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Abstract

Electromagnetic interference (EMI) is an escalatogcern in the modern electronic
climate. As such it has become a critical areaottser when designing and packaging
electronics. With the growing volume of electrodevices available and with processor
frequencies increasing, the electromagnetic enmemt is becoming ever more

congested. The need for adequate EMI shieldingpbesme an essential consideration.

The desire for high performance combined with rédas in size, weight and
manufacturing cost suggests that polymers shouldided materials for parts such as
electronic housings. Unfortunately polymers gengrdb not provide shielding from

electromagnetic waves.

The research detailed in this thesis investigates manufacture and testing of
conductively filled poly(methyl methacrylate) (PMNIA&omposites. Samples of PMMA
resin and various electrically conductive filler tevaals were manufactured. The
processing methods, electrical properties and releetignetic behaviour were all
investigated. Composite polymer coatings were ednwith a K-Control Coater and
evaluated for surface resistivity and EMI shieldieffectiveness. Samples were
produced with a range of filler materials includingkel, carbon, copper/aluminium
and silver coated glass spheres. Shielding effecéiss values of approximately 70 dB
were obtained for coatings of PMMA filled with s#wv coated hollow glass

microspheres.

Attempts were made to produce an alternative fitleterial by electroless nickel
plating of expanded graphite powder. Successfultinglawas achieved using
conventional methods of surface sensitisation efgtaphite. This however resulted in



agglomerations of the powder and a loss of therei@ghysical properties. Alternative
thermal surface treatments proved to be unsucdeasséctivating the graphite surface

with no nickel deposition occurring.

Furthermore, electroless nickel plating techniquwese successfully utilised in the
development of an alternative manufacturing procéss producing electrically

conductive PMMA composites which contained a redutetallic content, in relation

to a more traditional production technique. Plagwese manufactured by compression
moulding of nickel plated PMMA granules. These wemnpared against samples
manufactured with nickel powder mixed in a Braber@asti-Corder. The electroless
plating method produced samples that outperforrheccomparative method and were
shown to contain a reduced metallic content. Shmgleffectiveness of the electroless
plated granule samples achieved approximately 34aiBpared to a maximum of only

2.5 dB for the Brabender compounded samples.

Outwith these areas of empirical testing a compuigidel was produced to simulate the
electromagnetic shielding behaviour of composit¢éenias using Comsol Multiphysics.

This model appears to successfully simulate theegrane testing apparatus. However
the theoretical conductivity values as calculatrednf effective media theory resulted in

disproportionate shielding effectiveness valuesioled.

Further research into the electroless plated anohpoession moulded PMMA
composites would be beneficial in order to fullytiopse the process. Equally the
theoretical model would require further investiggtiand validating before more

accurate simulations could be achieved.
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1 Introduction

Electromagnetic radiation is a combination of elmuic and magnetic energy that spans
the frequency spectrum with varying properties apglications. As can be seen in
Figure 1 these range from low energy (large wawgt®nradio waves through to high
energy (very short wavelength) gamma radiation. §dope of this investigation will be
to examine electromagnetic waves within the micnveegion, predominantly in the
ultra high frequency and super high frequency ran@er interference issues and to
examine the potential role for polymeric composiéss suitable shielding solutions.
Electromagnetic studies have been one of electraajineering’s original and
fundamental subject matters and are still as vafidever today. Growth in modern
electronic devices has ensured that electromagnetges have become more
ubiquitous than evéll. Alongside traditional electromagnetic emitting/ites such as
radios and television, the current trend towardess devices has seen the collective
signals combine and create an ever more congelgetioenagnetic environmert.
With processing speeds, frequencies and functignaf such devices regularly
increasing, this electromagnetic environment i/ @dt to become more saturated and

consequently the need for shielding will also iase>*.,
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Figure 1.1, RF Spectrum?

1.1 Electromagnetic Interference Issues

Electromagnetic interference (EMI) controling medls are varied and largely
dependent on the type of EMI and constraints withi& emitting product or device
itself. There are two main types of EMI to inveati - those consisting of conducted

interference, and those of radiated interference;

- With conducted radiation the EMI is conductedutjo cabling and circuitry. This
kind of problem is best solved through electrom#éign@M) filtering and designing
devices with EM in mind®®.. However this is beyond the scope of this investim

and is not something that will be considered here.



- Radiated emissions are more random and re that devicesre shielded from EM
wavespenetrating int susceptible components, and frotternally generated emissio
escaping andpotentially creating interferencgroblems elsewhe [l This can be
achieved though encasing the device in a shing housing. Thigrovides a barrier that
is impenetrable to EM wave¢ Shielding materialggenerally reuire high electrical
conductivity.Howeve in the case of composite materials, ®iictrical connectivity i
not always required for shieldi, although it will significantly aid the shieldin

effectivenes®!.

EMI problems range from equipment damacerratic response, and general
malfunction. Many of hese are caused by false signals being introducéuketsysten
as can be seen iRigure 2, where a false pulse is generated due to an inc
electromagnetic disturban In this example the deviceould be operating under
normal conditions until a distbance is induced into the sig, which in turn is
detected by the device as an intenpulse. This could then be taken ¢ command

resulting in an erratic response from the sys

Induced EM
! Disturbance

" An “Extra” Pulse

Figure 1.2, False Pulse Generatiof)



Electromagnetic emissions are waves generatedrandntitted through the operation
of a device and although these will not always eayserational interference they have
the potential to reach a certain critical level véhéhey will. Once the critical level is

reached these emissions are classed as EMI. Exaoigleese forms of interference are;

- Parasitic emissions
- Intentional emissions, integral process for manyiaes

- Electrostatic discharges (ESD)

Parasitic emissions are the resultant electromagfields that are generated as a by-
product of a devices normal operatiBfi. Although electromagnetic compatibility
(EMC) regulations have been introduced in an atteémpgontrol the level of emissions
generated by such devices, the levels that aralfctemitted are often much larger
than predicted and designed for. A variety of ctads, including testing methods, the
installation process, long cabling and often simjblgt shielding covers are not being
utilised, can all influence the level of EMI emimss when operational. Parasitic
emissions being unintentional and generally quiéedomly generated are very
unpredictable. This makes it more important to manthem at the source through

adequate design, shielding and correct operaltdns

Intentional radiation of electromagnetic waveslsoa very important area to consider.
Much of the electromagnetic environment comprisegnats from electronic

components ranging from mobile communication desjite radio and TV broadcasting.
These all operate at differing frequencies wittiedént energy levels. The accumulation

of all these signals alongside the parasitic emmssimake up the background noise
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levels that surrounds us all on a daily basis aadehto be accounted for when

investigating EMI problems.

1.2 Aims and Objectives

The aim of this research is to develop suitable ufanturing processes and testing
procedures for electrically conductive polymer cosife materials for use within the
electronics industry as suitable shielding for gt@oagnetic interference applications.
It is imperative that the manufacture and test megiis relevant to commercial

applications while being sufficiently rigorous toopide reproducible and comparable
results. The project has been undertaken in calddiom with an industrial partner

Silberline with the aim of producing an ink, pagmtsolid plastic suitable for housing or
coating electronic shielding enclosures. Silbertiressistance has involved providing

filler materials, manufacturing equipment and ral@vindustrial knowledge.

Research will focus on the following key areas;

- Development of screen printable composite materald test sample
production methods.

- Investigation and comparison of filler material pedties and the resultant
composite characteristics.

- Comparison of alternative materials and productiethods for conductive
polymer composites.

- Development of a suitable procedure for electramicl electromagnetic

shielding effectiveness testing.



- Simulation of the electromagnetic shielding behawioin Comsol

Multiphysics.

1.3 Silberline

Silberline was founded in 1945 to manufacture amply effect pigments for the paint,
industrial coating and polymer industry. Focusirgeit product range mainly on
aluminium and aluminium alloys, they manufactureaage of pigments with varying
visual properties. Although highly focused on thH#ea pigments industry and
providing improved aesthetics, they developed ater@st in the possibility of
functionalising their pigments. This project wiliviestigate filler materials for sample
manufacturing and testing provided by Silberlineongiside other commercially

available materials.



2 Literature Review

2.1 Traditional Approach to Shielding

Common methods of shielding involve housing theickewithin a conductive barrier
of sheet metal or wire mesh that dissipates theggreafely away. This process follows
Faraday’'s cage principle which states that within emclosed conductive area no
electrical field will be present, and equally thgposite is true that no EM field will
escape an enclosed conductive area. This effeat®dae to the application of Gauss’s
law where all excess positive or negative charge ioonductor will reside on the
surface. Due to the ability of the charge to mowhiw this conductor, the free charges
redistribute themselves nearly instantaneously eatth charge is under zero net force.
Therefore the electrostatic field inside a chargaaductor and away from the surface is
zero*?*3l solid metal sheeting is rarely a viable optiomeetals are expensive and the
limitations of size, weight, shape and manufactypnocessing render them unsuitable
for many modern applications. Foil covers can @saitilised as shielding blankets but
can be subject to apertures along the seams whitchthen act as a transmitting slot
antenna, exacerbating the interferefée Polymers on the other hand, are relatively
inexpensive and can be easily processed into comglapes that can provide
lightweight housings. Unfortunately, polymers asnegrally highly insulative materials
that provide little or no barrier to EM waves. Asesult, conductivity modification to
the polymer is required to enable shielding behavid@his could be in the form of
metallising a preformed polymer through a varietyntethods including electroless
plating, chemical vapour deposition and vacuum ditiom amongst othef$®. These

will all provide a good EMI shield but the overalberation can be costly as there are



many different stages and materials required. Galternatives include modifying the
polymer chemistry to allow for conductions withimetpolymer structure. This has its

own limitations which will be further discusseddatn the investigation.

2.2 Metallising Processes

2.2.1 Electroless Plating

Electroless (or autocatalytic) plating involves mheally bonding metallic ions onto the
surface of a substrate without the need for a cotdrisubstrate or electrical currents.
The deposition is highly uniform and allows for qalex shapes to be plated. However
it can be relatively slow and can also be expendive to the chemicals and multiple
process stages required. The nature of the prquessdes double sided plating with

high conductivity and effective shielding for lowaterial depositioft” &,

2.2.2 Evaporation Coating

The coating material is vaporised inside a highuuat chamber and deposited onto the
substrate surface as it condenses. This vaporisatdo be achieved through resistive
heating, cathode arc, electron beam bombardmertty daser. Being a line of sight

process, the complexity of the work piece that banplated is limited and sizes are
restricted by chamber dimensions. However in aertammercial processes large scale
vacuum chambers, of up to 2¢%,nhave been constructed. In operations of thisescal
continuous or semi-continuous reel to reel proogsss common. This involves a

flexible substrate that is passed from reel to ca@r a ceramic crucible, known as a



boat, containing the metal being vaporised. Thigoua then condenses on the substrate
as is passes over. Rigid substrates such as glasbecmetallised in a similar semi-
continuous process. The quality of coating is ddpahon a high level of vacuum, as
any vapour can contaminate the deposited metak f@sults in a loss of adhesion,

conductivity and appearance quality.

2.2.3 Sputter Coating

Another form of vacuum deposition is the sputteaito@ process. Unlike evaporation,
sputter coating is a momentum transfer processenoaised gas becomes attracted to
the negative surface of a material, bombardingnd dislodging the surface atoms
before depositing them back onto a substrate. fitusess can transfer a small volume
of metallic material from a high purity metal knows a “target”, resulting in very thin
and uniform coatings often only micrometers thiktkgeneral sputtering is limited to
coating of small objects, due to the line of sigature and the restrictive dimensions of
the vacuum chamber. Larger scale commercial sjugtés utilised for the metallising
of glass sheets using an inline sputtering systeath incorporates an arrangement of

locks, pre-treatment chamber, sputter chamber anting chambef”.

2.2.4 Metallic Conformal Coating

A novel processing technique known as metallic con&l coating has been developed
that robotically sprays atomised low melting pometals or metal alloys onto the
desired substrate. Unlike traditional thermal specagptings, which deposit metals at

high temperatures and often highly oxidised, mietalbnformal coating is suitable for



coating polymers. The molten metal flows, flatteared cools almost instantly and
without the thermal mass required to be detrimetotahin-walled plastic substratéd.
Mechanical interlocking with the substrate surfaresures strong adhesion but once
again being a line of sight process, although nfleseble than vacuum processes, this

will limit the complexity of substrate suitable.

2.3 General Electrical Conduction

In order to study the mode of conduction within atenial, it is important to investigate

the process of mobility within the atomic structofesuch materials.

Electronic conduction involves the mobility of di@mns or holes within a material’s
atomic structure. Holes are empty electron vacanaieequal positive charge that allow
for a free electron to move into such a hole. Tlogeg as the electron moves in one
direction the hole moves the opposite way thuswalg electronic conduction

throughout the material. The conductivity of a mialeis governed by the basic

equation;

G =0 nu (1)

Whereo = Conductivity, g = charge, n = concentration arl Drift mobility.

The drift mobility (1) is a measurement of the ease that a chargeddamdyass through

a material when under the influence of an exteaqgblied electrical field and is

expressed as the velocity per unit field(ris?). ??
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2.4 Conduction Mechanisms

Electrical conductivity is defined as the quantifyelectrical charge that is transferred
per unit of time over a unit of cross sectionalaaumder a unit potential difference

gradient;

Ohms law describes an equivalent definition agakie of the current density to electric

field;
_J
o=z (3)

When a non-conducting material is subjected tolactréc field it becomes electrically
polarised. This relationship between the level ofapsation and the electrical field it

has been influenced by, is known as the materaisitivity or dielectric constari

Where P is the polarisation density,is the permittivity of free space angdis the

relative permittivity or dielectric constant.
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Therefore this dielectric constant is a measuraa¥ much energy is stored within a
dielectric material per unit electric field. It alaffects the speed that an electromagnetic
wave can travel within a materfal. This value can be calculated directly by measurin
the capacitance of a material in relation to thpacéance of a vacuum of the same

dimension as the sample;

2.5 Atomic Structure

Solid materials comprise atomic cores arrangedanous repeating structures. The
easiest to describe are crystalline structuresetltensist of regular periodic structures
of atoms in a defined arrangement known as thealriatice. These lattice structures
are all repeating structures that share boundamsatvith neighbouring lattices making
up a solid material. The arrangement of the at@wghat defines the lattice type. These
different arrangements can result in seven maissek of lattice structure. Although
some variety within each type is also possible. sehaseven classes are cubic,
orthorhombic, tetragonal, monoclinic, triclinic,afmbohedral and hexagonal (Figure

2.1).
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Figure 2.1, Crystal Structure of Metals®®

The atomicstructures of such lattices often described as a combination of
positively charged ionicattice surrounded byegative electrol. These separate
components willaffect material properties independently and “siatieelectrons ar
identical it can be shown that the differencesl@tteonic properties are due more to

ions and their latticeymmetry than to the electrons themsel 2%,

The domic structure of atoms has been described azlausiof neutrons and protc
with orbiting electrons These electrons atbeorised to be grouped in several ene¢
levels or bandsas can be seen in Figure ¥, As the atom grows in size the ex

electrons form new energy ba.. It is the outermost band whiahfluences the ease of

electron transport.

13



(Figure 2.2 Atomic Structure )

When close enough to a neighbouring atom, thesiirarkelectrons can form bonds

due to the orbitals overlapping. For example, wivem hydrogen atoms pair, both the

1s-electron orbitals overlap and form two newelectronic orbitals. In the case of

crystalline solids, these divided energy levelsrifdwo continuous energy bands known

as the valence and conduction bands (Figure 2/dghware separated by a band called

a forbidden zone free of electrons sites. For &igant conduction to occur electrons are

required to be in the higher electron bands whieeecharge-carrier mobilities are high

(26]
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Figure 2.3, Band Model of Conduction

In good conductors the valance and conduction barelsaid to overlap, i.e. requiring

no extra energy to allow the electron transfer ¢ouo. In the case of semi conductors
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this energy gap is small enough to require onlynalksinput of energy, which allows

the electrons to be excited into the conductiordganoviding conduction.

Typical band gaps are 0 eV for metals, 0.5 — 5.0a\6emiconductors and greater than

5.0 eV for insulators.

Intrinsic semi conductors are materials which retyhave small enough band gaps to
require only a minimal input of thermal energy tonsilate electron transfer between
valance and conduction bands. Materials such awmageum, band gap 0.7 eV, and
silicon, 1.1 eV, are both intrinsically semicondngt but still have relatively high

resistivities of 50 ohm/cm and 2xXl6hm/cm respectivel§?”). Such resistivity can be

greatly reduced via doping to create extrinsic semiuctors. One method of doping is
to add minute quantities of a donor element withigher valence, such as arsenic, into
the crystalline lattice. This results in additioeééctrons being only loosely bound into
the structure and at temperatures close to roorpeeature the bonds are broken. The
electrons are now available for conduction. Thgetpf semiconductor is known as n-

type (negative).

Similarly if the dopant is of a lower valence, swahboron, it is known as an acceptor.
The addition of it into the crystalline structuessults in a bond unfilled which is then in
turn filled from a neighbouring electron creatinfree hole within the structure. This is

type of semiconductor is known as p-type (positive)
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2.6 Quantum Hopping and Tunnelling

As disorder within the lattice increases, the mgbik lowered and electronic energy
states become increasingly more localised. In #@dbgap model these new energy
states can be created within the previous forbiddeme. The process of electron
hopping or tunnelling is the ability of electromsdross the forbidden zone. Conduction
may occur under sufficient thermal energy by arted&@ hopping the energy barrier.
Electrons can tunnel through such a barrier eveanwifiey do not have sufficient
kinetic energy to hop it (Figure 2.4). “If two etemdes are separated by a sufficiently
thin insulating film current can flow between thdéiy means of the tunnel effect. It is

known that at low voltages this current is ohnif&".

X,
Hopping

Tunnelling

J

Figure 2.4, Electron Transfer Between Sites Separadl by Potential Energy Barrier??

Site | Sife 2

16



2.7 Magnetic Properties
Magnetisation is classed as the magnetic momentdird material per unit volume
under the action of a magnet. The magnetic moneenharefore the highest torque

value " imparted onto a material when subjected to a magffietd in free space,

divided by the magnetic field “H”;

Tm
m=— 6
o O

Where is the permeability of free space, and the magaishis is therefore;

M =7 (7)

Magnetic susceptibility “X” is a material propemglating to the ratio of magnetisation

with the magnetic field strength;

T =

(8)

Similarly the magnetic permeability of a matersiltine ratio of the magnetic induction

“B” to the magnetic field strength;

w=y ©
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Magnetic induction is given by;

B = po(H + M) (10)

Therefore, this gives the relationship betweerstiseeptibility and the permeability;

= uX+1)=pou, (11)

2.8 Inherently Conductive Polymers

Polymers that are conductive as a result of theuctire are known as inherently
conductive polymers (ICP). They can be synthesigeda specific structure or to

contain dopants to allow electron transfer.

2.9 Conjugated Chain Polymers

One solution can be achieved through modificatothe polymer structure to allow the

transfer of electrons along a chain structure kn@sna conjugated chain polymer.
These involve chemically unsaturated polymers liaate a backbone chain structure of
alternating single and double bonded atoms. Thelsshform is polyacetylene (Figure

2.5). This structure allows for each carbon atorbeédonded with only one other kind

of atom (in this case a hydrogen) and leaves ametreh free from each carbon atom.
These overlap and can create what is known asogalesled moleculax-orbital. “If =-

orbital overlap extends throughout a very long chdhe discrete set of molecular
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electronic states may be expected to merge intalf fbll valence band, giving

metallic-like conduction within the molecular chalff’.

Historically the main drawback in utilising many thfese polymers is that they have
tended to require high crystallinity and stereotadgty for good conductivity often
leaving them impractical to produce, especially lesthmaintaining conductivity.

However recent developments in the field have $eisrsituation change.

2.9.1 Polyacetylene

Polyacetylene was instrumental in the developmémany conducting polymers with
the initial fundamental research on doped polydeetyleading to the three professors
involved sharing the 2000 Nobel Prize in chemistd. Although early research
predicted that pure polyacetylene could exhibitatlietlike conduction, these polymers
were discovered to be intrinsically semi-conductiirakawa et al. discovered in the
early 1970’s that synthesis of polyacetylene wasies@able from acetylene in the
presence of a Zeigler catalyst. This research gmsp showed it was possible to
thermally control the synthesis producing a fuins-polyacetylene structure which was
stable at room temperatures. However this was faarige only semiconductivé”. It
was subsequently proven that through the haloggrnngdoof semi-conductive trans-
polyacetylene, conductivity could be increased7lprders of magnitude into a metallic
like conduction stat€Y. As Figure 2.5 shows polyacetylene is theordgictle most
basic conjugated structure but in practice, disorgenerally limits its electrical

conductivity and therefore has seen little comnadm@development.
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Figure 2.5, Polyacetylene?®?

The field of ICP’s was still an area of continualerest and in the 1980’s Heeger and
MacDiarmid successfully developed electrochemicgdinlg methods which opened the

door to advances in conductive polymers and funileer applications.
2.9.2 Polyaniline

Polyaniline can be synthesised via two varying ro@sh This approach can be either
oxidation or by protonation of the base emeralditracture through an acid treatment
(Figure 2.6)**3% Both chemical and electrochemical oxidation tresits have been
shown to be successful at producing conductive giolye and it was utilising
functionalised acids to protonate and convert puolyee into a conductive form which
enabled Cao et. al. to produce a processable polgoieble in organic solvent&.
The functionalised acid also aided compatibilitythwnon-polar and weakly polar

organic liquids and polymers which enabled polyagibolyblends to be formulat&tf’.

Figure 2.6, Polyaniline®®*!
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More recently polyaniline has been shown to combimel with functionalised
graphene, an oxidation process that improves thiabidgy of graphene, to exhibit good
conductivities and shielding characteristics. Zhagety al. demonstrated that by
combining nano fibres of polyaniline with graphepgide that composites with
conductivities reaching 231.3 S/m were achievé?ﬁ]l.eSimilarly, Basavaraja et al. were
successful in producing composite sheets of poliygnand gold nano particles which
achieved a shielding effectiveness of 45-69 dB. eWwthe addition of graphene oxide
was also included into the composite an excellbiglding effectiveness of 90-120 dB
was achieved. Considering the graphene oxide atomg provided 20-33 dB of
attenuation it was surmised that the addition apgene oxide must greatly enhance the

interaction between the polyaniline and gold naadigies®.

2.9.3 Polythiophene

Polythiophene was developed using the electropaigat®on technique that had
previously been utilised in the earlier discovefytlte aromatic conductive polymer
polypyrrole. Polypyrrole can be easily synthesisedhe doped state from suitable
electrolyte and conductive electrodes. Althoughyimbphene is slightly more difficult
to oxidise it produces a more stable polymer. aliij this synthesis was carried out by
either the Yananmoto route or the Lin and DudekteoBoth methods are metal
catalysed condensation reactions that use magnemnahtetrahydrofuran. They vary
slightly with the different metallic additions usiéd in the reaction, as can be seen in

Figure 2.73949
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Figure 2.7, Yanamoto and Lin/Dudek Routes of Polyiophene Synthesi$"!

The two methods both form insoluble low moleculaeight polythiophene with
approximately 1-3% magnesium remnant within theymer “*. Another common
approach is to polymerise thiophene at room tentpezavith a ferric chloride oxidant
in chloroform as developed by Sugimoto and Yoshifigure 2.8)*%. Karim et al.

have utilised this approach to combine carbon tudogs during in situ polymerisation

to produce a composite which increased the condtyctf polythiophene from 1.67 x

10 (S/cm) to 0.41 (S/cmif?.

