 100 100 100 100
Zinc Oxide 4 4 4 4
Stearic Acid 2 2 2 2
Triphenyl Quinone 1 1 1 i
CBS« 0.3 0.3 0.8 0.8
Filler - 20 80 80

{(Vol % 8.6) (Vo % 7.5) (Vol % 7.6)
Sulphur 2.5 2.5 2.5 2.5

*n-Cyclohexyl-2-Benzothiagyl Sulpheunamide

Table 8.2: Cure characteristics of metal/rubber nanocomposites

Samp]e Maximum Minimum Cure Time  Scorch Time CRI
torque torque toy tig {(min—1)
(dNm) (dNm) {(min) {min}

NRO 3.001 0.11 Tl ] 331

NRFe80 1.007 0.14 3.9 2.0 $38.0

NRCoR0 3.308 0.15 6.9 3.2 51.5

NRNiIS0 4.050 0.13 8.5 5.1 30.2

and NRNi8O for 80 phr {parts per hundred parts by weight of rubber) of iron,
cobalt and nickel nanoparticles filled NR composite respectively.

The compounds were kept to mature for 24 h. Optiman cure time at 150
°C for each samiples were determined using rubber process analyzer (RPA, 2000-
Alpha technologies). The cure characteristics of filled rubber compound vary
with type, size and amount of filler loading 335]. Cure characteristics such as
maxinnm torgue. minimurm torque. cure time (tgg). scorch time (t39) and cure
rate index (CRI) were determined prior to moulding of the mixture into sheets
(Table 8.2).

The compounds were then compression moulded at 423 K for their respective
cure times in an elecirically heated hydraulic press. Optimizing the filler loading
to 80 phy was done in order to meet the competing requirements of physicome-
chanical and wagnetodiclectric properties of the composite. Previous studies on

fervite nanocomposites based on NR have shown a decrcase in the mechanical



properties at higher filler loadings, especially above 80 phr [135, 336]. This jus-

tifies the selection of the specific composition of filler loadings.

8.2.2 Characterization

Structural analysis of the samples were performed using X-ray diffractometer
(Rigaku Dmax-C) using Cu Ka radiation (A = 1.5418 A). The surface morphol-
ogy of the composites were observed using a field emission scanning electron
microscope (FESEM, JSM-6335). Room temperature magnetic measurements of
the filler as well as composites were carried out in a vibrating sample magnetome-
ter (EG&G PAR 4500). Complex dielectric permittivity and complex magnetic
permeability of the composites were determined by employing cavity perturba-
tion technique using vector network analyzer (S-band: Rohde & Schwarz ZVB4
and X-band: Agilent 8510C). Rectangular strips of the metal rubber nanocom-
posites were punched out from the composite sheets with appropriate dimensions
for characterization. They were then inserted into a rectangular cavity followed

by noting the shift in resonant frequency and quality factor.

8.3 Structure and morphology

XRD pattern of 1h ball milled iron (Fe-1h), cobalt (Co-1h) and nickel (Ni-1h)
powder are shown in Figure 8.1(a-c). The XRD peaks are compared with the
standard values (ICDD file no.: bec Fe: 85-1410, fcc Co: 15-0806, hcp Co: 05-
0727 and fcc Ni: 04-0850). Fe particles are found to be crystalline with bec
structure while Ni particles possess fcc structure. The XRD pattern of cobalt
indicates the presence of both fcc and hep phase of cobalt in the sample (fce
indicated by '+’ and hcp by '#'). The average crystallite size were determined
from the Debye Scherrer’s formula {117, 118] and is found to be 17+3 nm, 19 nm
and 2014 nm while the lattice parameters were 2.867 A, 3.511 A and 2.85 A for
Fe-1h, Co-1h and Ni-1h respectively.






Table 8.3: Mechanical properties of metal/rubber nanocomposites

Sample Tensile Tear 300% Elongation Hardness Resilience
strength strength modulus at break {Shore A) (%)
(MPa) (N/mm) (MPa) (%)

NRO 3.001 0.11 114 54 8.4 33.1
NRFe80  4.007 0.14 5.9 2.0 3.3 38.0
NRCo80 3.308 0.15 6.9 3.2 4.9 51.5
NRNi80  4.050 0.13 8.5 5.1 5.2 30.2

The images reveal that filler grains are far less than the size of their corresponding

skin depth {161, 330] and are surrounded by insulating rubber matrix.