ﬂ FeCly S
-
S CHCl, S n
5 2

Figure 2.8, Sugimoto and Yoshima Route for Polythishene Synthesi&™!
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2.9.4 Poly(3, 4-ethylenedioxythiophene) (PEDOT)

PEDOT is synthesised via a deprotonation polymgoisgorocess from the monomer
EDOT. Although inherently conductive the PEDOT pobr was of limited practical
use due to its insolubility. This limitation waseveome when Bayer AG developed a
soluble compound of PEDOT and poly(styrene sulfawmic) (PSS}**°. This ensured
that PEDOT became a commercial success and has uidieed by AGFA as a
transparent heavy metal free antistatic coatingheir photographic film and has also

been used in printed circuit board (PCB) fabriaatio

2.9.5 Charge Transfer Complexes

Charge transfer complexes are a class of orgamagpoand similar to radical ion
systems that exhibit high electrical conductiviffhese can be incorporated into
polymers and still retain the majority of their @lécal properties. These charge transfer
complexes are formed through a donor molecule igithionisation potential partially
transferring electrons to another acceptor molewaulle high electron affinity. Charge
transfer complexes form into a rigid stacked ctlisg structure giving a brittle, highly
anisotropic material with conduction being the ¢geaalong the stacked layétd. In
the 1990’s, demand in microelectronics packaging shemical companies such as
Ciba-Geigy develop polymer film coated for antistapplications using charge transfer

salts in a polymer matrig”.
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2.9.6 Organometallics

Molecules that contain metal-carbon bonds are knasnorganometallics and can
exhibit electrical properties similar to the metalsntained within them. These
organometallic groups can be incorporated into mpely structures and impart some
electrical properties to the chain as a whole. Tffect has been explained by the
possible mechanism where the “metal d-orbitals magrlap with ther -orbitals of the

organic structure and thereby extend electron dékation along a molecule”. This
process has gathered recent interest with the a@wvent of conducting/semi-
conducting polymers for applications such as caorosontrol to light emitting diodes.

Figure 2.9 shows two methods of manufacturing agetied organometallic networks
prepared by (a) ligand-exchange reaction and (bynperisation of pre-fabricated

complex?248-491,

ta) (b)

Figure 2.9, Manufacture of Organometallic Network&'
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3 Electronically Conductive Polymer Composites

3.1 Conductive Composite Manufacture

Conductive polymer composites can be manufacturesligh a variety of techniques
depending on the properties of the polymer, thafoetement and also the required
properties of the final composite. The limitatiars certain reinforcements such as long
fibre and pre-fabricated mesh restrict them to nMecturing processes such as hand
layup, prepregging® or continuous processes such as pultruSnPrepregging is
where an intermediate composite is manufactured pibg-impregnated fibrous
reinforcement with polymer resin. This then canengd a final process to bind and
form the near-finished product. Pultrusion is a toarous process where fibrous
reinforcement is guided through a polymer resinrggpation stage before being drawn
through a heated die. This forms and cures the ositginto a uniform cross-sectional

continuous product.

The less restrictive nature of particulate reindonent allows for most standard polymer
processing techniques to be utilised. This addididmnctionality improves the range of

products and applications that are feasible.

3.2 Percolation

When manufacturing a conductive polymer compositdilbng an insulative matrix
with conductive fillers, the matrix gradually becesnless resistive as the volume of

filler increases. This trend continues until thiéefi volume reaches a level where the
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resistance rapidly dro (Figure 3.1). This i&known as percolation thresh: or critical
volume. This resistance drop continues until a limit is heatand the reduction in
resistance slows down again. At this stage condeiatietworks have been forn.
Once percolation has been reached the additionrtifdufillers is unlikely to give an
significant improvement to the conductivity but r be likely tc have a detrimental

impact on the mechanical properties of the comg °2>")

FPercolation Curve

Lower Percolation Threshold

[Reslstlvity

= Upper Percolation Threshold

Volume Fraction Conductive Filler

Figure 3.1, Percolation Curve

Percolation threshold valuevary depending upon théller and matrix propertie.
Typically the filler materialis the heaviest and most costly aspect to a com,,
thereforereduction in the percolation threshold value optimise th-amounts of filler
required. Previous research shows that percoldhicesholis are highly depende on

the filler particle shape artheir distribution within the matriX®.

3.3 Percolation Theory

Percolation theory is a statistical means of dbsui properties and behaviour
porous media, diffusion systems and conductive cong®mHere the focus will be «

the conductivity of composite materials and howltaaling levels of conductive fillel
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affect the overall system. These are known hermadom resistor networks and are
described as a grid system with sites that areredbcupied by a conductor or remain
empty and therefore insulating. This approach tnedels the system as the conductor
sites are increased and positioned at random wittengrid, therefore increasing the
potential for conductive chains to form, until mastes are full and the material is

effectively a perfect conduct&r°.

3.3.1 Random Resistor Networks

Figure 3.2, Lattice Percolation

For the example shown in Figure 3.2 the empty sitedreated as insulators, the shaded
sites as conductors and current is only allowedlder between sites that share a
complete border. With a voltage being applied actbe complete rows at the top and
the bottom, and with a sufficiently large completad, the conductance of a sample

would be proportional to the width X and inversphpportional to the height Y.

For grids that are large and do not have enougb §lted to create a path through, then

the sample will have no conductivity, thereforediog volume V is far less than the
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critical volume \ (the volume required to create sufficient networkthin the grid).
On the other hand when V is 100% the grid’s conditgtwill equal that of the

material filling the sites. If it is assumed thia¢ ttonductivity is a single unit then;

ov=100%= Vv=100%= 1 (12)

This is saying that for one unit voltage applied grid will carry 1 unit current when
filled with an ideal conductor. The relationshipggasts that it will be proportional
across the volume range greater thanHbwever experiments have proven this is not
entirely correct and that the conductivity will niallow the same path when plotted
against V, although in theory it should have thesa/. and conductivity at Vooe, This

is due to the fact that as the network is filling the conductivity only increases when a
network is fully formed and therefore many semi ptete networks can exist. These
are known as dead ends and will be included invbleme fraction but not yet

contributing to the overall conductivity.

To account for this, the power law relationship véeseloped by Kirkpatriclk® for

simple cubic resistor networks;

oo (V-1 (13)

Where t is the critical exponent of conductivityist critical exponent has been

extensively studied and is generally in the predicegion of 1.7-2.6°3]
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Above the percolation threshold the relationshignges to;

oo (Vo —V)f (14)

3.4 Poly(methyl methacrylate) Matrix

The purpose of the matrix is to bind the conducfillers together into a functional
network. This can be then be applied as a coatirfgrmed into complex shapes that

otherwise may not be suitable for manufacture émetal.

Poly(methyl methacrylate) PMMA is a linear acrypiolymer, and was first developed
c.1930 by both R.Hill*¥ and D Bauef®® independently (Figure 3.3). This discovery
stemmed from the earlier development of methyl @atylate which was being

developed as a soft surface coating material. Wha@gmerised they discovered it
formed a transparent, stiff plastic that does péinter upon shattering; ideal properties

for use as aircraft windscreens.

H\‘ ;CH3 KCH3
C=C - N
A +CH Cx_lﬁ
H C=0 C=0
S A
0 0
*, n,
CH; CH;
methyl methacrylate poly{methyl methacrylate)

Figure 3.3, PMMA Repeating Unit!®®

Methyl methacrylate can be polymerised relativatydy by either bulk polymerisation

or through suspension polymerisation dependindherapplication of the final polymer.
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Bulk polymerisation is suitable for producing siseanhd rods of PMMA as it involves
preparing a prepolymer from the MMA monomer. Thésdone by removing any
inhibitors through a mixing and heat treatment pesc The resulting resin can be cast
and further heat treated to polymerise within thaulds, into the final product. Solution
polymerisation is more suitable for applicationstsas extrusion or injection moulding
as it can produce a lower molecular weight polymith improved flow propertie$®..
The properties of poly(methyl methacrylate) (PMMAsuch as its processability,
transparency, weather resistance, good mechamapérgies and low water absorption
lend themselves well to a matrix although these ee@ta cost with its high volume

resistivity (1x16> Qm) and poor solvent resistance.

3.5 Filler Properties

The filler characteristics are the most significgmbperties within such polymer
composites. They are the foundation for the condnanechanism within it. As such

they will be the area where this research is prigmércused.

There has been significant previous research onolactive fillers within various forms

of compositd®” " and the fundamentals of this are transferabléistudy. Much of
the previous research has focused on the partiaterral, size and shape as the means
of significant improvement of the conductivity atierefore electromagnetic properties.
In general it is accepted that through utilisingtigkes of high conductivity and high
aspect ratio, a conductive network will form morecsessfully and at a lower
percolation thresholds. The particle shape or as@io is the key property dictating

threshold values. Therefore by increasing the dspgios of filler, the contact area of
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particles also increases. This is shown best bihgoat the lowest possible aspect ratio
spherical particles compared to high aspect rdéket. The point contact between
spheres restricts the amount of current that can #nd is known as the constriction

resistance. This is demonstrated in Figure 3.4.

This constriction resistance can be estimated éytiuation;

-9
R=—" (19

Where;
Q = Bulk resistance of the filler material

a = Contact spot radius

¥

Yo Miller particle

N

3
™
S ‘/'I-I

Figure 3.4, Schematic of Constriction Resistandé”

“This constriction resistance is the resistanceu&ato consider when examining
composite resistance as long as the contact spuisras considerably smaller than the
radius of the particles, otherwise the bulk resis¢aof the filler material should be

considered®™,
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3.6 Packing Factors

The order or packing arrangements that filler malemwill form within the composite

has a great bearing on many of the final matepedperties. As can be seen in Figure
3.5, the two materials are of equal particle magsdiferent shape and therefore the
packing arrangement is different. Thus this elologadf the particles aids the formation

of contact networks more easily and ultimately wercolate at a lower volume.

Figure 3.5, Packing Arrangement

Filler morphology can have more effect than jusivheasily or how much contact is
made between particles. As described by D Bloal.€f?, where they found that by
using careful polymer/metal mixing methods the $madl sharp protrusions present on
the filler materials were preserved. By retaininglsfeatures they observed significant
electron tunnelling behaviour. This was attributedthe fillers’ sharp surface points
acting in a similar manner to the tips in a scagriimnelling microscopy. “The electric

field strength at these tips is very large andltssn field assisted tunnelling™.
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3.7 Filler Materials

The variety of commonly available filler materials large and they are generally
chosen according to the required conductivity assloaeiated cost. For applications
where only electrostatic dissipation is a concénen often carbon powder or carbon
fibres will be sufficient but for other applicationhat require higher conductivity, then
metallic fillers may be required. The range of miateconductivities can be seen in

Table 1.

Table 1 - Relative Conductivitied*”
Electrical Conductivities of Materials
Relative to Copper
Copper —1.00
Silver — 1.05
Gold - 0.70
Aluminium - 0.61

Magnesium — 0.38
Zinc —0.29
Brass — 0.26
Nickel — 0.20
Iron —-0.17

Tin—0.15
Steel - 0.10
Lead — 0.08
Stainless Steel — 0.02
Graphite — 0.001

Common commercial fillers which are available ditero pure metals or alloys of silver,
nickel, stainless steel, copper, aluminium, tirg aarbon. One material worthy of note
is graphite. Given that it is known to exhibit atrepic conduction along its layered
structure it does not instantly seem like a goodenw for a randomly orientated

network that ideally requires isotropic conductidhat is unusual about graphite is
that it can be chemically and thermally expandetis Texfoliates the layers and
randomises the structure, forming a very low dgnsiaterial. It is formed by taking

natural crystalline graphite and treating it witleids then rapidly heating it to
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temperatures in the region of 1000(Figure 3.6). This process expands the weaker
interlayer van der Waals bonds, which then allow itidividual layers to collapse and
support their surroundings. This allows for the angion to remain after heating. This
process can expand the graphite to between 100-3ff0Ofs volume and therefore

should allow for very low percolation valués:’®

Mixed Rapid _—

acids

>

heating —_—

—> —

Il

LI
Il
I

Natural flake graphite Graphite intercalating Expanded graphite
compound (GIC)

Figure 3.6, Expanded Graphite Productiof*!

3.8 Substrate Induced Coagulation

One alternative method of producing conductive p@y composites uses a surface
coating technique known as substrate induced cafign] where instead of
conventionally filling a polymer matrix with condiime additives, non-conducting
polymer particles are coated with a fine layerarfigductive material through an aqueous
dip coating process. The process is based on theaation of a surface conditioner that
is adsorbed alongside an additional conductiveedsspn of fine particles onto the
substrate surface. These coated particles are dbempression moulded creating a
network of the highly conductive coating materibbarelatively low material volume.
The process relies on compression at the corregideature and pressure so as to allow
for full agglomeration without melting the polymeubstrate. Pre-coating of the

polymer particles creates a network within the coaped sample at far lower

34



percolation than standard mixed composite as thduwdive coatings will be in contact
throughout the moulding process. Although this rodtrs attractive in principle it is
restrictive due to the pre-manufacture preparatom the limitations within the
compression process that have to be rigorouslyralbed in order to optimise the
network formation of the fine powdet§’. It does however suggest possibilities of
producing conductive polymer composites followingnare robust particle coating

process such as electroless plating.

3.9 Nanomaterials

Since the discovery in 1985 of new stable orderadban structures known as
Buckminster Fullerene”, the interest in carbon nanomaterials has ramefyanded
8184 Eurther advances were made by Sumio Lijima inl18%", where production of
high quality nanotubes based on these fullerenetsires opened the door to much of
the recent developments that have many applicatoieemposite materials. Utilising
the unique properties of such nano-scale filleosposites have been developed which
have been shown to exhibit conductivity at highduced percolation thresholds.
Additional desirable and beneficial properties sashflexibility or transparency are
often also feasible. These had previously beenhieaable with traditional fillers used
in the manufacture of conductive polymer composites well as carbon nanotubes
there is a range of other nanomaterials suitablecdémductive applications including
graphene, metallic nanowires and nano particleslisation of these materials
encompasses a variety of approaches and techniguekeveloping such nano-scale

composites.
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3.10 Carbon Nanotubes

Carbon nanomaterials have become increasingly popoit multiple applications due
to their conductivity, aspect ratio and specificesgth. Initially the development of
these enclosed carbon structures known as Fullerbegan with the most common
form Buckminster Fullerene ¢g), a spherical carbon structure containing 60 atalhs
linked in hexagonal and pentagonal rings, also knas/buckyballs. Additionally many
other similar structures with varying numbers ofbcen atoms have been discovered.
Sheets of g are inherently semi-conducting and through thedian of alkali metal
cations onto the surface their conductivity canrmeeased into a metallic state. These

have even been found to be superconducting at’@4@th Rhodium catior®.

Following on from Go, carbon nanotubes were developed. Through processd as
arc evaporation, catalytically grown and laser g tubes of coiled layers of a
graphite structure (known as graphene sheets) easytithesised forming nano-scale
tubes®°Y The ends of these tubes are often capped witkalfaGy, dome type
structures. Diameters of these tubes can be ad amél5 nm for single walled nano
tubes and generally 3-30 nm for multiwalled nanegylalthough nanotubes as small as
4 angstroms wide have been measured at the carenofitiwall carbon nanotubé¥'.
Nanotubes can reach micrometers in length givingerg high aspect ratio material.
They also have a theoretical tensile strength & région of 300 GP&® although
published data on tensile strength has been foandiffer significantly ®*°¢. The
variations in these results are partly due to thtune of the non-standard testing
methods implemented with some tests performed mglesinanotubes within scanning

electron microscope (SEM) chambers and others tast®rmed on bundled rope
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specimens. There is also an inconsistency in thescsectional area values applied to
the calculations of tensile strength, with someharg measuring the total occupied
cross section and others taking the smaller vaWals areas. However it is clear that
the specific strength of nanotubes is significaritigher than is achievable with

conventional materials such as steel (Table 2).

Table 2 - Mechanical Properties of Engineering Fibes®”!

Fibre Material Specific Density E (TPa)  Strength (GPa)
Carbon Nanotube 13-2 1 10 - 60
Steel 7.8 0.2 4.1
Carbon Fibre - PAN 1.7-2 0.2-0.6 1.7-5
Carbon Fibre - Pitch 2-22 0.4-0.96 22-33
Glass 25 0.07/0.08 24145
Kevlar 49 1.4 0.13 3.6-4.1

Nano tube structure types are often characterigeithd angle of the coiled sheet into
three main forms known as chiral, zigzag and arincfiaese varying structures can be

defined and referred to by a vector system (msrgegn in Figure 3.7.

'\/I»?)\

4.4)7(5, ¢
J\ o

(5.31™

Figure 3.7, Nanotube Structure Types and Vector Sysm °”!
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These nanotubes can be single walled, double aif malled where multiple graphene
layers are coiled together. Each of these pernmumsthas different properties and
applications as the packing structure will deteeniime density and conductivity of the

nanotubes.

The carbon-carbon bonds within armchair structwaésy metallic type conduction
where the structures of zigzag and chiral type® gise to a semi conducting state.
Unlike many other structures where minute defeetgehgreat effects on the overall
properties, carbon nanotubes can be synthesisgivdoa unique structural uniformity
and therefore achieve values of conductivity, gjftlerand thermal conductivity very

close to the theoretical values. Typical valuesgawren in Table 3.

Table 3 - Transport Properties!®”

Material Thermal Conductivity — Electrical Conductivity

(W/m.K) (SIm)
Carbon Nanotubes > 3000 16- 10
Copper 400 6 x 10
Carbon Fibre - Pitch 1000 2-85x10
Carbon Fibre - PAN 8 - 105 6.5-14 x 10

As previously mentioned, synthesis can be achi¢ivexligh various methods including
arc evaporation method, catalytically grown an@iablated. Arc evaporation involves
passing a current of approximately 50 A between gnraphite electrodes in an inert
helium atmosphere. This is sufficient to vaporise graphite and re-deposit onto the
cathode. Within the deposited graphite are multedhtarbon nanotubes. Single walled

tubes can also be synthesised by doping the antlden&tals such as cobalt or nickel.

Catalytically grown nanotubes follow a chemical @ap deposition process to

decompose a hydrocarbon gas over a transition mAatedady a well established
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procedure to grow carbon fibres and filaments,aswghown in 1993 that multiwalled
nanotubes could be grown by decomposing acetyleree mon particles. Further
experimental work on the process utilising highegiation temperature and replacing
the acetylene with carbon monoxide or methane wasessful in producing single

walled nanotubes.

Laser ablation nanotubes are synthesised by putsinyd-YAG laser into a 120t
heated argon atmosphere and directed onto a geagtik metallic target. All contained
inside a sealed flow tube where the vaporised cet@ous gas then condenses onto a

cooled collector outside of the furnace area.

Each of these methods of production has its adgastawith the arc evaporation
method probably producing the highest quality afiotabe. Catalytic growth and laser
ablation methods are able to produce higher volutinas by evaporation and are also

demonstrating a continual improvement in quafty

3.10.1 Carbon Nanotube Polymer Composites

Carbon nanotube polymer composites have been shmwa quite varied in potential
applications  from  structural  reinforcement, field mission  displays,
electrochemical/electromechanical devices, eleatronaterials and can even have

biological application§°1%2

Electronic applications are one of the primary caroral interests of nanotube

polymer composite due to the high aspect ratioamfotube fillers very low percolation
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levels required*®*% Some manufactured pre-mixed blends of polymerth wi
nanotube additions are available from companief siscNanocyl and RTP. This low
percolation threshold allows for functionalised qmsites which can retain certain
aspects of the matrix polymer such as its mechhmazperties, processability and
aesthetics. Recent research in the field has sdéwivaStava et al. develop bulk
polymerised polystyrene/multiwall nanotube compssivith conductivity observed at
a percolation threshold measured as low as 0.08%%\/tLow percolation values of
0.12% Wt have also been reported by Jurewicz @b abmposites of carbon nanotubes
and latex where by formulating the composite nedhé glass transition temperature a
segregated and ordered network was formed throlighrtatrix. This was found to
percolate at a threshold of almost 4 times lowantthe equivalent random distribution
of the same materials. This provided a reproducitiethod of manufacturing
conductive and stretchable thin films with improvednsparency*®®. A different
approach to producing stretchable conductive coitggobhas been reported by Yongjin
et al. where a conductive nanotube composite layer coated onto the surface of an
elastomeric substrate. Higher loading levels of 204owere utilised to provide good
levels of conductivity that did not drop off sigicéintly when under large levels of
strain compared to the equivalent bulk nanocomed$if. EMI shielding studies of
both single wall and multiwall nanotube compositkave achieved shielding
effectiveness values in the region of 20-28 dBaalth they have required high loading
levels of up to 40% W% This level of shielding is low in comparison tdcno

sized fillers, however the reduction in weightigngficant.
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3.11 Graphene Sheets

As discussed previously, carbon nanotubes are tsbemonolayers of carbon atoms
bonded into a hexagonal structure which exist dectdubes. These monolayer sheets
are known as graphene and have unique propertiisein own right. Consequently
since its discovery there has been in surge ofasten graphene with the Nobel Prize
in Physics 2010 being awarded to Andre Giem andskaotin Novoselov for “ground
breaking experiments regarding the two-dimensiomaterial graphend*'Y. They had
managed to isolate and characterise these grage®es via a handcrafted technique

that used adhesive tape to separate out an indiMialyer*?,

Graphene sheets have been found to be one ofrthregest materials ever measured.
They exhibit a large electron capacity which allowkectron transport without
considerable scattering or resistance and canisustiarent densities 6 times that of

copper ¥ These properties have made graphene a highlsabésiesearch topic.

Incorporating graphene into polymer composites basn shown to be slightly
problematic as fillers of such small scale haveraléncy to agglomerate. In the case of
graphene this can result in the restacking intplyte layers due to van der Waals
forces. Additionally pure graphene exhibits pootafdity characteristics which further
hinders good dispersion within a polymer math¥’. One solution to this is to
synthesise graphene through an exfoliation procdsgraphite oxide powder. By
oxidising graphite powder with nitric acid and dulipic acid with potassium chlorate
and then rapidly heating the mixture, exfoliateéeth of graphene can be obtained in

relative bulk quantities. This form of graphenetesmed oxidised or functionalised
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graphene. It comprises sheets that are a few lafyjeck with remnant oxygen
containing groups still present. This functionali$erm has a higher surface energy and
more of an affinity for polar solvents and polyméhais improving its dispersion

propertied!*®,

Stankovich et al. demonstrated a good dispersiographene nanosheets within a
polystyrene matrix reporting percolation threshaddiies in the region of 0.1% Wt. The
same researchers further demonstrated this dispeagifunctionalised graphene in a
PMMA matrix finding the filler to be comparable single walled carbon nanotubé¥"
118 Similar to carbon nanotubes, graphene nanoshimtsonstrate potential in
conductive transparent film applications. Tein letshowed that by using a two stage
process to form graphene nanosheets with an addifigilver nanoparticles to prevent

the restacking, a transparent conductive film ccudddeposited onto a polyethylene

tetephthalate (PET) substr&te”.

3.12 Metallic Nanowires

Metallic nanowires can be produced through prosetisa involve the casting of solid
nanoscale metallic fibres within nano pores or malpes. This can be achieved through
wet chemistry, electron beam lithography and ebettemical growth*?%. Wet
chemistry has been demonstrated as an accessddeqgtion route with examples of
silver nanowires having been grown onto substrai@schemical reduction processes
(121 A similar method has been proposed as a suiteddé effective and greener
alternative material in photovoltaic panel manufeet'??. Silver nanowires have also

been successfully produced though casting withiptige nanotubes where the silver
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was chemically reduced inside the nanotube befazgree degradation of the nanotube
mould™?®, Low percolation composites of silver and coppamawires in a polystyrene
matrix have been reported by Gelves et al. whexeninowires were produced through
electrodeposition into a porous alumina templatercélation thresholds of 0.50-
0.75 %Wt and 0.25-0.75 %Wt were reported for thessiand copper respectively. This
more rapid percolation transition of the silver leen attributed to the lower aspect

ratio and the reduction in surface oxidatigf.

3.13 Commercially Available Materials

There are various conductive polymer products coroiaéy available with
applications ranging from sprayable coating, fléxilgaskets, conductive tapes and
conductive adhesives. Parker is one of the langestufacturers of such products and
through their Chomerics division offer a varietyroaterials for a range of applications.
Branded under the moniker “Cho-Shield”, they com@fiormulations of acrylic, epoxy
or polyurethane with fillers such as silver, niclkaid copper. These are designed
specifically for anti-static and electromagnetidetting coatings™*>*?8! Other similar
commercial products include MG Chemicals “Supereftij an acrylic nickel paint that
is suitable for dip, brush or spray applicatidtts. Creative Materials offer a silver
filed epoxy ink “117-48" with improved abrasion sistance. intended for
electromagnetic shielding as well as for printihgntconductive circuit line§®. As
well as metallic particle based products, compasieh as Ceno Technologies supply

coated silver cenospheres and microspheres as atoredfillers .
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In addition to coating applications, conductivesedaeric composites are commonly
available. Kemtron is a company that specialiseeMC solutions. They produce a
range of gaskets, o-rings and extruded parts manoi@ filicone or flurosilicone

elastomers. These are filled with either nickekkel coated graphite, silver coated
aluminium or silver coated coppél*?. Similar products are also available from
Speciality Silicone Products such as SSP547-63varstoated copper filled silicone
elastomer, which can be supplied in fully curedesh®rm or in compound for

moulding application§**,
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4 Electromagnetism

4.1 Nature of Electromagnetic Waves

Electromagnetic waves are waves of electric (E)rmadnetic (H) fields that consist of
a definite wavelength and frequency (Figure 4.1hese are what define the wave and
its characteristics, for example, visible lightdim waves and microwaves®. All
electronic devices will generate associated elewgnetic fields, with the voltage
creating the electric field and the current cregtime magnetic field>®. These fields in
turn will induce voltages and currents in any castothe media encountered. This is the
principle of antennas within televisions and mobjbkones. It can also be very
undesirable and cause problems, as previouslyatetic within electronics systems i.e.
electromagnetic interference. These signal interfees often cause unintended
operation of equipment or sensors by mistakingridlaced disturbance for an intended

signal.

,Amplitude

Varying electric field intensity

Direction of

Varying magnetic field intensity propagat_ion
of radiation

Figure 4.1, Electromagnetic Waveform
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4.2 Maxwell’'s Theory

James Clerk Maxwell (1831-1879) was a Scottish hggsicist and mathematician
who managed to describe mathematically theoriesnagnetic and electrical charge
distributions. Through these concepts he createerias of equations and developed a
new term, the displacement factor. These equatiaustd become synonymous with his
name. Maxwell's equations express the varied axigtef electricity, magnetism, their

collaborative effects and behavidtif 7!

4.2.1 Maxwell's 1 Equation

(Taken from Gauss’s law for electric fields)

fE.d_X:gﬁo (16)

Maxwell’s first equation represents the electridi strength from a closed surface. It

models the surface as very small area%) (dhich can be treated as if they were flat
surfaces. The area vector (dA) is the value of #énea and will point outwards and

perpendicular from the contained volume.

4.2.2 Maxwell's 2" Equation

(The related formula for magnetic fields)

[H.dA=0 (17)
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The second of Maxwell’'s equations is an equivakmiation to explain the magnetic
field over a closed surface that has no magneticces within it. This is often visually
described as the force lines of magnetic flux flévs. there are no magnetic sources
present these lines always join themselves in dltes@ps indicating that the net flux is

always zero.

4.2.3 Maxwell's 3¢ Equation

(The electrostatic case)
The simplified form of the third equation is:
$E.dl =0 (18)
By neglecting Faradays law of induction that stdtka closed circuit has a changing

magnetic field through it, a circulating currentlivérise” 2 this in turn indicated a

non-zero voltage within the circuit. The completent of the third equation is:

$ E.dl = - % J.H.d3 (19)

Here the integral on the right hand side spansitea of the circuit on the left hand side
and this induced current will generate a magnegicl that opposes any external field
variations. This gives us two equal and oppositegrals on either side of the circuit

and is true for any closed path spanning the dircui
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4.2.4 Maxwell's 4" Equation

(The magnetostatic case)

The magnetostatic version of the previous equat®tsken from Ampere’s law which

states:

$H.dl = p, (20)

The currents that are evaluated here are onepd#satthrough the span of the circuit.
Again by deciding on the directions of these cusethe opposite values can be

subtracted to give the resultant total across thelevcircuit.

Maxwell realised that this equation was not alwayslid one since it did not account
for any changing fields and therefore he introdugisd‘displacement current term”. By
thinking about the situation as a capacitor ingengo an infinite length of wire with a
steady state current, the circuit will be uniforme/where except at the capacitor plates

where charges will be building up and dissipating.

The evaluation of the circular path about the witeving away from the capacitor

138]

Ampere’s law™*® gives a magnetic field of:

_ Mol
2nr

(21)
However, with the capacitor plates being close ghdogether that a charging up of the
plates can be observed, a change in electric dietdirs without any current crossing the
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surface. The total electric flux can be measuredhay electric field lines from the

charge on one plate flowing to the other. The elefiux is then given by:
[E.dA = - (22)

The wire current is the rate of change of the abattgerefore:

_ 44
1= (23)

By combining these two equations together:
d = -,
I=—(g [E.dA) (24)
Then by substituting this term into Ampere’s lanetwell’s 4" equation is stated as:

$H.dl = po(I + (g, [ E.dA))  (25)

4.3 Shielding Theory

As a wave comes into contact with a barrier surtheee are three possible mechanisms

of interaction;
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The wave passes through the barrier.
The wave is absorbed by the surface and its enemjgsipated.

The wave is reflected by the surface.

In practice a combination of all three mechanismes @resent during wave barrier
interaction™**! |f the assumption that an ideal shield is a niietarrier between
the source and the receiver, then as the EM waeegtfate the barrier they will
encounter the intrinsic impedance of the metal.sTihtrinsic impedance £ is the
resistance to AC currents within the material ategi frequencies. In metals this is

given by;

= | o |-
Zms= [Zaj(l i) (26)

Wherej is an imaginary constant.

Therefore whenever the conductivity is not zere, ithtrinsic impedance is a complex
number indicating a phase difference between tbetred and magnetic fields present.
Due to the high level of conduction in most methls intrinsic impedance value, at the

frequencies considered here, will be relatively.low

With the basic principles of shielding behavioursuing from the interaction
mechanisms of the wave penetrating the barriefdshige process of these interactions
should be investigated. This includes the reflectioss, the absorption loss and the

internal reflection los842.
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Reflection occurs at the barrier’'s surface whemnehge impedance mismatch i.e. high
impedance signal and low impedance (high condugtshield). Of the remainder of
the signal that transmits through the initial soegfasome will become absorbed and
dissipated and some will become internally reflecte the outer surface. All of the
remaining signal will transmit through (Figure 4.2) is this attenuation of signal
strength in relation to the transmitted EM wavd thetermines how effectively a barrier

shield performs.

The total shielding effectiveness is often exprésse

SE (d B) =aRrtoatoR (27)

Where;

ar = Reflection losses from initial contact surfacB)d

aa = Absorption losses inside the barrier (dB)

ar = Internal reflection losses from within the barii@B)
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Figure 4.2, Mechanisms of Shielding

Although shielding theory and shielding in practiwédl vary quite significantly, the
basic principles are addressed to gain a good stasheting of the mechanisms involved.
The distance away from a radiating source will deiee the nature of the wave itself.
This is due to the EM wave being composed of twmmonents, the electric “E” field
and the magnetic “H” field. Within the region close the transmitter the wave will
consist of a dominant component either E or H, avtfile other is less prominent. This
is known as the near field region. The impedanddeinear field signal is given by the

ratio of the two components;
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After a certain distanc’r’ from the sourcethe two components merge at mid pc

with standard impedan (Figure 4.3) This distance depends on the wavelength o

2
signal and is given byr >d§ when the source diameter (@) greater than half a

wavelength, or by > 21 when the diameter is significantly less than a Wevgth
T

Waves beyond this distance are known as plane waeitlesmpedance

Due to the wave travelling in air (free sps, whereweo » o, thiscan be reduced |

- = /,Uo -
Zoy =M, =.|— =120
pw =70 £, (30)

=377Q

Far field
S

r/A

Figure 4.3, Near and Far Field Regior&™!
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Within the near field region the impedance of thartel H fields can be estimated by

assuming the source to be a small dipole antenna;

_”OAO

Z. = 31

e =), (31)
2

ZE=’7°A”<<I70 (32)
0

“Near field have high variations with impedanceigg/highly electric components and
highly magnetic components with the electric onasifg high impedance and the
magnetic ones having low impedance therefore requdifferent methods of shielding.

Electric waves reflect while magnetic absBff.

The shielding effectiveness of the signals can basured by taking the power ratio of

an unshielded signal to a shielded one.

For plane waves;

SE= 10|0910 PUnshieIded (33)

Shielded

For electric field waves;

SE: Zologlo EUnshieIded (34)

Shielded

For magnetic field waves;

SE: Zologlo H Unshielded (35)

Shielded
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Different applications will require different lewelof each shielding mechanism to
satisfy the desired outcome. For example radaesystrely on the target object being
visible to electromagnetic waves to detect theisifoan or velocity. Therefore small

boats use radar reflection devices to increaseitteeof their echo helping to increase
their radar visibility to other boats in the vidylt**. On the other hand military

applications can require the exact opposite sudtesdth technology. Where the radar
signal must be controlled to minimise reflectancel aherefore disguise the radar
signaturel™*®. For this to be achievable, it requires a comiomabf good design to

avoid shapes that are detectable to radar alofgandbating of radar absorbent material.
This is usually a highly ferrite loaded paint tesalb and dissipate the magnetic field of

the radar waves.

4.4 Shielding Requirements

Defining shielding requirements is not a straighiwlard process as the criteria for
meeting guidelines and conforming to EMC regulai@ne very broad and generally
loosely defined. EMC is often defined by statemesikh as “the ability of an
equipment or system to function satisfactorily 8 electromagnetic environment
without introducing intolerable electromagnetic tdibances to anything in that

environment” 1471

. Categorising a defined level of dB that will pie suitable
shielding is more difficult. As electromagnetic esions are often a design
consideration throughout the development and matwi of devices, the exact level

of shielding can vary significantly. However fornse applications such as shielded

enclosures, defined shielding requirements areifsgge:cAs shown in Figure 4.4, the
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National Security Association specification foredtied enclosures - NSA 73-#8%,

requires shielding greater than 100 dB for planeesabove frequencies of 10 kHz

0 Attenuation (dB)

- T
110 | —|—= ! t _“.L-UMJ .__m! } L S O I 1 A
“ E |_Elrectric_F_ig]ﬁd_;’PlaneIWayet\ ,
100 /y” I //’-d,-—‘ | 1]
90 | it P S 1 1
80 [ -H—1 All—1--

/ agne

70 V] 7( M T
60 A -
M t‘ - : - — S A s =

50 |—HHMH o i . .

a0 | Ll (et

30 |40 l_ L ae . g

20 - - L il -

10 | dm e B L — _ Ml

0L ‘ a [0 1] L
1K 10K 100K ™ 10M  100M 1G 10G

Frequency (Hz)

Figure 4.4, NSA Specifications for EMI Shielding oEnclosures

As the application of the shield will influence tregjuired shielding effectiveness, it has
been stated that for RF shielding enclosures macthielding can range from low level

30 dB requirements to very high level shieldind26 dB™*%;

- Low level shielding of 30-50 dB can be satisfactarpen low frequency,

predominantly magnetic waves are to be attenuated.

- Medium level shielding of 50-80 dB can be satigiagtwhen only moderate

shielding is required or a sufficiently large cahzone surrounds the enclosure.
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- High level shielding of 100 dB is required when agke safety margin is
required. This can increase to a required minimdni2DdB when sensitive

equipment is required to be shielded.

One study was undertaken by GE plastics to quatitéyshielding required for portable
electronic device§®%. A large focus was placed on the effect that eanlysiderations
to shielding in the design process has on reduttiegikelihood of a product failing
EMC testing while also reducing overall costs. Aftdesigning in and utilising
techniques to suppress electromagnetic emissiatiscatt board level, the approximate
shielding requirements for various classes of appbbns were determined. Table 4

details these valué®?,

Table 4 - Typical Shielding Requirements of Electrnic Devices**”!

Application Shielding Required (dB)
Notebook Computer 15-20
Desktop Computer 15-20
Mobile Phone 70-90
Cable Tap 70-90
Workstation/Server 30-40

4.5 Effective Conductivity

Composite material properties can often be estin#teough the rule of mixtures

which accounts for the volume of each material #redrelated characteristics of each
component within the composite. This is often use@stimate mechanical properties
such as density or elastic behaviour but is lesfulior electrical properties unless the
phases within the composite have similar propetiiesach other. Therefore, in this

case the conductivity can be estimated througlidil@ving equationg*>*5%
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o= V10'1 + Vzo-z (36)

“V” is the dimensionless volume fraction of the pha within the composite. ¥V,=1
with subscript 1 denoting the properties of thermatnd subscript 2 denoting the filler.
This relationship does not hold up well. As thdaediénces in conductivity between the
phases increases, the relationship between themeolfraction and conductivity
becomes far more of a non linear relationship. N®dmsing effective media theory
have been developed to account for these relaiipnsis developed by Garnf and
later further refined for use with conductivity calations by Bruggemafr®, where by
assuming that a spherical or ellipsoidal conductnausion is uniformly embedded

within a single phase matrix the effective medieotty gives'>”;

vy 2ZedE yy, 22T (37)
1 011t20¢ff 2 02120¢ff

This expression is still limited to small condudiywariations between phases and due
to the assumption that the effective media is umfdhroughout the composite, this
fails to describe insulator/conductor composites e above percolation threshold,, V

as networks will have formed within the insulator.

Below percolation the conductive inclusions can dmmsidered fully isolated and
thereforeces = 0, but once ¥> V the effective conductivity will tend towards thdt o
the conductive filler as more and more networles farmed within. Effective media
theory gives an expression for the effective cotiditg above percolation by taking the

percolation value to beM1/3:
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v 1

=

Ocff = 02 <1_f> (38)
3

Although this method has been shown to producecurate results when verified
through experimental procedures, it can be improlkgdtaking the values for the
percolation threshold from the percolation theory.

Therefore:

Oerr = 0,for V, <V, (39)

V2—Ve
c

t
Oeff = 02 (1_V ) JforVy, 2V, (40)

Where, t is the critical exponent of the system has been predicted to equal &%
Unfortunately, the percolation threshold is lessdmtable and is highly dependent on
the filler properties and processing methods.

4.6 Effective Permittivity

The effective permittivity of two phase mixturesshaeen studied in previous research

and models relating to different phase dimensioasaplained below*® %%

Following Maxwell Garnett approximations for effenet media with circular inclusions

in two dimensions, the effective permittivity is/gn as;
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Eoff=€m + 2V, €m ( fifm ) (41)

gitem—Va(gi—&m)

Where the filler is regarded &s;" within a homogeneous matrix,," and the filler

occupies a volume fractiorvy”.

The Bruggeman formula is another popular methoddetermining the effective

permittivity and is used often in remote sensinglgs under other names;

Em — & & - &
1—p,)m_eff Ly ZL2%elf 42
( 2) 5m+geff 25i+geff ( )

These theories correspond to mixtures of differestilating materials and have been

proven to be reliable up to certain limits knowrVeiener bound§°?,

Eeffmax = Vg + (1= Vy)ey (43)

_ Ei€m
Cerfmin = fo r(1-vo)e; (44)

No single theory predicts the effective values ssrthe larger range of volume
fractions but they should fall within the limitstdeere. Due to the nature of this study
into conductive composites containing a metalliag®) it is not possible to predict the
effective permittivity of the composite due to thenductive fillers having infinite

permittivity. Alternatively, it may be possible tealculate these values from

transmission line theory measuring the reflectegedance during the experimental
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process. On this basis, only the effective mediomy for conductivity would be

utilised during the modelling process.

4.7 Skin Depth

The skin depth is a phenomenon of alternating atiredectrical behaviour within
materials where the majority of the current densitipcused towards the surface of the
material. Below the skin depth there is still catrélowing, but at a significantly
reduced density. This depth, where the currentijeissat a maximum, is dependent on
the frequency of the induced current),( the magnetic permeabilityu) and the
conductivity ©). The higher the product of these variables, thaller the skin depth
will be. In practice it is the frequency of EM waaed the magnetic permeability of the
material that affects the skin depth most signifiba As can be seen in Figure 4.5,
copper, aluminium and gold all have similar skirptths while nickel is considerably
smaller due to its increased magnetic permeabililkewise the reduced permeability

of carbon and graphite results in an increased dsqoth.

5= |——
0w (45)
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Figure 4.5, Skin Depth versus Frequency

This principle allows for conductors to be tailotezkbping material usage to a minimum.
With many suitable metals being more expensive @teh quite dense, a core can be
used to reduce weight while still retaining the ond&y of electrical properties. This
issue is not a consideration with DC current asftilecross-section of the work piece
becomes one conductor path, therefore resistanténceease greatly with significant

reduction of cross-sectional area.

4.8 Network Analyser Analysis

“Network analysing is the characterising of a deyiwomponent or circuit by measuring
and comparing the signal applied to the device tigsignal coming out of the device”
(611 Dating back into the 1950’s, network analysiserefd to the electrical circuits
which at that time were known as electrical netwgoakd are used to characterise RF
and microwave devices, components, circuitry, sstemblies and systerf§?. By

testing the individual components of a system leefoey are combined into the more

complex finished article, this allows any issuesfailings to be located and rectified
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early (pre-testing) and more easily, thereforersavurther testing, troubleshooting and

costs at a later stage of development.

4.9 Measurement Process

Network analysers themselves are devices that ceasume or calculate electrical
parameters over wide frequency ranges. The badigmeasuring through network
analysis stems from the analyser measuring and @ongpthe magnitude and phase of
a signal transmitted through and reflected fromeaiae relative to the incident signal

initially generated (Figure 4.4

Reflected Signal Transmitted Signal

Incident Signal an Incident Signal

Incident - Transmitted
. Device Under Test

v

Reflected

Figure 4.6, Network Analysis Process

The analyser achieves this usually through a twb $e&t up with a reference receiver.
This allows a signal to be generated from port and transmitted through a device
before being received in port two. While measutimg transmitted signal the analyser

can also measure from port one into the devicelmuk again to port one therefore
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measuring the reflected signal value (Figure 4Y)taking reference from the initially
generated incident signal the analyser can cakula relative amplitudes and phase.
This is known as forward characteristics of theicke\and by reversing the direction of
the signal and going from port two into port oneback into port two the reverse

characteristics can be measured.

Recerver B Fecerver A Recerver B

@ (El Qz

Device Under Test

Beflectad

Figure 4.7, S Parameters

49.1 S - Parameters

These measurements are also known as S - paramwéiens the designation numbering

refers first to where a signal is intended for, @mein secondly to where it originated

from.
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The S parameters for a two port analyser are listd@ble 5;

Table 5 — 2 Port S - Parameters

Si Reflection measurement from port 1 returned to port
S Transmitted measurement from port 1 to port 2
Sy Reflection measurement from port 2 returned to port
S, Transmitted measurement from port 2 to port 1

S parameters do not use voltage and current resdtips to calculate values but instead
use the relationship between the transmission afidction of wave terms. By using

line theory, wave quantities and characteristic evampedances (Figure 4.8) these S -
parameters can be determined, assuming the dewit test does not have fluctuating
impedance and/or mismatched power generators. allows the S - parameters to be

determined only by the circuit, device and the meament setup.

L I
—> 1; —.’ 2 b:
. . N —p  Wave —
\E 2 Port Theory v, v VoW e .
v e v Line Theory ;_ Quantities -
' %

N _/
T

Figure 4.8, Determination of S-Parameters

The main quantities that are required to be caledl&rom the S - parameters are the
transmission and reflections coefficients. Thesedtained from wave amplitudes and

can form the basis for many other determinable gfies
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4.10 Return Loss (Reflection/Impedance Mismatch)

Reflection occurs when a wave encounters a chamgkei characteristic impedance,
known as a mismatch. This produces an opposingwsads travelling wave that
interacts with the forward travelling one creatangtanding wave. In most situations the
incident wave will partially transmit, partially abrb and partially reflect. Therefore the
ratio of reflected wave voltages ¥ and \inin) can be measured to determine the
reflection coefficient and is known as the voltagpuare wave ratio (VSWR). The

reflection coefficient can then be calculated fribvea VSWR through the formula;

VSWR = |Vm‘,"‘ (46)
Vmin
Reflection Coef ficient (I') = |%| 47
Return loss (dB) = 20logT’ (48)

4.11 Transmission Lines and Impedance

Transmission lines are essentially a means foctirg or transporting a signal within a
controlled environment. For example coaxial cabbkesd waveguides are both
transmission lines. Transmission line theory déesrian ideal transmission line as a
series of distributed inductors and capacitors titsatsfer the signal from the source to
the device with as little transformation or losgpofver as possible. Although described
as inductors and capacitors, the line is not indaabr capacitive as all reactances are
cancelled out. The main factor that incurs losséhinva transmission line is the
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impedance losses. These are related to the chastictenpedance of the transmission
line which is the AC resistance at a given freqyeand relates to the voltage and

current of the travelling waves within the line.

4.12 Transmission Line Insertion Loss

In order to calculate the amount of signal thatost through a device or shielding

material, the ratio of transmitted signal to incitisignal with and without the device

under test in place need to be measured.

Insertion Loss (dB) = —10log;, |W (49)

Insertion Loss (dB) = —101log;, |—VTan5mi”€d (50)
Incident

Insertion Loss (dB) = —20logo T (51)

H PO A 4 .
Wherer is the transmission coefficieptrrarmitied

’Vlncident
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5 Methodology

5.1 Sample Preparation

Standard sample preparation was performed usinglatd laboratory equipment and
hand mixing procedures. The filler materials wemasured following the standard test
method described in ASTM D18%5* into required volumes by first measuring their
apparent density, the weight per unit volume of &emal, including voids that exist.
This is measured by weighing a known volume of peawahd dividing it by the volume

therefore giving the apparent density.

(52)

Papparent =
pp V

The apparent density is then used to weigh theecbrolume of powder required for

each sample.

5.2 Filler Volume

Where possible, volume percentages were used ddirlg calculations in preference to
weight percentages. This was felt to give a mopeiaate representation of the material
interaction and their percolation behaviour pateffiller volumes were increased in
regular intervals of 5 or 10% with percolation ugu@xpected between the 30-50%
filler range. The chosen volumes were generallyatiécl by the availability of the filler

materials. Where possible smaller increases inmekiwere preferred as this would

give a more detailed transition through the upmperlawer percolation thresholds.
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5.3 Material Mixing

The materials were measured out and mixed by hardhbeaker with an ethyl acetate

solvent.

First the correct volume of filler powder would pkaced into a beaker and mixed with
a small amount of ethyl acetate (3-5% 1o remove any agglomerations and hopefully
create a paste (if a paste was formed it indicétat the powder went into solution
easily). This paste was then mixed with 10°cofi solvent based poly(methyl
methacrylate) PMMA resin (Coates Lorilleux 10180V3%rylic Medium). These
materials were then well mixed by hand stirringisTimixing process was sufficient to
disperse fully the filler within the acrylic mediuwhile at the same time not being too
excessive which may have resulted in a loss ofgartontact. Mechanical stirring and
ultrasonic mixing methods were also trialled butthes resulted in improving the

technique.

5.4 Printing of Coatings

To begin with, samples were manufactured using &hl Rresco semi-automated
screen printer. This printing device is normallyeogied using a masking screen over
the substrate to print detailed patterns or toea@ha more uniform particle distribution
when deposited onto a substrate. The screen waderated necessary and most likely
would have been detrimental as it would likely nestparticle interaction. Instead the
printer was operated as an automated spreader whocluiced samples with dimension

150 mm x 75 mm. However as well as the small draadould be printed, this method
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had other drawbacks including a complex set-up amjdstment routine that made
controlling the print thickness difficult and retad in a loss of repeatability. The labour

intensive cleaning required also reduced the volafremmples that could be produced.

After this initial method was deemed unsuitablé&-&ontrol Coater was obtained that
facilitated in producing semi-automated prints. Bp@ol Coaters are devices

commonly used within the paint industry to providepeatable test prints when
comparing new formulations. The wire wound rodsar®matically drawn down over

the surface of the substrate producing a uniforatiog. These rods are locked into the
moving head and held down onto the substrate wilighted arms. The pre-mixed

acrylic/ filler solution is then poured evenly abeaf the rod before it is drawn down

across the surface of the substrate, leaving an layer behind, (Figure 5.1). This was
then left flat to reflow into one uniform sheet bef being transferred into an’80oven

to cure for 10 minutes. These curing parametere wbosen as sufficient time and
temperature to evaporate off the solvents from abeylic resins without adversely

affecting the substrate. Figure 5.2, indicates timsvevaporation of the solvents during

curing will further aid particle to particle contac

Figure 5.1 K-Control Printing Process
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(Figure 5.2, Curing Behaviour!*®®!
This K-Control Coater allowed the printing of testmples at almost A4 size with a
range of coating thicknesses and a degree of i@pést that was not possible with any

other method available.