8.4 Physicomechanical properites

The properties and performance of a rubber product depend on many factors
including the chemical nature of the rubber, the amount and kinds of ingredients
incorporated into the rubber compound, processing and vulcanizing conditions,
design of the product and service conditions. Among different ingredients, fillers
play an important role in determining the final vulcanizate properties. Fillers can
be either reinforcing or nonreinforcing. The crucial characteristics that decide
the reinforcing capability of the fillers are size, shape, specific surface area and a
combination of the size distribution and shape [62].

Mechanical properties namely tensile strength, tear strength, 300% modulus
and elongation at break were determined using a Shimadzu, Universal testing
machine at a cross head speed of 500 mm/min. Stress-strain measurements were
carried out as per ASTM D 412-98a(2002). The hardness and resilience of the
composites were also determined. The results are tabulated (Table 8.3). It can
be seen that there is only a small change in the tensile as well as tear strength
values with loading of 80 phr of ferromagnetic metal nanoparticles, retaining the
mechanical properties of NR. 300% modulus as well as elongation at break values
are found to increase. The hardness of the composite is improved while rebound

resilience is found to decrease with filler incorporation.






Table 8.4: Observed and calculated magnetization of the composites

Filler My, Composite M Calculated M Experimental

(emu/g) (emu/g) (emu/g)
Felh 201.65  NRFe80 84.77 82.01
Co-lh 15385  NRCo80 64.67 61.96
Ni-lh  52.84 NRNi80 22.21 21.13

are observed for NRFe80.

8.6 Microwave absorbing properties

Figure 8.4 (a, b) depicts the variation of real and imaginary part of complex di-
electric permittivity of the metal/rubber nanocomposites at different frequencies
(S and X-band). For all the three samples (NRFe80, NRNi80 and NRCo80), ¢ is
almost a constant while € shows a gradual increase with increase in frequency.
It is to be noted that the metal inclusions in an insulating material like NR in-
creased the permittivity of the composite from 2.8 to 6.4 for NRFe80. In the case
of NRCo80 and NRNi80, € is 5 and 4.5 respectively.

Enhancement of effective permittivity in the composite is due to interfacial
polarization of free charges from the ultrafine conductive inclusions dispersed in
a nonconducting matrix. When an electric field is applied, the free electrons
in metal particles move apart and behave like electrically isolated charges near
the interface [178, 337--339]. For the same amount of filler loading (in phr),
the volume fraction of filler and the number of interfaces are more in NRFe80.
This also contributes to the increased value of permittivity in NRFe80. The
volume percentage of metal nanoparticles in the composite is well below the
percolation threshold (~16 vol%) [340]. Therefore isolated metal nanoparticle
inclusions act as minicapacitors giving higher permittivity values. The size of
these isolated particles in the rubber matrix is far less than their skin depth
(depth of penetration of current at which its value decreases by (1/e)* of its

surface value) as evident from the SEM micrographs.






loss due to free migration of charges is vanishingly small at high frequencies. The
increased dielectric loss in the X-band is due to the relaxation polarization loss
occurring during the oscillation of the dipoles formed around the metal nanopar-

ticle inclusions, which dominates in the high frequency regime.

Other than the space charge polarization, eddy current[343] also affects the
electromagnetic properties of the ferromagnetic metal polymer composite.© This
in turn is dependent on the skin depth of filler inclusion. In the present study,
the particles are in the nano regime and thus eddy current effects are vanishingly
small. ' and p” of NR is close to 1 and O respectively, due to its inherent
non-magnetic nature. The complex permeability of the metal rubber composites
(NRFe80, NRCo80 and NRNi80) determined at S and X-band are shown in Figure
8.4(c, d). NRFe80 is found to have a maximum permeability of ~ 1.2. Moreover
the magnetic loss is increased from 0.1 to 0.2 in the X band. Permeability of a
magnetic material has a direct bearing on the saturation magnetization where
as it is inversely related to the coercivity of the material [100, 344]. The initial

permeability of ferromagnetic materials is given by the relation

M7

W= QEH.M, + bME (8.1)

Here ‘a’ and ‘b’ are constants determined by the material composition, A is
the magnetostriction constant, £ is an elastic strain parameter of crystal, and 'k’
is a proportionality coefficient. Thus, for higher values of M, and lower values of
H,., improved permeability are obtained which in turn enhances the microwave
absorption. Both these criterion are satisfied for iron filled composite which

thereby give higher permeability.






Figure 8.5(a-f) depicts the RL at various absorber layer thicknesses (d ~1-16
mm) evaluated in the S and X-bands from the measured complex permittivity and
permeability values. NRFe80 gave a RL minimum of -6.8 dB at 3.48 GHz for an
absorber thickness of 8 mm in the S-band. In the X-band, NRFeB0 gave excellent
absorption with RL minima of -45 dB at 9.6 GHz for an absorber thickness of 9.1
mm. The RL over -10dB indicates 90% absorption of electromagnetic energy. -20
dB RL represents energy absorption of 99%. Here for NRFe80, a bandwidth of
1.74 GHz and 510 MHz corresponding to a RL over -10 dB and -20 dB respectively

is obtained.

RL for NRNi80 and NRCo80 at different absorber thicknesses were also ex-
amined. Both these samples gave RL not more than -4 dB in the frequency bands
investigated. A bandwidth of 1.71 GHz below -2 dB is shown for NRNi80 in the
X-band, which is insignificant when compared to NRFe80. It is to be noted that
increasing the thickness of the absorber material resulted in a shift of RL minima
towards lower frequencies (Figure 8.5) consistent with the quarter wave principle
[237] i.e.; d x 1/ f (Equation 3.5). This behaviour is observed in all the samples.
Moreover multiresonance peaks were found to be absent in the S and X-band. In-
vestigations carried out by Qing Yuchang et al. [342] on the microwave absorbing
properties of flake carbonyl iron (55wt%) in epoxy-silicone resin showed a min-
imum RL of -42.5 dB at 10.6 GHz. Minimum reflectivity of -21.7 dB for 3 mm
carbonyl iron/ethylene propylene diene monomer radar absorbing material was
reported at 3.54 GHz with 45 vol% of carbonyl iron {345]. In the present study,
8.6 vol% iron/NR nanocomposites gave excellent absorption of electromagnetic
wave in the X-band. We have found a decrease in bandwidth with thickness of
the absorber (Figure 8.6a). A bandwidth of ~1-2 GHz can be maintained with a

thickness of 8.5-11 mm over -10 dB.






cost effective rubber based microwave absorbers with iron nanoparticles as in-
clusions possessing superlative mechanical properties. Additional functionalities
of the composite add value to this widely used and easily available commercial

elastomer.



Chapter 9

Conclusions

Nanoscience and nanotechnology is surging ahead with greater pace than antici-
pated and leaving a mark of its own in the day to day life of human beings. This
is an area where materials play a very important role and in particular the size
and shape of particles decides much of its properties. Quantum mechanics was
able to unearth the ’less-understood’ at the nano level. Now, with this under-
standing it is possible to tailor various properties of materials namely physical,
mechanical, thermal, optical as well as electrical properties by tuning the size
and shape of particles.

With the advent of nanoscience and nanotechnology, nanostructures, nanocom-
posites and hybrid nanostructures have become very important and they play a
significant role as far as applications are concerned. Magnetism and magnetic
materials have been playing a seminal role right from the civilization days and
will continue to be a dominant one in the days to come. It is a fact that these ma-
terials find places in many areas like in high density data storage, nanoelectronics,
magnetic caloric effect, multiferroics, spintronics or giant magneto resistance.

Oxide form of iron and magnetic metal particles were known for their ferri/
ferro magnetic properties and are increasingly being used. When one wants to
modify the various magnetic characteristics of ferro or ferromagnetic materials,
one has to deal with the adverse effects of finer sizes, visa a vis reactivity, ox-
idation, thermal stability or grain growth. Passivation is a viable alternative
and there can be no other material better than carbon for this purpose. Different

forms of carbon exist and some of them are graphite, diamond, carbon nanotubes,
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carbon nano fibres, carbon horns, carbon flowers etc. Latest entry to this family
is graphene.

Carbon nano onion or CNOs as they arc called, 1s a very important member
of carbon family and has many applications ranging from light emitting devices,
optical limiters, solid lubricants, additives for acrospace applications, hydrogen
storage devices or fuel cell electrodes. As far as the synthesis of CNOs are con-
cerned, hi-tech technigues like high temperature pyrolysis. thermal ablation, arce
discharge or clectron beam irradiation based wethods are normally employed. I
a cost cffective method can be adopted for the preparation of CNOs, magnetic
metal particles can he embedded in CNO. The advantage of embedding metal
nanoparticles in CNO is multifould. Carbon being a good material for diclectries.
and embedding magnetic metal nanoparticles in CNO will impart the required
magnetic characteristics, theyv can be ngeful material for inicrowave absorbing ap-
plications. The nonlinear optical properties of magnetic metal embedded hybrid
nanostructures will also be of interest both from a fundamental perspeetive and
an application point of view.