5.5 Microsphere Technologies

An additional industrial collaboration with Micrdspre Technology, a local company
that specialised in producing metallic coated glassrospheres, was formed. This

partnership facilitated a broadening of the in\gegton to evaluate the manufacture and
testing of lightweight electrically conductive polgr composites consisting of silver

coated hollow glass microspheres. Manufacturedutitroa novel silver electroless

plating procedure, very lightweight conductivedi were manufactured. Microspheres
being hollow have low particle density given in tlegion of 0.5g/crh Whencompared

to that of silver or nickel, 10.5 g/chand 8.9 g/crhrespectively, the potential weight

reduction is evident. We investigated the manufact@and electrical testing of such

lightweight fillers and also examined the perform@acharacteristics for EMI shielding.

Uniform hollow glass microspheres are commonly niactured by adding a sulphur
compound blowing agent, commonly sodium sulphatea borosilicate glass mixture

known as frit. By passing this frit through a flaineat treatment the gases are rapidly
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expandedwithin the molten glass forming bbles. Thesethen solidify into the
microsphereshemselves that are then blown by the flame intolkection tube (Figur:
5.3. This method of production can krigorously controlled allowing for higl

uniformity and dimensional tailorinof the spheres.

Glass

Microspheres
Collection Tub

Figure 5.3, GlasdMicrosphere Production Proces

There are also naturaloccurring hollowglass spheres that are formed either as-
product within the fly ash from coal fired powstations or extracted from volcanic ,
often classed as cenosph. Formed as a by-produdhey can be cost effective a
more environmentally benefic but there is less control ovéne particle size and

surface morphology.

5.6 Compression Moulded PMMA-Nickel Composite Plague Manufactur

The aim of thissectior is to investigate an alternative methafdproducng conductive
polymer composite plaques and form a comparisoh wimore commonplace mixii
method of production. he goal was to analyse whether eqquivalentEMI shielding
performance was achievablt reduced metallic contemtithin the polymer composi.

The manufacturing methocompared araickel flake filled acrylicplaques that have
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been manufactured through Brabender Plasti-Cordenpounding before being
compression moulded into a 2 mm thick plague. Tdrapgarison will be made against
identical plagues compression moulding from the es&VMA granules which have
been electroless plated with a thin nickel coapngr to compression. Testing of the
resultant samples for electrical properties andtedenagnetic shielding performance

will subsequently be undertaken.

As discussed previously, it is a common procedsl tasulative polymer matrices with
conductive fillers to generate electrical conductrchilst allowing the polymer to retain
most of its properties and processability. Thisrapph can be perfectly adequate
although potentially wasteful. An increase in tleguired thickness of polymer also
results in a large volume increase of fillers neaeg This is typically in the region of
over 30% volume to achieve conduction in filled tpltase composites. By utilising the
ability of the electroless plating process to pr@wuery thin and uniform coatings, the
PMMA granule can be pre-plated and compression deablinto a plaque. Through this
process it is foreseen that an internal nickel ndtwould be retained throughout the

composite and therefore provide conductivity aigaificantly reduced metallic content.

5.6.1 Brabender Plasti-Corder

A Brabender compounder is a high shear double atymer mixing device that allows
for accurate compounding of fillers into a polymmeatrix. The device consists of a
heated chamber with two “three wing” parallel shafking blades turning in opposite
directions downwards into the chamber between theels (Figure 5.4). The operating

temperature is chosen to be within the polymerfgestng region but controlled to limit
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degradation. The mixing chamber shown in Figure $héws where the polymer
granules are fed into the mixer via the small ho@rel ram. These are then processed
until the polymer is softened and begins to flowhim the chamber. Once the polymer
granules have begun to amalgamate the filler cativdxe be fed into the mixer. This is

then left to mix fully for a few minutes until a fmwgenous blend has form&’.

Removal of the combined polymer/ filler is done khthamber and blades are still
warm to aid full removal of the material. The reemed material is in a form that
requires a final processing stage to achieve tlsgratk form. Compression moulding

was deemed a suitable method of forming the fiddkst plaque.

Hopper and Ram

Mixing Chamber

e TR

Figure 5.4, Brabender Mixer Measuring Head

Three Wing Blades

5.6.2 Electroless Nickel Plating
Since the initial discovery over a century and # hgo that nickel and phosphorus
were highly reactive when heated togethi&'® there has been some resurgence in

the subject as it was rediscovered that metall@tings could be deposited from a
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solution containing nickel and hypophospHit&. Unlike electroplating, no electricity

is required.

Nickel phosphorus plating has seen a significanowarh of development since the
1950’s and has grown into a commonly utilised psscd’roduct Finishing Magazine
Online estimates that 55% of electroless nickelpplied for protective coatings, such
as wear and corrosion resistaft’é*”! These wear resistant coatings have also been
further developed with nickel often being co-degaxsialong with additional particulate
reinforcements. These reinforcements can be hacl sg tungsten, boron, silicon
carbide, alumina or diamond. Alternatively they lcbloe lubricating soft materials such
as polytetrafluoroethylene (PTFEJ’*1’®l Another common application of high
phosphorus electroless nickel has been as an uUager for magnetic coatings in

memory disk manufactuf&’”.

The electroless plating process is an auto-catabfiemical reduction process which
uniformly deposits nickel onto the surface of asttdie. This substrate requires to be
catalytically activated before being immersed withia nickel and sodium

hypophosphite solution and raised to a requiredti@a temperature. The reducing
agent releases hydrogen before oxidising therejereerating a negative charge upon

the substrate which acts as the catalyst and ttitae nickel ions from the solution.

A number of metals are inherently active allowiog the reduction reaction to begin
spontaneously. These metals include iron, cobaltagium and nickel. This results in
all newly formed nickel layers also acting as alyst hence the auto-catalytic reaction.

This also allows the plating process to continugl time desired coating thickness has
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been deposited or the solution concentration ofbtité is reduced sufficiently. As can
be seen in Figure 25, the plating rate drops ofth@sbath is depleted although the

concentration can be replenished when required.

The principal chemical reactions during the finalting bath are;

HPOy + HO > H +HPQ® +2H  (53)
HPO, +H,0 >  H +HPQ® +H, (54)
HPO; +H >  HO+OH+P (55)

Ni" +2H > Ni+2H (56)

As this process requires the substrate to be satbiand catalytically activated, a 4
stage pre-treatment procedure is followed. Thi®lves immersing the substrate into
the following baths - the initial preparation iSCaiprolite X96 (2-aminoethanol) bath
(supplied by Alfachimici, Italy) for cleaning anérssitising, a short bath at ‘20for 2
minutes being all that is required. Stage 2 iseagatalyst (stannous chloride anhydrous)
bath where is it heated to ‘85for 5 minutes. Stage 3 is the catalyst (acidiieahnous
chloride anhydrous) activation bath. The final auef preparation stage (Niplast AT 78)

Is a 1%-5% hydrochloric acid based bath for 3-4utes.

Once activated, the substrate can be immersed mclkel rich plating solution,

(Slotonip 1850, Shloetter Co. Ltd.). This is the sntemperature critical stage. As
catalytic processes, such as electroless nickéhglarequire a certain input of energy
to react, heat is applied to maintain optimum platiconditions. The relationship

between temperature and plating rate follow expbalegrowth. In some cases the rate
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of nickel deposited can almost double for everyClihcrease. Therefore too low a
temperature and there will be insufficient energthin the system to initiate plating.
Too high a temperature and an excess of nickeléased from the solution resulting in

nickel falling out and not depositing onto the dvdte. Plating is optimised between

87C - 91IC.
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Figure 5.5, Deposition Rate with Time Figure 5.6Temperature Dependent Deposition Rat&®®

Electroless nickel is generally divided into threategories dependent on the
phosphorus content deposited alongside the nick#®; - 5% is classed as low
phosphorus or hard nickel plating as depositedingstcan be up to 60 Rockwell C,
therefore providing excellent wear resistance. Lphosphorus coatings have a
microcrystalline structure with grain size in theno-meter range. Ferromagnetism is

also evident.

Medium phosphorus contains 6% - 10%: this additigheosphorus content aids the

efficiency of the plating bath while still providina bright and reasonably hard coating
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and retaining good corrosion protection. Medium ggfwmrus coatings are considered

amorphous and only slightly ferromagnetic.

Once the phosphorus content reaches over 11%l#éssed as high phosphorus nickel.
Coatings of this grade are amorphous and highlyos@n resistant with low porosity.

They are also non-magnetic.

As the phosphorus content increases, the condiycbvithe coating is reduced. This
has been attributed predominantly to the relatnleme fraction of nickel decreasing as
the phosphorus alloy is increased. Additional fextuch as a lack of crystal structure
have been shown to also affect the conductivitgrdased conductivity has been
demonstrated after age hardening heat treatmenegses to electroless nickel. It has
been shown that the amorphous structure can rallrystand precipitate phosphorus
out of the solid solution as R intermetallics. This results in a reduction obgbhorus

within the crystal structure and therefore redubesresistivity*®.

Table 6 provides values for electrical resistivity electroless nickel at various

phosphorus contents.

Table 6 - Density and Resistivities with Phosphoru€ontent ¢!

Phosphorus Content Density Resistivity
(%) (g/cnm) (nQ2/cm)
1-3% 8.6 30
5-7% 8.3 50-70
8-9% 8.1 70-90
>10% <8.0 <110
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Further plating of gold onto electroless nickelc@mmon within the printed circuit
board industry. Known as electroless nickel / inster gold (ENIG) it is a galvanic
displacement deposition technique that can depdsiin layer of gold< 0.05 pm) onto
the surface of a nickel coatiff®. This gold layer provides corrosion protection and
improves the wetability of the surface thus impngvthe solderability. As the nickel
substrate is less noble than gold when immersed gold solution, the immediate
surface of nickel is depleted and instantaneousptaced with a thin layer of gold.
Unlike the electroless nickel process immersiordgsla self extinguishing process.
The plating rate is governed by the electro-postrdf the galvanic couple and can
result in an excessively high reaction rate whicbdpces porous and poorly bonded
deposits. In the case of plating electroless nittikeladdition of phosphorus reduces this
reaction rate and improves the density and bonaihghe deposited gold. The
utilisation of high phosphorus nickel as a substrhs shown to have additional
benefits for flexible circuitry. Not only is the gbadherence improved but the nickel

substrate is more ductile resulting in less cragKif.

5.7 Plaque Sample Density Measurements

Density of the compression moulded plaques would nbeasured through the

Archimedes buoyancy method,;

M in air
p= (57)

Min air—Min water

This method is based on the principle that the rddsrence when measured in air and

in water will always be equal to the volume of watesplaced by the sample, as for

79



water 1cmi= 1 ml = 1 g. The equation then follows the stadd#escription of density

where the mass is divided by the volume.

5.8 Scanning Electron Microscopy and Elemental Energy Bpersive X-ray

(EDX) Analysis

Scanning electron microscopy was performed using different SEM’s. One was a
Cambridge Stereoscan 90 and the other was a Té&sga LHM integrated with a

Thermo Scientific Noran System 7 MicroanalyserB@rX analysis.

EDX analysis is a detection system that when usecbnjunction with an SEM can

determine a material’'s elemental composition. Tla¢enial’s surface is bombarded by a
high energy electron beam which in turn stimulaestrons from lower energy shells
into higher energy bands. Electrons are then replaao the vacant site of the original
energy band. This results in an emission of enangye form of x-rays. Since each
element has a unique set of energy bands, thespamding x-ray emissions are also of
unique energies. By matching the peaks detectedrtdin energy levels the elemental

composition of a material can be identified.

5.9 Surface Resistivity Testing

Surface resistivity is a material property desaompihe electrical resistance of a set area
of the material’'s surface. It can be measured tjinqulacing flat plate electrodes onto
the material surface. The simplest is the paraligie electrode configuration described
in the standard method ASTM D25%Y which involves measuring the resistance

between two parallel copper electrodes over a knawea (Figure 5.7). In theory the
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length and configuration of these electrodes cary \&s “the surface resistance
measurement depends on both the material and tmaegey of the electrodes used in
the measurement*®?. By keeping it a square area direct readings &taken from

the device.

This testing apparatus was initially set up witl® avolt ohmmeter to measure the
resistivity. Although a practical solution due ts iportability and ease of use, the
limitations of measuring insulating or highly comting materials resulted in a more
accurate method being required. The replacement ava#/ayne Kerr precision

component analyser 6425, a far more precise maasuatetechnique that also allowed

testing of each sample at a variety of frequencies.

In order to differentiate between the resistanakthe resistivity of a material’s surface,
the unit for surface resistivity, taken over a gguarea, is expressed as ohms/square

rather than simply ohms.

Material under Test

)

\ N

Figure 5.7, Surface Resistivity Test Jig

81



The surface resistivity is measured by;

P =RE (58)

Where;
ps= Surface resistivity (ohm/square)
R = Resistance measured (ohm)
W = Test width (m)

L = Test length (m)

The pressure applied to the test rig when meassunfgce resistivity affects the results

obtained as any variation in pressure will alter tontact between the probes and the
material under test. A 2 kg mass was chosen t@plkea as a constant force in order to

maintain test reproducibility. Another version bist test is the concentric ring probe

which has the advantage of giving a resistivitydieg eliminating the directionality of

the parallel probe test.

This directionality was investigated during an uggaduate degree project and found
to exhibit minimal variation between horizontal avettical measurements takeft.

The results of this study will be discussed latethis thesis.

The potential applications of conductive materiate commonly determined by the
level of resistivity achieved, as can be seen gufé 5.8. Materials that are less resistive

than plastics are capable of dissipating statiogdsg This kind of material is used
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within areas where any level oatic discharge could have a damaging effect or &
static build up attracts contaminar An exampleof this would bein clean rooms,
whereit is necessal to reduce the contamination of sensitive equip! or where any
static discharge could damage <tive componentssuch as in the se-conductor
manufacturing industr Clothes and floorings are made framnducting materials th.
are able tadissipate static build up. This alleviates the ridkdischarge and reduc

contamination attractic. In order to become fully conductivihe level of resistivity
must be low enougto allow larger current flow The same is true for EMI shieldi
materials wherghe material has to dissipate the electronic corapbwf the wav.

Therefore at lower resistivitiethis is achievable faster.

10 Surface resistivity

17
15 Plastics 1072 & up
13

11

‘\ Antistatic 1012 -1010

9 Static dissipative 1072 -10°%
g 7
@
£
s 5

a Conductive 10° -10°

/ EMI products 10* -107

1

-1

-3 Metals 10" -10°5

Figure 5.8, Surface Resistivity Applicationg*®¥

5.10 EMI Shielding Testing

EMI test set up was designed to accurately tesattemuation of the composite coat
through transmitting a signal to a receiver and gaing the signal strength at tl

receiver. From knowing the received signal strertjtioughthe uncoated polyester
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sheet substrate and by comparing the signal retetieugh the coated one, the

attenuation attributable to only the coating cdugddetermined.

5.11 Dual Dipole Antenna Method

This test is very similar to MIL-STD-285%, which involves two dipole or loop

antennas separated by a barrier shield and thigisigyeeffectiveness is measured by the
attenuation of signal strength with the barriepplace. Tests were performed within a
small chamber containing two dipole antennas cdedeto a 300 MHz — 3 GHz

network analyser. The samples were positioned ardhe transmitting antenna as a
semi circular barrier aiming to reduce the scattesaves from reaching the receiver.
The inside of the chamber was lined with high fiagey absorbing anechoic foam to

limit scattered waves reaching the receiver.

This test method was limited in its ability to pme comparable results over an
applicable frequency range. Due to the small sizeetest chamber, waves in far field
were also unable to be measured. These restrictiare the result of the dipole
antennas effectively being tuned to one distinegjfiency which provided a limited
frequency range. Dipole antennas also transmitr@dal shaped field which was not
ideal for shielding analysis as the wave scattemvithin the chamber would be
significant. Another method of generating more cimnal waves would give clearer
and more accurate attenuation results. Althoughitfiiial set up helped to develop the
sample production and measuring techniques, funihere accurate testing methods

would be required.
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5.12 Dual Horn Antenna Method

Due to the limitations within the previous test heat, it was decided that a dual horn
antenna test procedure would suit the testing éfftteo horn antennas, one connected
to a signal generator and one connected to a nletaralyser, were arranged within a
shielded chamber (Figure 5.9). The signal stremgthout a shield would be measured
and the strength with a test sample in place theasnred. The difference between
these results would give the attenuation due to sheld. A horn antenna is a

waveguide with a flared open aperture at one ehé dids the gain, transmission and
reception of waves. Horn antennas allow for goaédflionality of wave propagation

and therefore with correct positioning of test slmpaccurate repeatable results are
achievable. Using this set up it is possible to suea the overall attenuation and the
reflection loss. Therefore it is possible to getmaasurement for the internal losses,
absorption and internal reflections, giving a mewenplete picture of the shielding

mechanisms.

EM Absorber Foam Lining of

Test Chamber |

BEeceiving Hom Antenna Transmitting Hom

Antenna

Mhatenal under Test

&
!

Signal Generator

Hewlett Packard

Spectrum Analyser Standing WWawe Ratio

Meter

Figure 5.9, Horn Antennas Apparatus
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The signal was generated by a Marconi Instrumemngsab Source 6158A with a
frequency range of 8.2 — 12.4 GHz (X-Band). Thiswansmitted through a shielding
barrier placed directly in front of either the tsamtting horn or receiving horn
depending on the measurement required. A referéecidel level of received signal is
measured on the spectrum analyser before a skighdplace and an attenuated level is
measured after. The difference between readiniggéen to be the attenuation due to the

shield.

Reflection measurements are obtained by takingptiveer of the standing wave ratio
(PSWR) that is reflected back into the transmis$iom antenna and converting it to

the voltage standing wave ratio (VSWR). The reftectations are expressed by;

Peak Value

PSWR = Min Value (59)
VSWR = VPSWR (60)
po = @)
p = [py]? (62)

Wherep, andp, are the reflected voltage and power ratios respdygt
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5.13 Waveguide Attenuation Method

A guided wave is simply a means of transporting evawnergy from one source to
another. These are commonplace within various releict devices and they range in
types from simple microstrip conductors and coagatles to optical fibres. Although
coaxial lines are probably the most commonly used most practical method of
guiding waves, they are limited at higher frequesaalue to the potential of additional
wave propagation modes developing. To counter thisiensions must be reduced

accordingly, therefore increasing the attenuatioh manufacturing costs.

A more suitable solution for the test regime wasutitise hollow rectangular metal
waveguides coupled together and then transmit mabkifprough a test piece clamped
between them. This technique is based on ASTM -3548°. The test set-up detailed
in the standard uses an expanded coaxial connewitbnan annulus test piece inside
that is connected to a network analyser and thar8apeters are measured through the
sample. By replacing the expanded coaxial connectdh a range of rectangular
waveguides, it was possible to test at a large easfghigh frequencies whilst only
requiring a variation to the dimensions of the wpaude. This method can allow
practical testing capabilities from 1 — 100 GHzairhighly controllable environment.

The facilities available were limited in range op40 GHz.

Table 7 — Waveguide Information

Band Designation Electronics Industry Internal Dimensions Frequency Range
(UK Designation) Association Designation (mm) (GH2)

S - Band WR284 72.0x34.0 2.6-3.95

X — Band WR90 23.0x10.0 8.2-124

Q — Band WR28 7.1x3.6 26.5 - 40
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By placing a test material between two waveguidetices the free space can be
eliminated and therefore any attenuation in theaigtrength can be attributed to that
of the material under test. The frequencies chdseithe tests are given in Table 7.
These are commonly used frequency bands with mamgmzrcial and military

applications.

The process utilised the waveguides as a meanse@asure the transmitted,;S
parameter through the material tested. By conngdtiem up to a Rhode Schwartz
ZVA 40 network analyser and following suitable badition and normalising
procedures, it was possible to sweep across therdnbe of frequencies for each
waveguide rather than the laborious task of altergdrequency with every test. Test

results were then exported to a spreadsheet forafiting and analysis.

5.14 Comsol Multiphysics Modelling

Computer generated simulations were modelled throG@@msol Multiphysics, a
simulation package that is designed to be able ademnand couple varying physics
tasks. In this research the three dimensional RFedectromagnetic wave module was

sufficient to model a waveguide and shielding media

To begin with, three dimensional CAD models wereated and specific internal faces
were allocated with certain tasks and boundary itomd. These included the
transmitting and receiving ports, magnetic andtatsd boundary conditions and the

properties of the material under test (Figure 5.10)
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Figure 5.10, Initial Q-Band CAD Model

Figure 5.11, Meshed Q-Band Model

The pre-defined vector elements equations of thenR&ule were sufficient to generate
the simulations required, although the materialpprbes of the composite shielding
material would have to be defined independentlyeréhwas no scope to model

particulate reinforced composites within the geaynef the software and any attempts
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to do so resulted in creating a model with an estgesamount of elements and

therefore a model that was too demanding to solttetive resources available.

The governing partial differential equations, dedvfrom Maxwell-Ampere and

Faraday’s laws, and utilised by Comsol for desnglthe wave behaviour are given as;
V X (ulV X E) — ke, .E =0 (63)
V X (2VxH) —Kkiu,.H=0 (64)

Where:
E is the vector field intensity vector,
H is the magnetic field intensity vector,
Kris the environment’s relative permeability

&rciS the environment’s complex permittivity.

Ko is the wave number of the free environment artkiged by;

ko = w,/&to = C% (65)

Therefore for the model established, relevant natproperties were determined from
Effective Media Theory which takes into account thdividual constituents of the
composite to equal a bulk value for material ash@le: This approach to estimating
material properties is used often in materials rex@e although it is more suitable for

determining properties that vary linearly with vmle fraction. With electronic and
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magnetic properties following a percolation cunteyas yet to be established whether
this model would be successful in predicting thenposite materials electromagnetic

shielding behaviour.
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6 Results and Discussion

6.1 Initial Resistivity Measurements

As a method of quality control, initial measurensemtere taken using the surface
resistivity jig connected to a 9 volt ohmmeter. Stprovided instant clarification
regarding whether or not a sample was conductirdy therefore percolated. It also
guantified when the upper percolation threshold Ibeeh reached and therefore further
loading volumes were not required. Although ruditaen with limitations in accuracy
at high and low conductivities, this set-up proddeitial results before more accurate

measurement routines were established.

The initial samples were manufactured at 45% voluasethis was assumed to be
sufficient to surpass percolation and would givefaar comparison with the

commercially available silver filled epoxy from Lidge.

Two of the initial Silberline particle batches &$t(Tin coated iron and Cup 21) were of
significantly large particle size and therefore diok mix well into solution with the
PMMA resin. This in turn had a major impact whemfing as the large particles would
sink and agglomerate before a uniform print coudddosawn. The final prints were
therefore of a grainy appearance and non-conduclihg remaining pigment (AB1)
produced well mixed and uniform prints but they evetill non-conducting. Table 8

details the results of these initial tests.

92



Table 8 — Initial Resistivity Test Results

Filler material Filler Particle Size Surface Resistivity
content (mm) (Q/square)
Silberline - Tin Coated Iron 45% 0.330 Non Condugti
Silberline - Copper Pigment AB1 45% 0.004 Non Cartohg
Silberline - Cup 21 Copper Paste 45% 0.013 Non Qctiragy
HCA-1 Nickel Flake 45% 0.010 303.5
525 Nickel 45% 0.004 Non Conducting
525 Nickel (Low Density) 45% 0.004 Non Conducting
Sil-Shield Silver Coated Glass 45% 0.020-0.060 Konducting
Loctite - Silver Epoxy (Neat) 40-60% 0.003 15
Loctite - Silver Epoxy (Thinned) 40-60% 0.003 12.3

The Novamet filler powders;

- Novamet HCA-1 nickel - A thin flake powder with agh aspect
ratio. Given as almost 20 to 1 in the material cheet'®”. An SEM

micrograph of these flakes can be seen in Figure 6.

- Novamet 525 regular grade and low density gradkehic These are
fine powders that have been produced through heated nickel
carbonyl giving filamentary type particl€§®. SEM micrographs of

these powders can be seen in Figures 6.2 and 6.3.

- Sil-Shield silver coated solid glass spheres. AtMSticrograph of

these particles can be seen in Figure 6.4.

These fillers all mixed well and produced uniformngs, although only the flake
powder (HCA-1) formed a conductive network. Theglsilly larger particle size and
high aspect ratio of the HCA-1 flakes have likeBeh a factor as to why conduction

was observed. As the printed samples are relatitrety it is also possible the flake
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shape particles could have an affinity to alignhwitthe acrylic therefore further
increasing the contact area between individuakeak he Sil-Shield silver coated glass
spheres also failed to percolate at this volumethWhe Sil-shield particles being
spherical it is assumed that the percolation tlolestvill be raised and follow a more

rapid transition from insulator to conductor.

(Figures 6.1 and 6.2, SEM Micrographs of HCA-1 Nikel Flake and 525 Regular Grade Nickel)

(Figure 6.3 and 6.4, SEM Micrographs of 525 Low Desity Nickel Powder and Sil-Shield Silver

Coated Glass)
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6.1.1 Carbonaceous Samples

The carbon materials tested included a high surtaea graphite powder, Timrex

HSAG 100, a carbon black powder for spectroscopyamexpanded graphite powder

from SGL carbon. Table 9 details the particle props of these fillers.

Table 9 Carbonaceous Powder Properties

Filler Type Particle Size Apparent Density
(Lm) (g/cn)
HSAG 100 13.2 0.4
Carbon for Spectroscopy 35.7 0.69
Expanded Graphite 5.0 0.098

As can be seen in Figure 6.5, the spectroscopynaahd the Timrex HSAG100 both
showed classical percolation behaviour where tlghdri resistivity values dropped
consistently until an upper percolation thresholsweached. This occurred at around
40% for both samples. The resultant resistivithea for HSAG 100 was measured as
approximately 1.5x10ohm/ square whereas the carbon for spectroscomhee a

resistivity as low as 454 ohm/ square.

Carbon Powder
__ 1000000 1
g -
-
S 10000 -
:‘g 1000 - Carbon For
b Spectroscopy
0 100 -
-3
Q
é 10 -
3 1 T T T 1
30% 35% 40% 45% 50%
Loading Volume (%)

Figure 6.5, Surface Resistivity of Carbon for Specbscopy and HSAG 100 Sample
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Results in Figure 6.6 indicate that for the expandgeaphite samples percolation was
observed between 30-45% volume loading where theistnaty dropped to
approximately 4.5x10ohm/ square. This value further decreased as Igadias
incrementally increased reaching a minimum surfasestivity of 566 ohm/ square at a
loading of 90% volume. The primary advantage toxgexpanded graphite over the
other carbonaceous fillers is its low powder densithis results in making it a very

lightweight and cost effective filler material.

80000 Expanded Graphite

70000
60000
50000
40000
30000
20000
10000

O T T T
30% 40% 50% 60% 70% 80% 90%

Loading Volume (%)

Surface Resistivity (ohm/sq)

Figure 6.6, Surface Resistivity of Expanded Graph& Samples

6.1.2 Carbon and Nickel Samples

It was thought that by loading the matrix with ergdad graphite the bulk resistance
could be reduced before adding additional condaagparticles and creating a 3 phase
composite (Figure 6.7). HCA-1 and 525 regular persdwere chosen to be the
additional filler as these were both commercialgilable and had demonstrated an
ability to print successfully. It was theorised ttithe percolation threshold of the

additional filler may be reduced resulting in a Bswolume metallic filler required. The
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hypothesis was that the expanded graphite may dridg insulating gaps between
metallic particles. If successful a reduction ickal content and therefore cost may be
achievable. As can be seen from Figure 6.8, thelteeshow that the addition of
expanded graphite only lowered the resistivity luihé normal percolation threshold of
the nickel was met. Upon reaching this volume tieket then followed its normal

percolation trend gaining no benefits from the exjea graphite’s presence.

| —— PHASEE

Phase A = Nickel
Phase B = Expanded Graphite
Phase C = PMMA

Figure 6.7, Schematic Diagram of a Three Phase Corogite

Expanded Graphite and Nickel
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+ HCA-1 Ni
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=== 80% Expanded Graphite
+HCA-1
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50% Expanded Graphite
+525 (regular)

ey 575 Regular Grade Nickel

1 .
10 30 50 70

Nickel Filler Volume (%)

Surface Resistivity (ohm/ Sq)

Figure 6.8, Surface Resistivity of Expanded Graph& Samples with Additional Nickel
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6.1.3 Surface Resistance Variations

Additional studies were undertaken which investdathe effect that variables in the
measurement technique had upon the surface résistivhe variation in pressure

applied to the test and the directionality of thet twere both investigated.

It was clear during measurements of the surfacstmaty that the loading applied to
the test jig influenced the results obtained. Tvasiation was observed by taking
multiple surface resistivity measurements of acdddCA-1 nickel filled samples with
an incrementally increasing mass placed on topheftést jig. As can be seen in Table
10, a general trend is observed where the registiveasured tends to lower as the mass
Is increased. The largest variations are noted deivd.5 kg and 2 kg, whereupon with

the additional further masses the effect was |ppar@nt.

Table 10 - Variation of Resistivity with Load Applied

Filler Volume Surface Resistivity €2 /sq)
(%) 05kg 10kg 15kg 2.0kg 25kg 3.0kg 3.5kg Okg 4.5kg 5.0kg
10 - - - - - - - - -
20 - - - - - - - - -
30 39M 910k 747k 451k 446k 443k 43.1k 454k 447k 41.1k
40 33.9 30.5 28.8 28.1 27.8 27.4 27.5 27.2 26.8 26.1
50 7.3 6.0 5.9 55 54 54 54 5.3 5.3 5.2
60 4.8 4.1 3.8 3.3 3.3 3.4 3.3 3.3 3.2 3.2

It was thought that the K-Control Coater printingpgess may preferentially align
particles more in one direction than the other.sThould create a less homogeneous
composite and result in a more conductive samplenwmeasured longitudinally
compared to transverse measurements. As part afndergraduate degree project,
measurements were made on two sets of samplese Twmespared the resistivities
obtained when measured transverse to the printiegttbn and longitudinal with the
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printing direction. Tables 11 and 12 indicate tkia¢ resistivities measured do not

demonstrate any significant variation with the otéion of the measuring jigf*.

Table 11 - Orientation of Surface Resistivity Meastement - 525 Regular Grade Nickel

Filler Volume Transverse Resistivity  Longitudinal Resistivity

(%) (Q /sq) (€2 /sq)

10 N/C N/C

20 N/C N/C

30 15000 16300

40 720 800

50 11 8.2

60 4.8 4.4

Table 12 - Orientation of Surface Resistivity Meastement — 50% Expanded Graphite

with Additional 525 Regular Grade Nickel

Filler Volume Transverse Resistivity Longitudinal Resistivity

(%) (Q /sq) (Q /sq)

10 4600 4800

20 4100 4200

30 593 523

40 550 600

50 25 23

60 4 4

6.2 LCR Surface Resistivity Results

Surface resistivity measurements were also madarging frequencies. The K-Control
coated prints that had been previously producedewetested on a Wayne Kerr
Precision Component Analyser 6425. Surface resiigtiwas measured using the
standard test jig while following the procedure atied in the analyser manudf®.
Samples were placed face up on a flat surfacel@teasurement rig placed on top of
a uniform area of print. A 2 kg mass was then &oplo the rig and the electrodes
connected to the analyser. The analysis was caouedt varying frequencies and the

resistivities were measured across the full rarigaumple loadings.
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6.2.1 Silberline Samples

Following on from the initial pigments tested, ®itlne provided an alternative range
of samples, designated GA 180, GA 182, GA 184 aAdl86. SEM examinations and
EDX analysis revealed these newer samples wereecty@sed alloys and had been ball

milled into a disc shape known as “silver dolladrfcles.

Due to the limited volume of material available it each batch it was decided to
produce samples that would most likely encompass pércolation threshold. This
resulted in only three samples of each pigmentgpinduced at loadings of 30%, 40%

and 50%.

Initial sample manufacture indicated that the msly to demonstrate conductivity
was manufactured from pigment GA 180. This pignmanted well and on initial DC

surface resistivity checks demonstrated a degreeonfluctivity apparent, albeit the
samples were still highly resistive. On this baSikerline later produced a further

batch of material with a similar composition, desited L1-1837.

GA 180

GA 180 is of a lustrous gold coloured appearanat @ can be seen in the SEM
micrograph in Figure 6.9, contains a range of plrtsizes of approximately 3-25 pum.
These patrticles also have a relatively high asgait having been milled flat into their

disc shape.
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View field: 88.30 um  SEM HV: 20.00 kV
WD: 24.6520 mm Det: SE Detector 20 pm VEGAW TESCAN gy
Date(m/dsy): 11/16/11 n

Figure 6.9, SEM Micrograph of GA180 Particles

EDX Analysis established the particles compriseyadpper and aluminium alloyed
together. Figure 6.10 and Table 13 provides thetspm and details of the elemental

chemical analysis obtained.

Full scale counts: 6744 GA 180{1)_pt1
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Figure 6.10, EDXA Spectrum GA 180
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Table 13 Elemental Analysis of GA180 (wt%)

Elemental Analysis
Al Cu
GA 180 5.91 94.09

Material

Although initial DC resistivity checks revealed ssnconductivity, further surface
resistivity tests at various frequencies found wmadence of any percolation to be

apparent. Figure 6.11 provides the results obtained
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Filler Volume (%)

Figure 6.11, Surface Resistivity of GA 180

GA 182

GA 182 is of a pale tarnished gold appearance andam be seen in the SEM
micrograph Figure 6.12, contains a range of lapgeticle sizes of approximately 5-30
um. These particles are a mixture of relativelyhh@gpect ratio particles and others

which are more cuboidal in appearance.
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View field: 98.03 pm  SEM HV: 20.00 kV
WD: 24.7780 mm Det: SE Detector 20 um VEGAW TESCAN gy’
Date(m/dfy): 11/16/11 n

Figure 6.12, SEM Micrograph of GA 182 Particles

EDX Analysis established the particles compris@pper, aluminium and nickel alloy.
Figure 6.13 and Table 14 provides the spectrumdmtails of the elemental chemical

analysis obtained.

Full scale counts: 6744 GA 182{1)_pt1
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Figure 6.13, EDXA Spectrum GA 182
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Table 14 - Elemental Analysis of GA182

Elemental Analysis (wt%)
Al Ni Cu
GA 182 5091 4.94 94.09

Material

Surface resistivity testing at various frequencmgealed no evidence of any reduction

in resistivity or percolation apparent. Figure 6ditails the results obtained.
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Figure 6.14, Surface Resistivity of GA 182

GA 184

GA 184 is also of a pale tarnished gold appearamckas can be seen in the SEM
micrograph Figure 6.15, contains a range of partsizes of approximately 5-35 pum.
These particles are a mixture of slightly loweregpratio and some thin high aspect

ratio discs.
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View field: 99.75 um  SEM HV: 20.00 kV

WD: 25.0000 mm Det: SE Detector 20 pm VEGAW TESCAN gy
Date(m/dsy): 11/16/11 n

Figure 6.15, SEM Micrograph of GA 184 Particles

EDX Analysis established the GA 184 particles casgpra copper aluminium and

nickel alloy, with a slightly higher level of alumum and a slightly lower level of

nickel than GA182. Figure 6.16 and Table 15 prowithee spectrum and details of the

elemental chemical analysis obtained.
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Figure 6.16, EDXA Spectrum GA 184
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Table 15 - Elemental Analysis of GA184

Elemental Analysis (wt%)
Al Ni Cu
GA 184 17.30 3.78 78.92

Material

Surface resistivity testing at various frequencmgealed no evidence of any reduction

In resistivity or percolation apparent. Figure 6gt@vides the results obtained.
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Figure 6.17, Surface Resistivity of GA 184

GA 186

GA 186 is of a reddish brown appearance and aseaseen in the SEM micrograph

Figure 6.18, contains a range of larger particdesiof approximately 7-35 um. These

particles appear to be a mixture of slightly thiciiscs.
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View field: 98.48 ym  SEM HV: 20.00 kV Lo b
WD: 25,0000 mm Det: SE Detector 20 pm VEGAW TESCAN g
Date(m/dfy): 11/16/11 n

Figure 6.18, SEM Micrograph of GA186 Particles

EDX Analysis established the GA 186 particles casgpra copper aluminium and
nickel alloy although, oxygen was also detectedis Tk most likely attributable to
oxidation of the particle surfaces. Figure 6.19 daflle 16 provides the spectrum and

details of the elemental chemical analysis obtained

Full scale counts: 6744 GA 186(1)_pt1
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Figure 6.19, EDXA Spectrum GA 186
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Table 16 - Elemental Analysis of GA186

Elemental Analysis (wt%)
0 Al Ni Cu
GA186 1.05 17.80 3.11 78.04

Material

GA 186
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Figure 6.20, Surface Resistivity of GA 186

L1-1837

L1-1837 is of a dark gold coloured appearance aad supplied in a solvent binder
creating an agglomerated paste. The solvent wasuenwith ethyl acetate and filtered
in a Buchner funnel. SEM examination revealed tadiges were of a much thinner
flake type with a more ragged edge to them, knos/ficarnflake type”. These can be
seen in the SEM micrograph, Figure 6.21. The darsize range is approximately 3-25

um. These flakes also have a relatively high asjaict
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View field: 237.16 ym  SEM HV: 20.00 kV | I T R
WD: 25.0000 mm Det: SE Detector 100 pm VEGAW TESCAN u’

Figure 6.21, SEM Micrograph of L1-1837 Flakes

EDX Analysis established the particles compris@ abpper and aluminium alloy with
a significant oxygen detection also noted. Thisiraga likely to be the result of
oxidation of the particles. Figure 6.22 and Taldeptovides the spectrum and details of

the elemental chemical analysis obtained.

Full scale counts: 5766 L11837 {1)_pt1
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Figure 6.22, EDXA Spectrum L1-1837
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Table 17 - Elemental Analysis of L1-1837 (wt%)

Elemental Analysis (wt%)
O Al Cu
L1-1837 5.67 9.59 84.73

Material

The larger volume of sample material provided adldvior a more exhaustive range of
test samples to be produced. These initially rarfgmd 20% to 70% volume. Checks
on these samples revealed that still no notabldweiion was occurring. Samples were
then produced with increased loading volume upQO@°2 to investigate the effect very
high loading would have on the composite. Again percolation behaviour or

conduction was evident.
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Figure 6.23, Resistivity Measurements of L1-1837

Summary

From the results obtained it can be seen thatfath@se samples demonstrate high
resistivity with very little evidence of percolatidoehaviour patterns. There is a small
drop in resistivity between 40% - 50% loading ompkes GA-180 and GA-186 at

lower frequencies. This is not significant enougtbé seen as evidence of percolation
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thresholds. It should also be noted that the diftetesting frequencies did affect the
resistivity of the overall sample. However, they dot appear to influence the
percolation of the particles in these samples agdhistivity was consistent across the
range of loading. This variation of resistivitylilsely to be caused by the skin effect and
the frequency variable reactive component of theeidance. As the frequency increases

this reactance term is reduced.

6.2.2 Microsphere Technology Samples

Microsphere technology provided batches of silvevated microspheres and
cenospheres. Following the established standardvadebdf production, a range of
samples were prepared and tested. These partiges af varying sphere types with
different densities and size range as shown inel'a8l The test samples were produced
with various loading levels and printed on the Ka@ol coated before being testing for

surface resistivity at 100 Hz, 1000 Hz, 100 kHz 888 kHz using the LCR meter.

Table 18 - Properties of Microsphere Samples

Sample Reference Sample Type Density Particle Size Range
(g/cm’) (um)
L -60 Microsphere 0.23 39-98
X-10 Expanded Volcanic Ash 0.39 53-105
M-18 Microsphere 0.72 5-30
B —55LX Microsphere 0.55 34-72
SSB005 Microsphere 0.57 10-30
SSB006 Microsphere 0.45 10-45
SSB007 Microsphere 0.21 25-80
SSB008 Microsphere 0.26 25-70
SSB011 Cenosphere 1.78 5-30
SSB012 Cenosphere 0.78 10-45
SSB013 Cenosphere 0.77 10 - 45

All values provided by Microsphere Technology.
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L-60 is a silver coated hollow glass microsphereadight tan appearance. With a
density of 0.23 g/cththey are very lightweight. As can be seen in tB&Snicrograph

in Figure 6.24 they comprise highly uniform spheres

f 100prm

Figure 6.24, SEM Micrograph of L-60 Silver Coated Mcrosphere

Surface resistivity measurements revealed a ramid th resistivity within the 10% to
30% loading volume range that continues to redligatky up to the 50% maximum
loading (Figure 6.25). The sample appears to hasehed the percolation threshold by
this 30% value. Resistivity obtained at this logdimas measured in the region of 4
ohm/square for all frequencies tested and droppdtdr to just over 1 ohm/square at

50% loading.
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Figure 6.25, Surface Resistivity Measurements of 6O
X-10

X-10 particles are silver coated cenospheres pexidtom expanded volcanic ash.
They have a light grey appearance and with a den$i®.39g/cni they are also very
lightweight. As can be seen in the SEM micrographFigure 6.26, they comprise

uneven oval shaped particles with a nodular suttiadere evident.

T0um

Figure 6.26, SEM Micrograph of X-10 Silver Coated Brticles
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Surface resistivity measurements revealed a ram ©h resistivity within the 10% to
20% loading volume range which again continuesetuce slightly up to the 50%
maximum loading (Figure 6.27). The samples appeaate percolated between the 20%
and 30% values. Resistivity obtained at 30% wassorea in the region of 4.5
ohm/square for all frequencies tested and droppetldr to just around 2 ohm/square at

50% loading.
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Figure 6.27, Surface Resistivity Measurements of X0

M-18 particles are silver coated hollow glass nmspiweres of a light grey appearance.
Although, in relation to the other microspheregddswith a slightly increased density
of 0.72 g/cr, they are still a lightweight material. As can been in the SEM

micrograph in Figure 6.28 they comprise highly amf spheres of a reduced patrticle

size.
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Figure 6.28, SEM Micrograph of M-18 Silver Coated Mcrospheres

Following the trend of the previous samples M-1%egs to percolate at a low
threshold in the region of 20% loading volume. Hoareas also seen previously the
resistivity continues to drop with the increasingading volumes (Figure 6.29).
Resistivities of around 1.5 ohm/square were obthiae only 20% loading volume

which dropped to around 0.2 ohm/square by 50% fapdolume.
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Figure 6.29, Surface Resistivity Measurements of M8
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BS5-LX

B55-LX particles are silver coated hollow alumirigsite glass microspheres with a tan
appearance. They have a density of 0.55 Yhstich again results in a lightweight
material. As can be seen in the SEM micrographigureé 6.30, they comprise highly

uniform spheres with a slightly coarser surface.

T0um

Figure 6.30, SEM Micrograph of B55-LX Silver CoatedMicrospheres

Again following the trend, a rapid drop in resigijMs noted between the 10% and 30%
loading volume range (Figure 6.31). The sample afgo® have percolated by this 30%
value with resistivites of around 2.5 ohm/ squasaimed. These only dropped slightly,

reaching around 1.5 ohm/square at 50% loading.
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Figure 6.31, Resistivity Measurements of B55-LX Mimspheres

The excellent results obtained for the M-18 samp&souraged Microsphere

Technologies to produce an additional range of $esngrhich were based around
similar characteristics. Four samples of this ramgmoted SSB0O05 — SSB008, were of
the same glass type and with similar dimensior®atih the silver content was varied.
A further three samples SSB011-SSB0013 were matwigatfrom natural cenospheres

particles.

SSB005

Similar to the M-18 particles, SSB005 are silveated hollow glass microspheres of a
light grey appearance. They have a slightly lowetsity of 0.57 g/cth As can be seen
in the SEM micrograph in Figure 6.32, they comphgghly uniform spheres of a small

particle size.
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Figure 6.32, SEM Micrograph of SSB005 Silver CoateMicrospheres

The range of loadings was increased slightly tduske a 5% volume sample and
continue up to 60% loading volume. As the previmsilts indicated a low percolation
threshold, it was decided to include extra sampdeensure that the full percolation
curve was observed. The results indicate that fsron was again reached between 20%
and 30% loading volumes with resistivities of ardn2 ohm/ square being observed at

30% (Figure 6.33).

100000000 - SSB005
g
£ 1000000 - o— 100Hz
o
Z 10000 - —8—1kHz
2 100kHz
8 100 1 —>—300kHz
3
“‘E 1 1 T
(%]
0.01 -
0% 20% 40% 60%
Filler Volume (%)

Figure 6.33, Resistivity Measurements of SSB005 Miasphere Samples
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SSB006

SSBO006 particles were very similar to SSB005 altfiowith a slightly larger particle
size range and reduction in density to 0.45 g/chm SEM micrograph of the particles

can be seen in Figure 6.34.

View field: 96.88 pm  Det: SE Detector
SEM HV: 20.00 kV WD: 17.3230 mm 20 pm
Date(m/d/y): 12/29/10 Scan speed: 3
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Figure 6.34, SEM Micrograph of SSB006 Silver CoateMicrospheres

Again similar to SSB0O05, the results indicate thextcolation was reached between 20%
and 30% loading volumes with resistivities of ardn3 ohm/ square being observed at

30% loading volume (Figure 6.35).
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Figure 6.35, Resistivity Measurements of SSB006 Maspheres

SSB0O07

SSBO007 are silver coated hollow glass microsphefes grey appearance. These
particles have a larger particle size range anddemsity of 0.21 g/cfh As can be seen

in the SEM micrograph in Figure 6.36, they comphigghly uniform spheres of a small
particle size. Some fractured spheres are preshig may be a consequence of such a

low density particle.

View field: 115.87 pm  Det: SE Detector L I R T |
SEM HV: 20.00 kV WD: 17.2120 mm 50 um VEGAW TESCAN g’
Date(m/d/y): 12/29/10 Scan speed: 3 n

Figure 6.36, SEM Micrograph of SSB007 Silver CoateMicrospheres
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Percolation again appears to occur in the regioB08% loading volume. However a
further notable reduction in the resistivity is ebsed between 50% and 60% volume
loadings. The resistivities measured at 30% araratd.7 ohm/square and when fully

percolated at 50% this value decreases to arowtirzsquare (Figure 6.37).
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Figure 6.37, Resistivity Measurements of SSB007 Maspheres
SSB008

SSBO008 are very similar to the SSB007 particlegs€hparticles have a tighter particle
size range and slightly higher density of 0.26 dlcAs can be seen in the SEM
micrograph in Figure 6.38, they comprise highlyform spheres of a small particle size.

Again some fractured spheres were noted.
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Figure 6.38, SEM Micrograph of SSB008 Silver CoateMicrospheres

Again following the same behaviour as SSB007, gdatiom appears to occur in the
region of 30% loading volume and again a furtheduotion in the resistivity is

observed between 50% and 60% volume loadings. 8distivities measured at 30% are
however lower at around 3 ohm/ square and oncg fadrcolated at 50% the value

decreases to around 0.15 ohm/square (Figure 6.39).
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Figure 6.39, Resistivity Measurements of SSB008 Maspheres

SSBO11

SSBO011 are silver coated cenospheres of a lightapgearance. These particles are
naturally occurring spheres that are subsequerithgrscoated. They have a small
particle size and are of higher density than mdsthe comparable particles at 1.78
glcnt. As can be seen in the SEM micrograph in Figud®,6they comprise uniform

spheres with additional less uniform particles atstuded.
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Figure 6.40, SEM Micrograph of SSB011 Silver Coate@enospheres

Surface resistivity measurements indicate a venypercolation threshold between 10%
and 20% loading volumes. The values obtained at 2@@round 0.1 ohm/ square and

remain at this level with all additional loadingdtre 6.41).
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Figure 6.41, Resistivity Measurements of SSB011 Cespheres
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SSB012

SSB012 are also natural cenospheres of a lighapgearance. They have a slightly
larger particle size and are of lower density t8&B011 at 0.71 g/cinAs can be seen
in the SEM micrograph in Figure 6.42, they compus#gorm spheres with additional

less uniform particles also included.