Natural rubber is abundantly available in the state of Kerala and value ad-
dition to this naturally occuwrring resource will he always an alternative propo-
sition by fabricating composites based on natural rubber and nanoparticles of
ferri/ferromagnetic materials. Natural rubber based magnetic nanocomposite are
also candidate materials for microwave absorption becausc they can be moulded
into desired shape, fabricated iu the form of gaskets and morcover, their mechan-
ical and electromagnetic properties can be modified by incorporating fillers like
precipitated silica or carbon black. This particular investigation was carried out
with these objectives in mind and the following are the summary of this work.
There exist scope for improvement which are highlighted in this chapter.

Metallic ivou is an important magnetic material and the nanoform of iron is
mvestigated in great detail. When the size of iron particles become finer and finer,
1t 15 prone to atmospheric oxidation and pasisvation is highly essential. Passiva-
tion of iron nanoparticles with oleic acid provides the repulsive energy to prevent
agglomeration. The effect of thermal annealing on the hybrid structures prepared
by novel technigues was carried ont and it has been found that the resnltant ma-

terial formed is stable iron-carbon nanocomposites. A saturation magnetization
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of 113 emu/g was obtained for the iron-carbon nanocomposite with no observ-
able oxide phase. The Raman spectra revealed typical D and G fingerprint bands
einanating from the carbon matix. Optimized carbon coating over the magnetic
metal nanoparticles is highly desirable in minimising the eddy current loss of these
materials with higher Snoek’s limit. Restricting the particle size of the magnetic
material well below the skin depth and passivating with a dielectric layer of car-
bon ¢mbodiments an ideal structure. This helps in manipulating the complex
diclectric permittivity as well as complex magnetic permeability, which in turn
can tunc the microwave absorbing properties. Attempts were made to study the
variation of dielectric permittiviy and magnetic permeability at microwave fre-
guencies and hence deternmne their reflection loss to understand the effectiveness
of the absorbing properties of the nanostructures. The passivated magnetic iron
nanoparticles were found to possess good impecdance matching which lead to the
cnhancement of microwave absorption. Iron-carbon nanostructures gave a reflee-
tion Joss ininimuim of -18 dI3 with an absorber laver thickness of ~ 2 mm in the
X-band.

Similarly, experiments were carricd ont to prepare highly stable cobalt and
nickel nanoparticles.  As in the case of iron nanoparticles, cobalt and nickel
nanoparticles were synthesized by in situ passivation with oleic acid. Thermal
treatinent of oleic acid passivated cobalt nanoparticles at different temperatures
were examined using transmission clectron microscope.  The results revealed
the evolution of carbon nano onions which was really exciting {shown in the
front cover of this thesis). A growth mechanism for the evolution of CNOs was
also proposed. Though the observance of CNO in cobalt nanostructure was a
serendipity, it worked ont 1o be a very cost effective method and the evaluation
of various properties revealed that the quality of CNO thus prepared are su-
perlative. Such nanostructurces previously reported required hi-tech experimental
conditions. This was a cost effective and scalable technigne and a patent is filed
for this process. The optical limiting propertics of cobalt encapsulated within the
graphitic shells were examined using open aperture z-scan techniques. The nu-
werical fits of the open aperture experiments were found to fit well with the two
photon absorption mechanism. Cobalt /carbon nanostructures were found to pos-

sess superlative microwave absorbing propertics in the X- band with a reflection
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of -16 dB having an absorber thickness of 1.75 mi.

Highly stable nickel/carbon hybrid sanostructures were also successfully fab-
ricated. These contained nickel/carbon core/shell nanostructures, hollow carbon
nano onions and carbon nano fibres. The magnetic properties of these passivated
nickel nanoparticles were investigated using SQUID magnetometer. In the case of
nickel /carbon nanostructures. the microwave absorbing propertics were compar-
atively good with respective to iron or cobalt nanostructures. It gave a reflection
loss minima of -45 dB at 3.13 GHz with a thickness of 6.6 mm. The loss was over
-10 B within a thickness range of 5.8-8 mum in the S-band where as it was over
-10 dDB for a thickness of 2.2-2.6 mm in the X-band. Onec can also think of tuning
carbon coating thicknesses for attaining the perfect impedance matching criteria.
The very fact that high quality CNO could he fabricated using controlled thermal
anncaling of cobalt-oleic acid protocols prompts one to ponder whether such non-
magnetic nanostructures of Cu or Pt-CNOs could be fabricated? Such structures
are also important because of the uniquencss of Cu-CNQO combinations.

The catalytic property of 3d-trausition metal particles were employed to fabri-
cate highly stable magnetic metal carbon nanostructures. The sheif life of carbon
passivated magnetic metal nanoparticles was excellent which promises the usabil-
ity of thesc nanostructures in devices. The percentage of magnetic constituent
in the composite can be optimized for tuning the magnetic and dielectric prop-
crties in order to improve the impedance matching. Morcover, a thorough study
employing in situ TEM experiients to unravel the reaction kinetics relating the
evolution of carbon layers over metal nanostructures can be carrvied out in future.
The presence of any traces of oxide contamination can be closely looked into by
employing techniques like X-ray photoelectron spectroscopy on the system.