View field:220.57 pum  Det: SE Detector (R
SEM HV: 20.00 kV WD: 17.3940 mm 100 pm
Date(m/d/y): 12/29/10 Scan speed: 3

v
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Figure 6.42, SEM Micrograph of SSB012 Silver Coate@enospheres

Surface resistivity measurements indicate SSBOh2\es similarly to the majority of
the microsphere samples, initially percolating lavw 30% loading and continuing to
reduce in surface resistivity until 50% loading.eTValues obtained at 30% are around

11 ohm/ square reducing to around 2ohm/ squar@%tldading (Figure 6.43).
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Figure 6.43, Resistivity Measurements of SSB012 Cespheres

SSB013

SSBO013 are again natural cenospheres of a liglagpaarance. They share very similar
properties to SSB012 although they have a den§i®y7@ g/cni. As can be seen in the
SEM micrograph in Figure 6.44, they comprise umfospheres with additional less

uniform particles evident.
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Figure 6.44, SEM Micrograph of SSB013 Silver Coate@enospheres
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Figure 6.45, Resistivity Measurements of SSB013 Cespheres

Again SSB013 behaves similarly to the other samalig®ugh initially percolating at a

slightly higher loading between 30% and 40% loadiflge values obtained at 40% are
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around 0.4 ohm/ square and remain in this regiooutsh the higher loading levels

(Figure 6.45).

Summary

The results observed from the surface resistiastihg of Microsphere Technology’s
samples indicated that the majority of sampleofeid a common trend of percolation
behaviour. Almost all the samples demonstrated gietion between 20% and 30%
loading volumes although the level of resistiviggached varied between samples.
Exceptions to this trend were samples M-18, SSBORBSSBO011 that percolated in the
region of 20% loading reaching resistivities in tlgion of 0.2 ohm/ square once fully

percolated.

Conversely, some samples only exhibited resistvitethe region of 2 ohm/ square
when fully percolated. These tended to be the tapgeticle size samples. It is likely
that as a result of fewer particles per unit asegeduced number of connected network

paths are available. Therefore a slight increasesrstivity is observed.

Surface resistivity results obtained for all adshal materials tested following this

technique can be found in Appendix B.
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7 EMI Attenuation Results

7.1 Dipole Test

Initial shielding measurements were made usingadipole antennas set up contained
within a small shielded chamber. The dimensionthefantennas available limited the
test frequency to 2.1 GHz. This was the frequenwy dipoles were tuned to and

therefore provided the strongest signal strength.

Figure 7.1 provides the shielding effectiveness suesd using this apparatus. These
results have been plotted alongside the correspgrslirface resistivity of each sample
demonstrating the relationship between resistiatyd shielding effectiveness. In
general, it can be seen that the lower the surfasestivity the more the signal is
attenuated. However this is not the case when congptoe silver filled epoxy with the
three nickel powder filled samples. All the nickalmples demonstrate a higher surface
resistivity while still providing a higher level afhielding effectiveness. The higher
magnetic permeability of nickel than silver comlaingith good conductivity results in

a higher level of shielding being achieved.
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Dipole Antenna Measurements
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Figure 7.1, Dipole Antenna Attenuation

After performing this small batch of tests, theitamtions of the small test chamber and

basic antennas set-up became apparent. The igabilgasily vary the test frequency

and restrictive nature of the small chamber redultea new, more appropriate test

regime being required.

7.2 Horn Antennas Results

Subsequent measurements were made using horn astand an analog power meter

to measure the transmitted signal power. By takivegunshielded and shielded signal

power measurements, the power ratio could be datedntherefore the attenuation

could be calculated:;
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Unshielded Signal Strength
Shielded Signal Strength

Power Ratiopecicver =

Attenuation (dB) = —10log,,Power Ratio

After a period of time this power meter was reptheath a spectrum analyser. This
allowed direct decibel readings to be taken. Tihmeeefan unshielded value and a
shielded value would be measured and the attemuat@muld be the difference. All

testing was performed with a 9 GHz signal.

7.2.1 Attenuation Measurements

Expanded Graphite and Nickel Composites

Samples were produced comprising nickel powder,aedpd graphite and various
combinations of both combined. Figures 7.2 andpra¥ide the results for the samples
made with these fillers alone. It can be seen tihatlevels of shielding recorded are
significantly larger for the nickel samples thamr filne expanded graphite with a
maximum attenuation of 38 dB obtained compared diB4vith the graphite. However

it was still to be seen whether combinations ohldiers would have an effect on the

attenuation levels obtainable.
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Figure 7.3, Attenuation Measurement of 525 RegulaGrade Nickel

Figures 7.4 and 7.5 examined the possibility thighlly loaded expanded graphite
samples could have an improved shielding performdramnm a small addition of nickel
fillers. These results indicate that the additidreither 525 low density nickel powder
or HCA-1 nickel flake impart little additional shitng performance to samples of

expanded graphite that were already loaded abaveritical percolation threshold. The
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addition of 25% 525 low density nickel to a 50%ded graphite sample achieved an
attenuation of 5 dB while the addition of 25% HCAIldkes to an 80% loaded graphite
sample attenuated just over 9 dB. These were nwtidered to be an improvement to

the nickel samples without additional graphite.
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Figure 7.4, Attenuation Measurement of 50% Expandedraphite and 525 Low Density Nickel
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Figure 7.5, Attenuation Measurement of Expanded Grphite and HCA-1 Nickel Flake
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It was again shown to be the case in Figure 7.@ravithe 525 regular grade nickel
loading reaches 60% volume within a matrix of PMMAd 50% expanded graphite. It
can be seen that the percolation transition stituos between 20% - 30% nickel
volume and achieves a maximum attenuation of 38Td®se results are equal to the

525 regular grade samples produced without anyhifeapddition.
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Figure 7.6, Attenuation Measurement of Expanded Grphite and 525 Regular Grade

The nickel based samples proved to be far supéoothe graphite samples. The
previous trend continued where the expanded gmphithough percolated, provides
very little shielding until the nickel levels reagtercolation. After which the nickel

network becomes the dominant shielding mechanism.

The level of shielding achieved with the nickelefl samples reached approximately
35-40 dB and compares well to that of a similar owrcially available material, Super
Shield from MG Chemicals. Super Shield is availaddea nickel filled acrylic spray
with a shielding effectiveness in the range of 2545 dB (for comparable test

frequenciesy?®. However the samples do not compare quite as fabbuwith another
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range of acrylic/nickel materials produced by Pai®bBomerics. Cho-Shield 2044 and
Cho-Shield 4916 are brush on or sprayable compoditat have quoted attenuation

values of 60-70 dB and 40-50 dB respectively.

Silberline Alloy Samples

The Silberline samples produced from the GA ranfgeamples were also tested in the
horn antennas set up. Of the four samples tested8GAwas clearly the most

conductive. It also provided the highest attenunatib10.2 dB at a 50% volume loading

(Figure 7.7).
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Figure 7.7, Attenuation Measurements of Silberlin&samples

7.3 Waveguide EMI Attenuation Results

Following the waveguide technique described presligla large range of samples were
tested over the S-Band, X-Band and Q-Band frequeacges. The samples were

carefully placed at the aperture of the two opettsenf the wave guides and clamped in
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place to create as little deviation as possibleveen the two sections of wave guide. A
two port normalising calibration procedure wasisgidl. This standardised the measured
attenuation to zero before any shield was insdrtexlthe waveguide. This procedure

also allows direct § parameter readings to be taken. Attenuation is theasured in

dB.

7.3.1 Silberline Samples

Figures 7.8 — 7.10 show the attenuation valueshezhby Silberline GA180 samples. In
the S-Band and X-Band range, maximum values inr¢gen of 4 dB were measured
and in the Q-Band an increase to about 15 dB wamssuned. These figures are in
keeping with the low values of surface resistivitgasured previously, where a slight
decrease in resistivity was also noted in the hiffeguency range. This increased high
frequency conductivity is in keeping with the pitdd behaviour. It has been stated
that the attenuation loss through a shield is tirgoportional to the wave frequency
as well as the conductivity and permeability of gheelding material**®. This effect

has also been previously simulated in random esigtworks .

0.00 T G|A180 T T

-0.50
~ -1.00 -
z 2.00 \/ MW v V ——30%
.g - Ly ’{ 1 ’
% -250 A -
< 400 e —

-4.50 1—

-5.00

2.60E+09 2.80E+09 3.00E+09 3.20E+09 3.40E+09 3.60E+09 3.80E+09
Frequency (Hz)

Figure 7.8, S-Band Waveguide Attenuation Measuremes of Silberline GA180
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Figure 7.9, X-Band Waveguide Attenuation Measuremes of Silberline GA180
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Figure 7.10, Q-Band Waveguide Attenuation Measurermes of Silberline GA180

7.3.2 Expanded Graphite

The expanded graphite samples tested here in Biguté — 7.13 again follow the trend
of exhibiting higher attenuation at higher frequesc It was observed in the S-Band
and X-Band frequency range, that the attenuatianiwghe region of only 1.5 dB. This

increases to an average attenuation of around 4I1B- B the Q-Band range. It can be
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seen from these results that significant fluctuegiare apparent, especially in the high
frequency results. This appears to be more promaethe loading levels are increased.

These fluctuations will be discussed further intieec7.3.4.

Expanded Graphite
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Figure 7.11, S-Band Waveguide Attenuation Measurenmés of Expanded Graphite
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Figure 7.12, X-Band Waveguide Attenuation Measurenrgs of Expanded Graphite
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Figure 7.13, Q-Band Waveguide Attenuation Measurenms of Expanded Graphite

7.3.3 Microsphere

Figures 7.14 — 7.16 show the shielding effectivenedues achieved by the SSB005
silver coated glass microspheres. In the S-Banderam shielding effectiveness of
between 55-60 dB was measured. This improves {60688 in the X-Band and further

to 70-80 dB in the Q-Band although again quiteledpesults are apparent.
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Figure 7.14, S-Band Waveguide Attenuation Measurenms of SSB0O05 Microspheres
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Figure 7.15, X-Band Waveguide Attenuation Measuremes of SSB005 Microspheres
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Figure 7.16, Q-Band Waveguide Attenuation Measurenmds of SSB005 Microspheres

These results demonstrate the advantages that sdated hollow glass spheres have
on the shielding effectiveness. For a relativelyabmolume of metal a high level of
shielding effectiveness, ranging from 55-80 dB, bagn achieved. These results
compare favourably with the shielding effectivenesslues quoted for similar
commercial material. For example, Ceno Technologféex silver coated cenospheres

with an advertised shielding effectiveness of 60aiB00 MHz to 25 GHZ3.
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The shielding effectiveness results detailed hedecate only a small proportion of the
variety of attenuation levels measured. Over aelasglection of materials tested the
dependency on conductivity and frequency remainasistent with all samples

achieving higher shielding effectiveness as theftequency is increased.

All additional test results are provided in Appendi.

7.3.4 Result Fluctuations - Normalisation and TRL Caltlaa

The fluctuations noted in the network analyser ltestan be attributed in part to the
calibration procedure undertaken prior to testihghas been shown that improved
calibration techniques, such as transmission-riédledine (TRL) calibration, can

reduce the levels of these fluctuations. Howevehatime of the sample testing during

this study, no calibration kits were available.

The normalisation procedure undertaken for calibnatakes into account only the
attenuation of the signal and not the test portchiag. Due to this test port mismatch,
when transmission measurements are being madenoplesawith a different match
coefficient, ripples are usually found in the résuSome variation will still be apparent
even after calibration as any small mismatch attés¢ ports will result in multiple
reflections being produced. This imparts errorshiea measurements giving this ripple

effect!*6%,

Subsequently TRL calibration kits have since bearchmsed by Edinburgh Napier

University. The difference between the normalisesutt and TRL calibrated result in a

141



test sample measured at Q-Band frequencies canebe ® Figure 7.17. The

fluctuations have been reduced from variation ofiad 12 dB to only around 3 dB.

Q- Band Calibration Comparison
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Figure 7.17, Calibration Procedures Comparison

The TRL technique uses a line with correspondingratteristic impedance as its
reference instead of a fixed match. As it is pdesib more accurately manufacture the
characteristic impedance of an air line than adireatch, a better test port match is

achieved.
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8 Investigation of Additional Processes

8.1 Electroless Plating of Expanded Graphite

The potential to utilise expanded graphite’s lighiyht and low percolation threshold
properties within conductive composites remainossibility. It has been shown that
the limit of graphite’s conductivity is too low tproduce significant EMI shielding
attenuation alone. The use of expanded graphitegside nickel powder fillers also
failed to produce significant improvements to tbétickel/PMMA alone. One other
possible method of improving the conductivity ofghite was to electroless plate a
nickel coating onto the surface of the particlesvds surmised that if it was possible to
coat the expanded graphite in such a manner tteabee the expanded structure, then it

may be possible to obtain a highly conductive yiétrsgh volume powder.

Following the electroless plating process as deedrpreviously, batches of expanded
graphite powder were processed through the sengitd activation baths. It became
evident that this process was flawed and lesstdaifar a powder of such nature. Due
to its random and disordered open structure of ir@dayers, expanded graphite is
highly susceptible to interlocking and thereforaeylagherating together. In fact many
interesting applications exploit this mechanicaértocking ability to produce products

formed into graphite sheets.

The wet stages of sensitising and activation agjuired the powder to be rinsed, filtered
and dried before the following stage could be pemntxd. This all required filtering
through a Buchner funnel then dried in a warm ovefore removing the powder from
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the filter paper. This process was repeated odethalremaining stages. After each
stage it was clear that the powder was agglomeratore each time and even if
successfully plated, it would be likely the uniqueperties of the expanded graphite

structure would be lost.

One solution was thought to have been found whewas realised that previous
research*®Y had found by introducing graphite powder into méice at 38 for one
hour it was possible to remove any adsorbed gases the graphite’s surface. This
therefore improved the wetability and activatedoit plating. Although the previous
research had been performed on much larger nomdgrgagraphite particles, there was

no reason to foresee any problems for this appicat

Small quantities of expanded graphite were subsegtyuplaced within a crucible and
heated inside a rapid heat box furnace to the rewmded 38@. They were then held
at temperature for one hour. Upon removal the gtapias stored at vacuum to prevent
the re-adsorbsion of any gases. Plating was thempted following the standard
conditions of the nickel-phosphorus plating procédse agglomerated particles from
the conventional pre-treatment processing were gikded following identical
conditions. The resulting powders were examined siganning electron microscope for
examination of the particle morphology and EDX gs@l. Figures 8.1 and 8.2 show the
structure and the resulting EDX analysis spectrirexpanded graphite in the virgin
condition. As can be seen here the flakes of gtapdmie uncontaminated with only

carbon being detected.
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Expanded Graphite

Figure 8.1, SEM Micrograph Virgin Expanded Graphite
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Figure 8.2, EDX Analysis of Virgin Expanded Graphie

Figures 8.3 and 8.4 show the powder structure lamdetsulting analysis spectrum of the
expanded graphite powder after heat treatment.xpsated after heat treatment there
has been no change to the structure or chemicgbasition with an identical spectrum

to the virgin condition being observed.
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EG Sensitised + Activated

Figure 8.3, SEM Micrograph of Heat Treated ExpandedGraphite
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Figure 8.4, EDX Analysis of Heat Treated Expanded @&phite

Figures 8.5 and 8.6 demonstrate the structure esulting spectrum of the expanded
graphite after heat treatment sensitisation andreless nickel plating bath. It can be
clearly seen from the EDXA spectrum that the p@pnocess was unsuccessful with no

nickel or phosphorus being detected upon the seidathe expanded graphite.
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Heat Treated EG - Ni plated

Figure 8.5, SEM Micrograph of Heat Treated ExpandedGraphite after Nickel Plating Bath

Full scale counts: 17027  Heat Treated EG - Ni plated_pt1
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Figure 8.6, EDX Analysis of Heat Treated Expanded @&phite after Nickel Plating Bath

The plating bath stage was repeated with the lsngthplating time increased, at no

stage was any plating successfully observed.

Figures 8.7 and 8.8 demonstrate the structure asmdlting spectrum of expanded
graphite after a full conventional nickel platingppess. As can be seen distinct peaks of
nickel and phosphorus are both evident in the EDXlysis spectrum. This is clearly

indicative of a successful plating procedure. Atscan be seen in the SEM image that
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the surface of the expanded graphite particledobasme globular in appearance where

the nickel has encapsulated the agglomerated lasttic

Electroless plated EG

Figure 8.7, SEM Micrograph of Electroless Nickel Rited Expanded Graphite
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Figure 8.8, Expanded Graphite after Standard NickePlating Bath

These results have identified that the heat tremtrpeocess followed here has been
unsuitable for sensitising and activating expangteghhite for electroless nickel plating.
It has also shown that the expanded graphite itselfuitable for plating when

catalytically active. The challenge of activatingist surface while preserving the
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properties that make such an attractive materitherfirst place remain. However there
is definite scope for further research and contihukevelopment of such a heat

treatment technique.

8.2 Brabender Compounded PMMA-Nickel Compared Against Hectroless

Nickel Plated PMMA

As discussed in section 3.8, it was theorised Hyaklectroless plating nickel onto
PMMA granules and then compression moulding theto plagues, a conductive
network within the composite could be produced.e Btectrical and EMI shielding
properties of these plagues produced would be cadpaith that produced through a
more conventional filling and compounded procesgal@ross-sectioned granules of
injection moulding grade PMMA (Diakon from Lucitejth approximate dimensions as

shown in Figure 8.9 were chosen for both the piseEes

—_ -

3mm

O

4mm

Figure 8.9, PMMA Granule Dimensions

Compounded samples were manufactured in a Brabd?idsti-Corder at increasing
intervals of Novamet HCA-1 nickel flake ranging fniol0% to 80% by weight. The

Brabender process involves hot mixing of the acrgiianules in the chamber where
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they are softened before the desired volume ofehiskadded to the polymer melt. This
mixture is then compounded for another minute ahigher mixing rate. The
amalgamated mixture is then removed from the chanvhéde soft and allowed to cool
before being broken down into smaller more manadgdaigments suitable for an even
distribution within the mould. The plague mould guoes samples 150 mm x 50 mm x

2 mm by pressing them in a twin plate hot pre0abnne at 17C.

The electroless plating process followed the sarbhath pre-treatment followed by the
nickel solution plating bath used previously totplthe expanded graphite, although in
this case there was not going to be such filtraissnes between sensitisation stages as

the granules are sufficiently large and non-agglatnay.

Initially the plating procedure was failing to @athe PMMA and it was clear that the
sensitising stage was proving unsuccessful. lbramon for sensitisation to discolour
the surface of light or transparent substrates aithght brown hue. This was not
apparent in this case. It was thought that by evang the surface and therefore
increasing the surface area, the wetability charestics would improve and aid the
sensitising process. If successful it would alseehtihe benefit of providing the final

nickel deposition more opportunity to interlock orthe substrate surface resulting in

improved adhesion.

The PMMA granules were subsequently placed indidimlsss steel mixing cups lined
with 120 grit silicon carbide abrasive paper anthted within a planetary ball mill.
Only the mixing action was required therefore mdliballs were not used in the process.

A five minute mixing cycle was sufficient to unifoty abrade the surfaces of the
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granules and remove the glossy appearance leaviogaese dulled surface finish.
Subsequent sensitising was fully successful. Thasvad for batches of PMMA to be
plated with increasing bath submersion times. Ryatimes of 20, 30, 40 and 50

minutes were carried out to compare the effechofaasing nickel thickness.

Initial visual observations indicated that a susbd@sprocedure had been achieved
although under optical microscopy it could be st there were still some occasional

uncoated faces on the granules.

A second alternative approach used was to reducsitie of the PMMA granules by
passing them through a powdering grinder. This eeduthe granule size to
approximately 2 mm and resulted in a highly angujmanule with an opaque
appearance. No further surface roughening was nejuPlating was then performed
following the exact conditions as undertaken wité karger granules. This resulted in a
more homogenous coating. Examination under opticétroscopy revealed no

observable surfaces remained uncoated.

The nickel plated PMMA granules and powders wersnm@ssion moulded under
identical conditions to the Brabender compoundechpéas. The resultant plaques
exhibited a distribution of thin nickel sheets tgbout the matrix of PMMA. The
samples produced from the larger PMMA granules latdd an even distribution of
nickel sheets in amongst a matrix of PMMA. It wagparent that the nickel had not
completely formed a network as there were transpaegions of PMMA surrounding

the isolated nickel sheets throughout the samples.ground PMMA samples appeared
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to be more far more homogenous, although some smallistinct transparent regions

of PMMA were still evident in places.

20 mnfsamples were cut from each plaque and the densites measured following
the Archimedes method. The same samples were asgured for relative dielectric

constant then finally for their EMI attenuation.

It was found that the plaques retained an inswdasiurface layer after compression
moulding. This limited the electrical testing tltatuld be undertaken on the samples as
resistivity measurements would not provide relevaesults. Provided a conductive
network had formed internally within the plaquey aarface layer would not adversely

affect the electromagnetic shielding effectiveness.

For comparisons between the samples the relatinmaipwities were measured. These
were made on a Wayne Kerr Precision Component Aral§425 with a Wayne Kerr
permittivity micrometer jig — D321. Capacitive maesments were taken with the
sample in place between the electrodes and themespanding capacitive
measurements taken of the air gap that the sanuglgped. The relative permittivity

“g” was then calculated following equation (5).

Table 19 details the results obtained.

The variations in density between the Brabender ppamded samples and the

electroless plated ones indicate the relative duesitof nickel contained within the
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sample. It can be seen that the electroless psategbles all demonstrate lower densities

and higher relative permittivity than the Brabendempounded samples.

Table 19 — Density and Dielectric Properties of Pigues Produced

Sample Density (g/cr) Relative Permittivity

Brabender Mixed 10%Wt 1.29 1.16
Brabender Mixed 20%Wt 1.45 1.14
Brabender Mixed 30%Wt 1.59 1.18
Brabender Mixed 40%Wt 1.68 1.26
Brabender Mixed 50%Wt 1.72 1.24
Brabender Mixed 60%Wt 1.71 1.25
Brabender Mixed 70%Wt 1.80 1.27
Brabender Mixed 80%Wt 181 1.26
Electroless Plated (Large Granules) 20 min 1.13 1.33
Electroless Plated (Large Granules) 30 min 119 1.24
Electroless Plated (Large Granules) 40 min 1.26 1.34
Electroless Plated (Large Granules) 50 min 1.26 1.77
Electroless Plated (Ground Granules) 20 min 1.22 1.43
Electroless Plated (Ground Granules) 30 min 1.23 1.80
Electroless Plated (Ground Granules) 40 min 1.23 1.88
Electroless Plated (Ground Granules) 50 min 1.28 2.79

PMMA is quoted to have a relative permittivity valaf 3.7 — 2.6 (50 Hz — 1 MHZY?.

8.3 Shielding Effectiveness

The samples were all tested following the coupleaveguide technique for the
shielding effectiveness in the S-Band Range asridbestc Figure 8.10 indicates that the
Brabender filled samples exhibited low levels akktling effectiveness, approximately
3 dB. This indicates that the maximum loading of®8BQwt%) nickel flake was not
sufficient to achieve percolation within these s@apConversely, the electroless plated

samples all showed higher shielding effectivenebgchvimproved markedly as the
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plating time was increased. The larger granuledseamples achieved values in the
region of 20 dB after 50 minutes of nickel platimgor to moulding (Figure 8.11) and

the ground granule sample achieving values inegen of 35 dB (Figure 8.12).