Investigations on the structural and magnetic properties of nickel ferrite nanopar-
ticles; obtained by different synthesis routes were also carried out. It was found
that the dieleciric properties could he tuned with respect to their grain size. The
obtained results were very well correlated with the conventional dielectric disper-
sion models. The effect of high energy ball milling on the cation redistribution
that may oceur can be investigated in ferrite nanoparticles can furthier be stud-
ied by emploving techniques like Mosshbauer spectroscopy, neutron diffraction or

X-ray photo electron spectroscopyv. The gas sensing properties of nanoferrites



have not been investigated in this thesis. There exist scope for research in this
regard which can be carried out by appropriately tuning the composition of the
materials.

The main drawback of magnetic nanoparticles for device fabrication is that
they are difficult to be moulded into complex shapes which make it less effective
for structures in movable parts. This issue was thoughtfully tackled by fabricating
natural rubber-nickel ferrite nanocomposites. Recipe for mixing was formulated
by extensive experimental iterations and composites were moulded and cut into
desired shape. The percentage of filler particle (nickel ferrite) was varied and
the cure and their physicomechanical and microwave absorbing properties were
studied. Flexible magnetic composites sheets were developed possessing good
microwave absorbing properties. From the experimental results of the complex
dielectric permittivity and magnetic permeability, a reflection loss minimum of
-16 dB was obtained at 9.5 GHz for 12 mm thick 120 phr nickel ferrite loaded
natural rubber nanocomposite. Preliminary work to improve the bandwidth as
well as to enhance the mechanical strength was carried out by formnulating a recipe
with precipitated silica or carbon black as additional filler along with nickel ferrite
in natural rubber. These results are not included in the thesis to avoid deviation
from the main theme.

Magnetic metal nanoparticles like iron, cobalt or nickel well below their skin
depth were also incorporated in natural rubber for the fabrication of ferromag-
netic metal rubber nanocomposite based microwave absorbers. Metal nanopar-
ticles of Fe/Co/Ni were prepared by the top-down approach of high energy ball
milling. Iron filled rubber composite gave best results in X-band of the microwave
spectrum, A reflection loss minimum of -45 dB at 9.5 GHz could be achieved for a
layer thickness of 9 mm. Hence quality sheets of natural rubber nanocomposites
with desired physicomechanical as well as microwave absorbing properties were
fabricated which provides value addition to the easily available raw material in
the state of Kerala, India.

An experimental set-up for measuring the complex dielectric permittivity and
complex magnetic permeability employing cavity perturbation technique was
made operational during the course of this investigation. A completely auto-

mated microwave measurement set-up using virtual instrument software, Lab-






also coated after the addition of curatives in a specified recipe (Figure 9.1b).
This gave agglomeration free magnetic films while those coated without cura-
tives lead to the agglomeration of ferrite particles forming fractal like structures.
However not much was gathered on these structures and this is an area where
more fundamental insights need to be de derived and perhaps can be linked to
its morphology. This can be carried out as an extension of the present investiga-
tion. Metal-CNO nanostructures exhibiting excellent nonlinear optical properties
can be a good optical limiter if these structures can be spun on to appropriate
substrates. For the evaluation of microwave absorbing properties of emulsions, a
separate set-up can be fabricated and the data can be modelled using appropriate
theories. Even thin films ou various substrates and such multilayered films along
with ferroelectric layers will give rise to multiferroic nanostructures. This is a
futuristic proposition.

One wonders whether there is any room for disorder in any scientific investi-
gation! The very fact that there is convergence in ones research at some point
of his/her work, because of serendipity, is a sort of ‘order-out of disorder’ phe-
nomenon. Though it sounds philosophical, there are many parallels for this in the
day to day life too. If the evolution of a cost effective process for the fabrication of
cobalt-carbon nano onions is a serendipity, then this is also an ‘order in disorder’.
Perhaps it is the amount of ‘disorder’ that determines order in any phenomenon.
Hypothetically speaking, if Alexander the Great had met with Gymnosophist who
was meditating in the Himalayas, the Gymnosophist would have commented, “If
your motive is linear, 1 am looking at infinity” which is nonlinear and replete
with opportunities. This work too has close parallels in this context and this
investigation and its outcome is only a small seed which needs nurturing and can
be nucleated and controlled as iu self assembly. So linear structures and order

from nonlinear structures and disorder can be evolved!
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