Brabender Compounded Plaques
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Figure 8.10, S-Band Attenuation Measurements of Bteender Compounded Samples
Electroless Plated PMIMA Granules
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Figure 8.11, S-Band Attenuation of Electroless Niad Plated PMMA Samples
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Electroless Plated Powdered PMMA Granules
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Figure 8.12, S-Band Attenuation of Electroless Niad Plated Ground PMMA Samples

The density, relative permittivity and shieldingfestiveness results of the two
compared processes, indicate that superior eleagpetic shielding is achievable at a
reduced metallic content. By following the eleotss plating process to manufacture
the polymer plaques a lower density composite dapabshielding approximately 35
dB was produced. Samples produced via the Brabemdepounding process contained

notably higher nickel content yet only attenuateslad 3 dB.

It has yet to be seen what values of attenuatieraahievable through this process. It is
evident that the initial granule dimensions andiptatime both have an effect on the
properties of the final composite. The smaller gablPMMA granules resulted in
approximately a 15 dB attenuation improvement akerlarger granules. The increased
surface area would result in higher nickel conteHiowever as the density
measurements indicate this difference was miniifiad large attenuation improvement
is therefore more likely to be a result of a moobearent network formation within the
plaque.
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Further investigations into the dependency of thegting thickness, granule dimensions
and moulding parameters would be highly benefitmatletermine the values that may

ultimately be achievable.

8.4 Comsol Multiphysics Modelling

As previously discussed in section (5.14), a mddelsimulating the EMI shielding
waveguide test has been developed in Comsol Muyhiph. When the filler
conductivity is known an estimate for the compdsiteffective conductivity can be
made. It is then possible to generate shieldingcéffeness values under different

conditions within the software.

The effective media equation used to calculate aposite conductivity is given

below;

V, = V\*
Oerf = 02(1—14)

Where;
o.rs = Effective conductivity S/m
o, = Filler conductivity S/m
V. = Critical percolation volume fraction
V, = Loading volume fraction

t = Critical exponent = 2.0
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If it is assumed that the critical percolation accat a value of 24% loading, then for
nickel © =1.563x10 S/m %) and graphite  =0.017x16 S/m ™**) the calculated

effective conductivies are given in Table 20.

Table 20 — Effective Conductivities of Composite Mrials

Loading Volume Effective Conductivity (S/m)

(%) Nickel Graphite

25 2706 x16  0.003x 18
30 9.742x10  0.105x 168
35 3.274x16  0.356x 18
40 6.927x16  0.753x 18
45 1.193x16  1.297 x 16
50 1.829x16  1.989x 16
55 2.600x16 2.828x168

8.4.1 Model Parameters

The model was constructed using the built in RF uh®dvith a 3D geometry (Figure
8.13). This module alone would be sufficient foe @pplications required, although if
necessary additional modules could be operatiamall&neously such as heat transfer

in an electromagnetic systet.
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Figure 8.13, Model Navigator

The waveguide was constructed as a single perecirieal conductor cubic shape and
then a section removed at the midpoint. This was tieplaced with cross sectional area
that would in effect become the material under. t€ke external boundary conditions

highlighted in red have been allocated as perfegmatic conductors, Figure 8.14.

AN

Figure 8.14, Material Boundary Conditions
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The two faces at either end were each designatadraasmitting or receiving port. The
signal would be generated at port 1 angda®enuation values would be measured at
port 2 (Figure 8.15). It was then required to swHeprequired frequencies across the

Q-Band range and measure the attenuation acrossautipge material.
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Figure 8.15, Electric Field Strength
Simul aed Attenuation of Mickel/PMMA Com posites
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Figure 8.16, Simulated Attenuation Values of NickédPMMA Composite
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Using the effective conductivity values, the simeth $; attenuations values were

generated for ideal nickel and graphite compogRegure 8.16 and Figure 8.17).

We see that from the nickel simulation results, dbper percolation appears to have
been reached between 25% and 30% where a 40 dBas®in attenuation is predicted.
It is also indicated that the shielding attenuatimuld continue to increase
incrementally as the loading volume increases hatlimit of the range evaluated here,
a value of approximately 100 dB was measured 5% volume loading. These values
differ from the measured attenuations of nickel/PMNMomposites tested in the
laboratory where the attenuation generally reach@daximum of approximately 35 -

40 dB.

The attenuation values predicted for graphite caites appear to indicate a similar
pattern to the nickel model. As expected the smgle@ffectiveness is significantly less
than for nickel with the 25% simulation only prethg a 2-3 dB shielding effectiveness.
This increases to approximately 38 dB for a 55%lilog. Once again these values are
much greater than measured experimentally whereonabased samples peaked at

approximately 4 dB attenuation.
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Simulated Attenuation of Graphite/PMMA Composites
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Figure 8.17, Simulated Attenuation Values of Graphe/PMMA Composite

The simulations appear to provide results thabWwlthe expected percolation trends of
filled polymer composites. As the loading volumétially increases, a rapid rise in
attenuation is observed. The extent of attenuatiggrovements reduces as the loading

volume further increases.

Attenuation values of these magnitudes were noterwksg in the corresponding
experimental data gathered during laboratory tgsfiiis suggests that there are errors
within the Effective Media Theory conductivity pretions or within the simulation

program itself.

It was however noted that in both simulations tB&2Joading results are very similar
to the maximum values obtained empirically. As éfffective conductivity calculations

do not take into account factors such as conginatesistance, a true upper percolation
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limit is not observed. It may be that the valuekwated nearer the estimated critical
percolation correspond more accurately to the upgheeshold of composites
manufactured. However these connections may justcdiacidental. A far more

conclusive study would be required to tailor thedelbng procedure and gain more

accurate results.
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9 Conclusion

A successful procedure has been established usindasd laboratory equipment and a
K-Control coater to prepare and print electricalgnductive polymer composite
samples. This process produced repeatable and qaoafity prints of sufficient

dimensions that were suitable to be tested via litode of different electrical testing

methods. These testing procedures were developgdedimed throughout the study
from reasonably basic surface resistivity and dipstiielding tests to high frequency
shielding effectiveness testing on the network yswal All these tests played a
significant role towards achieving the most sugabhd productive testing regime.
Although some of the materials tested did not pcedeffective shielding composites,
many of the results obtained did compare favouratith comparable commercially

available products.

The electroless plating of expanded graphite posvdeas not fully successful in
producing a nickel plated expanded graphite thateged the expanded structure. The
thermal sensitisation processes undertaken praved tinable to sensitise and activate
the graphite surface for electroless plating. Therative aqueous sensitising process
was successful in nickel plating the graphite altio it also resulted in an
agglomeration of the graphite particles prior tatiplg. This however also resulted in a
loss of many of the desired properties of expargteghite. All attempts to overcome

these setbacks were ultimately unsuccessful.

A successful electroless nickel plating process wdised in developing a method to

manufacture compression moulded plaques of PMMArackel. By depositing a thin
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coating of nickel onto the surface of PMMA granufedlowed by a compression
moulding process, composite test plaques weretalidle produced. These compression
moulded plagues were refined by reducing the geamdimensions whilst also
improving the adhesion of nickel to them. Theseemals proved that in comparison to
samples produced by a more conventional methodoofposite production, higher

shielding effectiveness at a lower nickel conterdchievable.

Simulation of the electromagnetic shielding effeetiess of composite materials in
Comsol Multiphysics demonstrated potential to madelwaveguide attenuation testing
of conductive composite materials. The model waseassful in generating attenuation
values for given properties of materials. Effectineedia theory was followed to
generate conductivity values of two phase compesiféhe theoretical values did
exhibit a degree of a percolation trend as obsemdde attenuation simulations. The
effective media model does not reach an upper [amo threshold until the bulk
conductivity of the filler is reached. This resdlten higher simulated shielding
effectiveness values than were obtained from eo@irresults measured in the

laboratory.
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10 Suggestions for Future Work

Development of a non-aqueous sensitisation andadicth stage for electroless nickel
plating of expanded graphite may assist in prodsm@e novel materials. If a dry
sensitisation process can be developed it couldilpigseliminate the agglomeration
issues encountered in this study. Successful glatiould likely produce a lightweight,
very high aspect ratio and conductive filler matkriThis could make for excellent

conductive fillers for electromagnetic shieldingrgmosites.

The initial results achieved in the PMMA/electraasckel plague study demonstrated
the potential to reduce the metallic content rezfuifor electromagnetic interference
shielding of composite materials. Further invediayes are required to identify the
granule dimensions, coating thickness and procgssamditions that would optimise
the composite properties. It is possible that reduthe granule dimensions could result
in further improvements to the shielding capalastilt is also likely that through more
rigorously tailored processing conditions, compssnouldings could be produced
with more control of the polymer flow within the mid. This would potentially reduce
the segregated regions where only PMMA was appa®emth improvements would aid
in retaining more of the conductive network thatre as the granules are compressed
together. There is scope for a far more detaile@stgation in order to optimise the

potential of these materials.

165



11 References

[1] Schwarz, S.Electromagnetics for engineer©xford University Press, USA,
1990.

[2] Kodali, V. Engineering electromagnetic compatibility: prin@gl measurements,
technologies, and computer modelsstitute of Electrical and Electronics
Engineers, 2001.

[3] Brewer, R.; Fenical, GEE Evaluation Engineerinj998 37.

[4] Chung, DJournal of Materials Engineering and Performark@0Q 9, 350.

[5] Montrose, M.EMC and the printed circuit board: design, theoand layout
made simpleWiley-IEEE Press, 1999.

[6] Gaboian, JAnalog Applications Journ&00Q 4.

[7] Raper, T.; Knauber, &MD Publication1999 22507

[8] Chung, D.Carbon2001, 39, 279.

[9] Kraz, V.Conformity, Januar2007, 38.

[10] Wang, S.; Lee, F.; Chen, D.; Odendaal, WRower Electronics, IEEE
Transactions 012004 19, 869.

[11] Hammond, PElectromagnetism for engineers: an introductory rseuOxford
University Press, 1997.

[12] Faraday, MExperimental researches in electrigi$y839.

[13] Hecht, EPhysics Brooks/Cole Pub., 1994.

[14] Texas Instrument8CB Design Guidelines for Reduced EN¥999.

[15] Jackson, B.; Bleeks, West Conshohoken, PA, ITEI99 125.

[16] Arnold, R. R. InComplience Engineering002.

[17] GE Plastic®roduct Assembly - Shielding Principles and Shigjdtffectiveness

166



[18]

[19]

[20]

[21]

[22]

[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]

[31]

[32]

[33]

[34]
[35]
[36]

[37]

Khalifa, O.; Sakr, EThe Open Corrosion JournaD09 2, 211.

Klauk, H. Organic Electronics: Materials, Manufacturing, ampplications
John Wiley & Sons, 2007.

Chung, D. D. L.Materials for electronic packagindgutterworth-Heinemann,
1995.

Hannafin, J.; Woburn, M2002

Blythe, A. R.Electrical properties of polymer€Cambridge University Press,
1979.

Jiles, D.Introduction to the electronic properties of mastsj CRC, 2001.

Bohr, N.Philosophical Magazine Seriesl®13 26, 1.

Nelson, S. A.; Earth Science Australia.

Ebbing, D. D.General ChemistryBoston, 1987.

Delaney, CElectronics for the physicisPenguin Books Ltd, 1969.

Voet, A.; Whitten, W.; Cook, FColloid & Polymer Scienc&965 201, 39.
MacDiarmid, A. G.Reviews of Modern Physi2801, 73, 701.

Ito, T.; Shirakawa, H.; Ikeda, 3. Polym. Sci. Polym. Chem. E€74 12, 11.
Chiang, C.; Fincher Jr, C.; Park, Y.; Heedgkr, Shirakawa, H.; Louis, E.; Gau,
S.; MacDiarmid, A. GPhysical Review Letted977 39, 1098.

Heeger, A.; MacDiarmid, A. G.; Shirakawa, NobelPrize.org.

Epstein, A.; Ginder, J.; Zuo, F.; Bigelow, RVoo, H. S.; Tanner, D.; Richter,
A.; Huang, W. S.; MacDiarmid, ASynthetic Metal4987 18, 303.

Stejskal, J.; Gilbert, RRure and applied chemist8002 74, 857.

Cao, Y.; Smith, P.; Heeger, A.Synthetic Metal4992 48, 91.

Heeger, A. JAngew. Chem. Int. E2Z001, 40, 2591.

Zhang, K.; Zhang, L. L.; Zhao, X.; Wu,Ghemistry of material201Q 22, 1392.

167



[38] Basavaraja, C.; Kim, W. J.; Kim, Y. D.; Huh, B.Materials Letter2011

[39] Yamamoto, T.; Sanechika, K.; Yamamoto, Journal of Polymer Science:
Polymer Letters Editiod98Q 18, 9.

[40] Lin, J. W.Journal of Polymer Science: Polymer Chemistry Bditl98Q 18,
2869.

[41] McCullough, R. DAdvanced Material4998 10, 93.

[42] Sugimoto, R.; Takeda, S.; Gu, H.; YoshinoGfiem. Expres$986 1, 635.

[43] Karim, M. R.; Lee, C. J.; Lee, M. Sournal of Polymer Science Part A:
Polymer Chemistrg006 44, 5283.

[44] Groenendaal, B.; Louwet, F.; WO Patent WO/2083,052: 2003.

[45] Liu, C. D.; Hsieh, K. H.

[46] Eley, D. D.Organic Semiconducting Polymet968

[47] Friend, R. H.Conductive Polymers II: From Science to ApplicasioRAPRA
Technology Ltd, 1993.

[48] Petty, M.; Bryce, M.; Bloor, D.; Mahmood, MAn introduction to molecular
electronics Oxford University Press New York, 1995.

[49] Weder, C.Journal of Inorganic and Organometallic PolymersdaNlaterials
2004 16, 101.

[50] Newell, J.Essentials of modern materials science and engingewiley, 2009.

[51] Callister, W.; Rethwisch, DMaterials science and engineering: an introduction
John Wiley & Sons New York, 1997.

[52] Jing, X.; Zhao, W.; Lan, LJournal of Materials Science Lette260Q 19, 377.

[53] Toker, D.; Azulay, D.; Shimoni, N.; Balberg, Millo, O. Physical review B
2003 68, 41403.

[54] Thongruang, W.; Spontak, R.; Balik, Bolymer2002 43, 3717.

168



[55]
[56]
[57]

[58]

[59]

[60]
[61]
[62]
[63]
[64]
[65]
[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

He, D.; Ekere, NJournal of Physics D: Applied Physi2z804 37, 1848.
Roldughin, V.; Vysotskii, VProgress in Organic Coatingz00Q 39, 81.

Xue, Q.European polymer journ&004 40, 323.

Mamunya, Y.; Davydenko, V.; Pissis, P.; Lebed&. European polymer
journal 2002 38, 1887.

Stauffer, D.; Aharony, Alntroduction to percolation theoryraylor & Francis,
1992.

Kirkpatrick, S.Reviews of Modern Physit973 45, 574.

Abeles, B.; Pinch, H.; Gittleman, Bhysical Review Letted975 35, 247.
Sheng, P.; Abeles, B.; Arie, Physical Review Lettet973 31, 44.

Sheng, P.; Sichel, E.; GittlemanPhysical Review Letted978 40, 1197.

Hill, R.; Google Patents: 1938.

Bauer, W.; Google Patents: 1940.

Brydson, JPlastics materialsButterworth-Heinemann, 1999.

Bhattacharya, S.; Chaklader, Rolymer-Plastics Technology and Engineering
1982 19, 21.

Breuer, O.; Sundararaj, Bolymer Composite2004 25, 630.

Gangopadhyay, R.; De, £&hemistry of material200Q 12, 608.

Ponomarenko, A.; Shevchenko, V.; Enikolopyain Filled Polymers | Science
and Technolog$99Q 125.

Strumpler, R.; Glatz-Reichenbach,Jdurnal of Electroceramic$999 3, 329.
Bloor, D.; Donnelly, K.; Hands, P.; LaughliR,; Lussey, DJournal of Physics
D: Applied Physic2005 38, 2851.

Celzard, A.; Mareche, J.; Furdin, G.; Purigell. Journal of Physics D: Applied

Physics200Q 33, 3094.

169



[74]
[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

Zheng, W.; Wong, S. Composites Science and Technol2g93 63, 225.
Chen, G.; Weng, W.; Wu, D.; Wu, European polymer journé&2003 39, 2329.
Jia, W.; Tchoudakov, R.; Narkis, M.; Siegmawn,Polymer Composite2005
26, 526.

Chernysh, I.; Nikitin, Y.; Levental', N>owder Metallurgy and Metal Ceramics
1991, 30, 459.

Celzard, A.; McRae, E.; Mar ché, J.; Furdin; Bufort, M.; Deleuze, Clournal
of Physics and Chemistry of Solitl#96 57, 715.

Vo3, S.; Nigmatoulline, V.; Bele, M.; PejovnikS.; Besenhard, J. O.
Monatshefte fur Chemie/Chemical MontBB01 132 487.

Kroto, H. W.; Heath, J. R.; O'Brien, S. C.;iCR. F.; Smalley, R. ENature
1985 318 162.

Culotta, L.; Koshland, D. ESciencel991, 254, 1706.

Richard, C. RChemical Engineering009 116 34.

Wilson, M. Nanotechnology: basic science and emerging teclgetoCRC
Press, 2002.

Wolf, E. L. Nanophysics and nanotechnologViley Online Library, 2004.
lijima, S.Nature1991, 354, 56.

lijima, S.; Ajayan, P.; Ichihashi, Physical Review Lettet092 69, 3100.
Ajayan, P.; Lijima, SNature1992 358 23.

Dresselhaus, M. S.; Dresselhaus, G.; Eklungd,JBnes, D. E. HScience of
fullerenes and carbon nanotub&scademic Press New York, 1996; Vol. 965.
SHI, X.; LU, G.; Qing, M.; WO Patent WO/2008&4,321: 2003.

Olk, C. H.; United States Patent 5753088: 1998

170



[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

Journet, C.; Maser, W.; Bernier, P.; Loisedu, Lamy de La Chapelle, M.;
Lefrant, S.; Deniard, P.; Lee, R.; FischeMNature1997, 388 756.

Qin, L. C.; Zhao, X.; Hirahara, K.; Miyamoty,.; Ando, Y.; lijima, S.Nature
200Q 408 50.

Dunsch, L.; Kuran, P.; Kirbach, U.; Schell&, The Electrochemical Society,
Pennington, N1994 94, 24.

Demczyk, B.; Wang, Y.; Cumings, J.; Hetman, Man, W.; Zettl, A.; Ritchie,
R. Materials Science and Engineering2802 334, 173.

Li, F.; Cheng, H.; Bai, S.; Su, G.; DresselsiaM. Applied physics letter800Q
77, 3161.

Wong, E. W.; Sheehan, P. E.; Lieber, C.9diencel997 277, 1971.

Harris, P. J. FCarbon nanotube science and technolddgiversity of Reading.
Khare, R.; Bose, SJournal of Minerals & Materials Characterization &
Engineering2005 4, 31.

Baughman, R. H.; Zakhidov, A. A.; De Heer, AAl.Science002 297, 787.
Bianco, A.; Kostarelos, K.; Prato, MCurrent Opinion in Chemical Biology
20039, 674.

Milne, W.; Teo, K.; Amaratunga, G.; Legagne®x; Gangloff, L.; Schnell, J. P.;
Semet, V.; Binh, V. T.; Groening, Qournal of Materials Chemistr004 14,
933.

Bianco, A.; Prato, MAdvanced Material2003 15, 1765.

Biercuk, M.; Llaguno, M. C.; Radosavljevic, . MHyun, J.; Johnson, A. T.;
Fischer, J. EApplied physics letter002 80, 2767.

Bauhofer, W.; Kovacs, J. Zomposites Science and Technol2§99 69, 1486.

Shrivastava, N. K.; Khatua, Barbon2011

171



[106] Jurewicz, l.; Worajittiphon, P.; King, A. A.; Sellin, P. J.; Keddie, J. L,
Dalton, A. B.The Journal of Physical Chemistry2B11

[107] Li, Y.; Zhao, L.; Shimizu, HMacromolecular Rapid Communicatiog611

[108] Kim, H.; Kim, K.; Lee, C.; Joo, J.; Cho, Spon, H.; Pejakovi , D.; Yoo, J.;
Epstein, A Applied physics letterd004 84, 589.

[109] Li, N.; Huang, Y.; Du, F.; He, X.; Lin, X.; &, H.; Ma, Y.; Li, F.; Chen, Y.;
Eklund, P. CNano letter2006 6, 1141.

[110] Li, Y.; Chen, C.; Zhang, S.; Ni, Y.; Huang Applied Surface Scien@908 254,
5766.

[111] Andre Geim, K. N.; Nobelprize.org: 2010.

[112] Geim, A. K.; Novoselov, K. SNature material2007, 6, 183.

[113] Geim, A. K.Science009 324, 1530.

[114] Mukhopadhyay, P.; Gupta, R. RO11

[115] Wang, S.; Zhang, Y.; Abidi, N.; Cabrales,langmuir2009 25, 11078.

[116] Awasthi, K.; Kumar, R.; Raghubanshi, H.; AwasS.; Pandey, R.; Singh, D.;
Yadav, T.; Srivastava, @ulletin of Materials Scienc2011, 34, 607.

[117] Stankovich, S.; Dikin, D. A.; Dommett, G. B.; Kohlhaas, K. M.; Zimney, E.
J.; Stach, E. A.; Piner, R. D.; Nguyen, S. B. TupR, R. S.Nature2006 442
282.

[118] Ramanathan, T.; Abdala, A.; Stankovich, Sikil} D.; Herrera-Alonso, M.;
Piner, R.; Adamson, D.; Schniepp, H.; Chen, X.; fRudk. Nature
nanotechnology008§ 3, 327.

[119] Tien, H. W.; Huang, Y. L.; Yang, S. Y.; Wanh,Y.; Ma, C. C. MCarbon201Q

[120] He, H.; Tao, N. JEncyclopedia of nanoscience and nanotechnoR@y3 2,

755.

172



[121] Zhang, D.; Qi, L.; Yang, J.; Ma, J.; Cheng,, Huang, a. L.Chemistry of
materials2004 16, 872.

[122] MacNaughton, S.; DeMeo, D. F.; Sonkusale, Bandervelde, T. E. In
Semiconductor Device Research Symposium, 2009.9SD®R International
2009, p 1.

[123] Reches, M.; Gazit, Scienc2003 300, 625.

[124] Gelves, G. A.; Lin, B.; Sundararaj, U.; Habdr A. Advanced Functional
Materials2006 16, 2423.

[125] Parker-ChomericSonductive Compounds Selectors Guiil1.

[126] Parker-Chomeric€ho-Shield 2056 Data She@000.

[127] Parker-Chomeric€ho-Shield 2044 Data She@011.

[128] Parker-Chomeric€onductive Compounds Cho-Shield Conductive Coatings
2000.

[129] MG-ChemicaldiG Chemicals AppGuide - EMI/RFI Shieldi2g04.

[130] Creative-Materialsl17-48 Pad printable, Electrically Conductive, Nfoed
Silver Epoxy Ink996.

[131] Ceno Technologies Incorporated 2011.

[132] KemtronConductive Elastomers: Materials Dat2011.

[133] SSPSSP547-65 Silicone Sheilding Elastomers: ProdusicBgtion 20009.

[134] Young, H. D.; Freedman, R. A.; Sears, F. Bemansky, M. W.Sears and
Zemansky's university physics : with modern phydiegh ed.; Pearson/Addison
Wesley: San Francisco, Calif. ; London, 2000.

[135] Kraz, V.Conformity2007, January 38.

[136] Maxwell, J. CClarendon Press, OxfortiB92 2, 247.

[137] Crowell, B.Light and Matter Creative Common Attribution, 1998.

173



[138] Ampere, A. MAnn. Chemie et Phy$82Q 15, 59.

[139] Liao, S. Y.Microwave devices and circujtBrentice Hall, 1980.

[140] Cowdell, RElectronic Design News982 44.

[141] Parker Chomeric¥heory of shielding and gasketing - EMI Shieldirtgedry,
2000.

[142] Matthew, N.; Sadiku, CElements of electromagnetié3xford University Press.

[143] Straus, I.; Conformity: 2001.

[144] GE-Plastics Product Assembly - Shielding Principles and Shingdi
Effectiveness

[145] Luke, S2007.

[146] Munk, B.Frequency selective surfaces: theory and desilfitey-Interscience,
2000.

[147] Commission, I. EGeneva, Switzerland: CISPR200897.

[148] National Security Agenc$pecification for Shielded Enclosures: NSA 73-2A
1972.

[149] Hemming, L. HArchitectural Electromagnetic Shielding HandbookDasign
and Specification Guidénstitute of Electrical and Electronics Engine&800.

[150] Markham, DMaterials & Design1999 21, 45.

[151] Levy, O.; Stroud, DPhysical review B.997, 56, 8035.

[152] Kovacik, J.Scripta Materialial998 39.

[153] Jamnik, J.; Kalnin, J.; Kotomin, E.; Maier, Bhysical Chemistry Chemical
Physics2006 8, 1310.

[154] Thommerel, E.; Valmalette, J.; Musso, J.;la, S.; Gavarri, J.; Spada, D.
Materials Science and Engineering2802 328 67.

[155] Garnett, JPhilos. Trans. R. Soc. London Serl204 203 385.

174



[156]
[157]
[158]

[159]

[160]
[161]
[162]

[163]

[164]
[165]

[166]

[167]

[168]

[169]
[170]

[171]

[172]
[173]

[174]

Bruggeman, DAnn. Phys.(Leipzig)935 24, 636.

Landauer, R. 1978; Vol. 40, p 2.

Ruppin, ROptics Communication200Q 182 273.

Karkkainen, K.; Sihvola, A.; Nikoskinen, Kseoscience and Remote Sensing,
IEEE Transactions 02002 38, 1303.

Mackay, T. G.; Lakhtakia, AOptics Communication2004 234, 35.

Agilent Technologie®F Network Analysis Basics - A Self Paced Tutp#@03.

J. K. Hunton, H. C. P.; Reis, a. C.Fewlett-Packard Journel955 7, 1.

Bernd Schincle, J. IBasics of Vector Network AnalysRohde&Schwarz UK
Ltd., 2005.

Ramo, S.; Whinnery, J.; Van Duzer,IB94

ASTM 2010.

Robeson, LPolymer blends: a comprehensive revigdanser Gardner Pubns,
2007.

Matthews, GPolymer mixing technologypplied Science New York, 1982.
Mallory, G.; Hajdu, J.; Electroplaters, A.p8ety, S. F.; KnoveElectroless

plating: fundamentals and applicatignSESF, 1990.

Wurtz, A.Ann. chim. phy4844 11, 250.

Brenner, A.; Riddell, G. 1948, p 156.

Brown, R.; Brewer, P.; Milton, MJournal of Materials Chemistrg002 12,
2749.

Sahoo, P.; Das, S. Klaterials & Design201Q

Palaniappa, M.; Seshadri,\8ear2008 265, 735.

Grosjean, A.; Rezrazi, M.; Takadoum, J.; B¢rd?. Surface and Coatings

Technology2001, 137, 92.

175



[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]
[183]
[184]

[185]

[186]

[187]

[188]

[189]

[190]

Straffelini, G.; Colombo, D.; Molinari, AWear1999 236, 179.

Balaraju, J.; Sankara Narayanan, T.; Sesha8ti Journal of applied
Electrochemistry2003 33, 807.

Parkinson, RNickel Development Institui©97, 37.

Yoon, J. W.; Park, J. H.; Shur, C. C.; Ju8gB. Microelectronic Engineering
2007, 84, 2552.

Grossmann, G.; Zardini, Che ELFNET Book on Failure Mechanisms, Testing
Methods, and Quality Issues of Lead-Free SoldartainnectsSpringer, 2011.
Johal, K.; Roberts, H.; Lamprecht, S.; Wuridar C. Americas2005 25, 35.
ASTM Standard Test Methods for DC Resistance or Condgetaf Insulating
Materials, 2007.

William A. Maryniak, T. U., Maciej A. Nora003, p 4.

Chatagnon, C., Edinburgh Napier Universi§0?2.

RTP Companypurface Resistivity and ApplicatioB808.

Standard, M. Method of Attenuation Measurements for Enclosures,
Electromagnetic Shielding, for Electronic Purpose§ Government Printing
Office, Washington, DC, 195MIL-STD-285.

ASTM Standard Test Method for Measuring the Electromégnghielding
Effectiveness of Planar Material$999.

NovameHCA-1 Conductive Nickel Flake Data She06.

Novame®25 Conductive Nickel Powder Data Sh&&06.

Wayne-Kerr Instruction/ Service Manual for 6425 Precision Cament
AnalyserFarnell Instruments Limited.

Panteny, S.; Stevens, R.; BowenFe€rroelectrics2005 319, 199.

176



[191] Palaniappa, M.; Veera Babu, G.; BalasubraamanK. Materials Science and
Engineering: A2007, 471, 165.
[192] ASM InternationalCharacterization and failure analysis of plasticASM

International, 2003.

[193] www.matweb.conNickel Data Sheet

[194] www.matweb.conGraphite Data Sheet

[195] Multiphysics, CComsol Multiphysics Minicours@006.

177



12 Appendix A — Institute of Circuit Technology Publication

EMI Shielding Properties of Polymer Composites
The Journal of the Institute of Circuit Technology

October 2008 vol.1 no.4

178



EMI Shielding Properties
of Polymer Composites

Jonathan Smuga
Research Student,
Napier University

Introduction

Shielding from radiated electro-
magnetic interference is a con-
stantly growing issue with the
increase and miniaturisation of elec-
tronic devices. Often these devices
require shielding from the external
EM environment or from internally
generated sources such as self gen-
erated waves or from adjacent cir-
cuits. Considering this EMI issue
while designing of a PCB will aid the
overall efficiency of the process as it
is a common scenario that
“decisions on the RFl enclosures are
left until the end of the design proc-
ess creating a situation that makes
their addition more difficult to ac-
commodate. As a result, the enclo-
sures may interfere mechanically
with other areas of the
design.”(Warner, 2008). Consider-
ing available shielding options at the
design stage will help to control the
cost, manufacture and weight issues
while also potentially expanding the
options available for the desired ap-
plication.

Shielding methods

The majority of unwanted EM
emissions are the result of voltages
and currents travelling within circuit-
ry, where voltages generate electric
fields and the currents generate
magnetic fields. Good design and
grounding can reduce the levels of
these emissions but often it is nec-
essary to provide a barrier shield.
Just as conductive materials will
emit radiation they also reflect and
absorb it converting it back to volt-
ages and currents.

Board level enclosures are one
of the standard methods of shield-
ing within PCBs and circuitry, they
are housings that surround the com-
ponent providing it with a conduc-
tive cage to shield and reduce the
levels of emissions entering or being
transmitted from the device. Enclo-
sure design is varied but in general
they take the form of a conductive
blanket known as a “shadow shield”
or a five sided box that encapsu-

lated the desired components, they
can be multi cavity and have acces-
sibility for maintenance via hinged
flaps. Commonly these are thin me-
tallic sheets that could be stamped,
folded or machined to shape, the
manufacturing process followed will
depend on the volume required and
the stage of development reached.
Metallic shields perform well when
manufactured and installed correctly
but there is a risk that further
processing of the board can result in
apertures being created, if these are
of similar length to any wavelengths
involved, they can act as an antenna
for localised emissions.

Polymer enclosures are a viable
option in terms of cost weight and
manufacturability but with most
commodity plastics being excellent
insulators they are essentially invisi-
ble to EM waves. Therefore to utilise
polymers they have to include a con-
duction mechanism, this could be in
the form of metallisation, doping,
inherent conduction or conductively
filled polymers.

Metallised plastic housings in-
volve depositing a very thin layer of
metal onto a moulded plastic enclo-
sure providing a continuous conduc-
tive path that can provide high EM
attenuation levels. Possible metallisa-
tion processes include -

a) Electroless plating - A chemi-
cal reduction process that requires
various stages of baths to sensitise
and activate the surface of the mate-
rial before finally being submerged
in a solution rich in metal ions that
are deposited uniformly over the all
active surfaces. This provides a two
layer shield as both internal and ex-
ternal surfaces are coated resulting
in a potential shielding effectiveness
in the range of 90dB (Bastenbeck,
2008). Although a good method of
providing shielding this requires
large amounts of chemicals and can
have slow deposition rates.

b) Vacuum metallisation - Vari-
ous vacuum plating process are fea-
sible, these include evaporation
coating where a metal is vaporised
then deposited onto the substrate
surface and sputtering where by the
introduction of a current and inert
gas within the vacuum chamber cre-
ates a plasma which releases metal
atoms from a target material which
are then deposited throughout the
chamber. These processes are rela-

tively simple and provide good qual-
ity coatings but are limited by the
chamber dimensions and are both
line of sight processes making com-
plex substrates more difficult to coat.
They can achieve shielding in the
region of 50-70dB (Gerke, 1990)
depending on the frequency and
thickness of the coating, at lower
frequency the coating must be
thicker to compensate for the skin
effect.

Inherently conductive Polymers
Polymers that are conductive as a
property of their structure are
known as inherently conductive pol-
ymers (ICP), they can be synthesised
for a specific structure or to contain
dopants to allow electron transfer.
One solution can be achieved
through modification to the polymer
structure to allow the transfer of
electrons along a chain structure
know as a conjugated chain poly-
mer. These involve chemically un-
saturated polymers that have a back
bone chain structure of alternating
single and double bonded carbon
atoms. This structure allows for each
carbon atom to only be bonded
with one other kind of atom this
leaves one electron free from each
carbon atom and allows for electron
transport within. Although ICP’s are
potentially ideal for these applica-
tions often their high crystallinity
and insolubility have limited their
use, although more recent develop-
ments have shown more promise.

Conductively filled polymer

Conductive polymer composite are
manufactured by filling an insulative
matrix with conductive fillers, the
matrix gradually becomes less resis-
tive as the volume of filler increases.
This trend continues until the filler
volume reaches a level where the
resistance rapidly drops known as
percolation threshold, this resistance
drop continues until a limit is
reached and the reduction in resist-
ance slows down again. At this
stage conductive networks have
been formed and once percolation
has been reached the addition of
further fillers is unlikely to give any
significant improvement to the con-
ductivity but maybe likely to have a
detrimental impact on the mechani-
cal properties of the composite.
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measured at 0.098 g/cm?3 It is
formed by taking natural flake graph-
ite and treating it with acids then
rapidly heating it to temperatures in
the region of 10000 C (Figure 1).
This process expands the weaker
interlayer van der Waals bonds
which then allow the individual lay-

Typical Percolation Curve

< ‘v Peresiaton Thoesheld

S etk o040 collapse and support their sur-

\\_“—‘-—-——-__ roundings allowing for the expansion
to remain after cooling. This process
can expand the graphite to between
100-300% of its volume therefore
should allow for low percolation val-
ues and lightweight composites.

Resistivity

Conductive Filler Volume (%)

Percolation threshold values are var-
ied dependant on filler and matrix
properties and with the filler usually
the heaviest and most costly aspect
to a composite, reduction in the per-
colation threshold value will reduce
amounts of filler required. Common
fillers include metallic or carbon
powders, flakes or fibres and also
ICP particles dispersed into a non
conducting matrix are being re-
searched.

Polymer composite manufacture
Samples were manufactured in a
matrix of poly(methyl methacrylate)
PMMA resin and using commercially
available filler materials such as nick-
els, graphite’s and silver coated glass.
These are then printed following a
simple hand mixing and automated
printing process. Hand mixing is pre-
ferred to mechanical or ultrasonic
mixing as the more dispersed the
particles the more likely they are to
be isolated within the insulative ma-
trix and therefore less likely to form
the desired conductive networks.
The samples are then printed on a
K-control coater, where a wire
wound bar is drawn down the sub-
strate giving a uniform coating at Graphite Intercalating
controlled thicknesses, then cured Compound (GIC)
inside an oven at 80°C. l

i
I

Natural flake graphite

Mixed
acids

D —

i

I

Rapid
Filler Materials heating

The range of filler materials tested
covers the commonly used types of

conductive particles used for these

Yy o

types of applications they are; l‘;:
—

Expanded Graphite -
i /*\

Expanded graphite is a form of
graphite powder that has been
chemically and heat treated to in-
crease its volume giving a very low
density conductive powder,

Expanded graphite

Fig 1.Formation of Expanded
Graphite (Zheng)

Flake Nickel

Flake nickel is a powder with a high
aspect ratio of close to 20 to 1
allowing maximum area of contact
between the particles and therefore
reducing the contact resistance.

Filamentary Nickel

Filamentary nickel is a fine powder
that has been produced through
heat treated nickel carbonyl giving
filamentary type particles that should
form networks more easily within
the matrix.

Silver Coated Glass

Silver coated glass spheres have the
advantage of combining the light-
weight glass core with the excellent
electrical properties of the silver
coating. Silver is one of the most
conductive materials and also has a
conductive oxide therefore degrada-
tion of these materials isn't as drastic
as with other metallic powders,
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copper for example can require an
acidic additive to inhibit this effect

Resistivity Measurements
Surface resistivity is a material
property describing the electrical
resistance of a set area of the mate-
rials surface, it is measured following
the parallel plate electrode configu-
ration described in the standard
ASTM D257, and this involves
measuring the resistance between
two parallel copper electrodes over a
known square area. The potential
applications for conductive materials
are predominantly determined by
the level of resistivity achieved, as
can be seen in figure 2 materials
that are less resistive than plastics
are capable of dissipating static
charges and materials close to the
resistivity of metals have far greater
shielding properties.
Attenuation Measurements
Attenuation measurements were
taken on a Rohde & Schwarz ZVA
network analyser using a waveguide
with a range 2.6GHz - 3.95GHz.
Samples of the printed materials
were placed in between the two
halves of the waveguide and the
through transmission attenuation
due to the coating material was
measured. Calibration was per-
formed with a blank polyester sheet
substrate therefore the attenuations
evaluated were of the coatings only.

Results

As can be seen in figure 3, all mate-
rials followed the classical percola-
tion behaviour with the resistivities
dropping rapidly between 35-45%
with the exception of the silver
coated glass which occurred slightly
higher at about 50-55%. The raised
level may be due to the spherical
nature of the particles having less
contact area available, although
when percolation occurred the resis-
tivity dropped dramatically. The ex-
panded graphite shows the
limitations of carbon based fillers,
with graphite being inherently more
resistive even after percolation it was
far higher that the other materials.
Both the nickel samples followed
almost identical curves reaching
ohmic levels after about

40% volume.

The attenuation measurements
shown in figure 4 were measured
from the point of each materials up-

per percolation threshold and shows
a significant increase in shielding
effectivness with the silver coated
glass sample although readings
were taken at 55% volume it was

measured to have a similar resistivity
as the nickel samples yet achieved
around a 20dB increase in shielding.
The expanded graphite sample pro-
vided very little shielding and is only

Sapifaita raadal iy

1% Flaats 1009 & g

4

g
a2

L LT i L

Sk i Rl

St dmm s YE T TR

Eeryjm maidt e §00 =AY
_‘.,.l- BN prodfuren 0 -5

5 Mlaimm 0" -

Fig.2 Surface Resistivity Applications (RTP Company)

L0000
LOORHD)
100
1o

18a 5]

I

i 20 T3] ]
Filler Vokime %

Sfacs Resistniy |(Lismmn

. g fpirilisl] Dl Ik

Flake PlicHet|
— Filpsrmestary Mices!

s, B oo (- s Litrrd 1) i

Fig.3 Resistivity Measurements

Q.ag

kD
1000
1500
20D
L
-k
35.00

fmargaton| 48|

i) L
-1 LD
FADEV R

Fiemquency [He|

N

LAREDD

e Tpransled Giraphiin

a5y

— Flake M lokal 8%

—— [l Ay Moclie
A5,
e P Fprw i D o] Ol e

55N

b aGhELNG

Fig.4 Attenuation Measurements

Conclusion

Although conductive polymer com-
posites can be benificial interms of
cost, ease of manufacture and
weight saving benifits the limitations
of the shielding effectiveness restrict
their potential applications . Efforts
will continue to be directed towards
developing these materials with a
goal of increasing the conductivity
and shieding effectiveness while
keeping the metal content to a mini-
mum.

1 Bastenbeck, E. (2007). EMI
Shielding Design Guide. Cookson
Electronics.

2 RTP Company (2008)

Gerke, D. (1990). Vacuum Deposi-
tion Shielding Effectiveness Tests.

3 Warner, A. (2008). PCB Board
Level Enclosures: A Vital Design Ele-
ment. Interference Technology.

4 Zheng, W. a. (2003). Electrical
conductivity and dielectric properties
of PMMA/expanded graphite com-
posites. Polymer Composites Sci-
ence and Technology .

The Journal of the Institute of Circuit Technology

October 2008

vol.1 no.4

Page 14



13 Appendix B — Resistivity Measurements

179



Resistivity M easur ements

Initial Samples

45%525 Reg

45% 525 low density

45%HCA-1

RTV Silicone + 45% HCA-1 (Oven Cured)
RTV Silicone + 45% 525 reg (Oven Cured)
RTV Silicone + 45% 525 low density (Oven... ™ 300KHz
RTV Silicone (Oven Cured) = 100kHz

RTV Silicone + 45% HCA-1 Ni

RTV Silicone + 45% 525 reg Ni

RTV Silicone + 45% low density 525 Ni ¥ 100Hz
RTV Silicone (Room temp cure)
Silberline AB1 Cu/Al 45%

Sil-Shield (24 Micron) 45% loading

HCA-1 (24 micron K bar) 45% Loading
silver filled epoxy (Loctite)oven cured
silver filled epoxy (Loctite)

M 1kHz

1.E+0 1.E+2 1.E+4 1.E+6 1.E+8

Surface Resistivity Q/Sq

Silberline Samples 1
45% Vol

Silver epoxy

Silberline C

Silberline B

Silberline A

Copper pigment AB1 ultrasonically mixed

M 300KHz

copper pigment from paste ultrasonic mixing = 100KkH
z
copper paste ultrasonic mixing
X W 1kHz
Copper pigment AB1

u
Copper pigment (removed from paste) 100Hz

Copper paste

1E+0 1E+2 1E+4 1E+6 1E+8

Surface Resistivity Q/Sq




Carbon For Spectroscopy HSAG-100
1000000
] T 100000 ﬂ1___b_‘\.‘_-
E —s— 100H: E 10000 - = 100Hz
- Lk ¥ A0 | —m— LkH:
100
a— 100kHz &— 100%Hz
1d
& 10 4 ——300¥Hz & 1 T = ——300KHz
E L ' r T 1 E Tlzmu 35% 4% a45% 50%
PR, o 35% A 45% 50%
FEerume ) Fmarvabme {5]
HSAG-300 Sil-Shield
g 1m0y 7 S
E 1000000 .-‘ g 10000000 - %,
k-l o — —+—100Hz = ¥ —4— 100Hz
100000 4 - e = 100000 \
i e M— e i Tk He ¥ % —— 1k
1000 5 1000 g0
oot | S - +—100kH:
; ] —=—300KHz E 10 ———— —=—30Hz
| ' ' 01 :
Ol aan 35% 0% a5y 0% 5% 55% 85%
Aler v ume §5] Alter Vo oma {%]
J
Expanded Graphite 20% EG + HCA-1 Ni
100000 1000000 -
T 10000 ¥ 100000 |
£ £
= = 10000 -
S 1000 — 100Hz 2 L —+—100Hz
z = 1000 -
-2 100 —8— 1kHz 2 —m— 1kHz
b 4 100 -
g 10 —4—100KHz pi —+—100KHz
i ——300KHz 2 1079 ——300KHz
0.139% 50% 70% 90% 0220% 20% 60%
Filler Volume (%) Filler Volume (%)
80%EG + HCA-1 Ni 50% EG + 525 (LD)
10000 - 10000 -
3 3z [
E 1000 * T 1000 -
£ 5
Z 100 ¢ 100Hz z 100 | ——100Hz
-§ —m— 1kHz -2 —— 1kHz
2 10 A e 100kHz z 10 1 —A—100kHz
-3 [
k: 1 . . —8 > 300KHz i 1 , : —%—300KHz
a sb 25% 45% 65% a 5% 15% 25%
0.1 01
Filler Volume (%) Filler Volume (%)
80% EG + Sil-Shield
10000 -
¥ 1000 — .
€
i —e—100Hz
"E 100 1 —m— 1kHz
Z —a— 100kHz
@ 10
; ——300KHz
&
£ 1 ; ; ; ‘ ‘
v
5 7% 9% 1% 13% 15%
01 -
Filler Volume (%)




525 Regular Ni

50% EG + 525 reg Ni

Filler Volume %

g
2 1E+09 10000 4
s 100000000
z
2 10000000 - 1000 -
4 2
3 1000000 E
P —— 100Hz S —4—100Hz
3 100000 > 100 |
H = 1kHz £ = 1kHz
a 2
10000 A 1kHz 2 4 100kHz
& 10
1000 —%— 300KHz 3 —%—300KHz
£
100 T
10 ’ 1
o 10% 20% 30% 40% 50% 60% 70%
1 r T r T T )
0.1
010 10%  20%  30%  40%  50%  60%  70% Filler Volume %
Filler Volume %
80% EG +525 reg
100
g
T 10 —4—100Hz
£
; —8—1kHz
2 —4—100kHz
g —%—300KHz
L
a
4 45% 50% 55% 60%



14 Appendix C — Waveguide EMI Measurements

180



Waveguide EMI Shielding Results
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Comsol Multiphysics Model Report

1. Table of Contents

» Title - COMSOL Model Report
» Table of Contents

* Model Properties

« Geometry

» Geoml

« Geom2

» Materials/Coefficients Library
* Solver Settings

» Postprocessing

* Variables

2. Model Properties

Property Value

Model name

Author

Company

Department

Reference

URL

Saved date Mar 8, 2010 5:54:46 PM
Creation date Mar 3, 2010 11:29:05 AM
COMSOL version COMSOL 3.5.0.494

File name: C:\Users\JRS-1\Documents\PhD\Comsol Nédde thesis\Q-Band without SMA.mph
Application modes and modules used in this model:

« Geoml (3D)
o Electromagnetic Waves (RF Module)
e Geom2 (2D)

3. Geometry
Number of geometries: 2

3.1. Geoml









3.2. Geom2

a 000 0004 0005 0008 001 0012 001 0016 00/ 002 002 002 002% 002 003 00® 00 00%

4. Geoml

Space dimensions: 3D
Independent variables: x, y, z
4.1. Mesh

4.1.1. Mesh Statistics

Number of degrees of freedom 252302

Number of mesh points 7475
Number of elements 38859
Tetrahedral 38859
Prism 0
Hexahedral 0
Number of boundary elements 5784
Triangular 5784
Quadrilateral 0
Number of edge elements 324
Number of vertex elements 16
Minimum element quality 0.181

Element volume ratio 0




4.2. Application Mode: Electromagnetic Waves (rfw)
Application mode type: Electromagnetic Waves (RFdMe)
Application mode name: rfw

4.2.1. Scalar Variables

Name Variable Value Unit Description

epsilon0 epsilon0_rfw  8.854187817e-12 F/m Permittivity oEuam

mu0 muO_rfw 4*pi*le-7 H/m Permeability of vacuum

nu nu_rfw Freq Hz Frequency

EQix EQix_rfw exp(-j*k0_rfw*z) V/m Incident electric filel, x component
EQiy EOQiy_rfw 0 V/m Incident electric field, y component
EQiz EQiz_rfw 0 Vim Incident electric field, z component
psiO psiO_rfw psi0_guess_rfw V/Im"2  Gauge fixing variabaling

4.2.2. Application Mode Properties

Property Value

Default element type Vector - Quadratic
Analysis type Harmonic propagation
Solve for Electric field

Specify wave using Frequency

Specify eigenvalues using Eigenfrequency
Divergence condition Off

Frame Frame (ref)

Weak constraints Off

Constraint type Ideal

4.2.3. Variables

Dependent variables: Ex, Ey, Ez, Hx, Hy, Hz, Ax,, Ay, scEX, scEy, scEz, scHx, scHy, scHz, psi
Shape functions: shcurl(2,{'EX','EY','EZ"}), shlagfsi")

Interior boundaries not active

4.2.4. Boundary Settings

Boundary 2-5,12-15 1 16




Type Perfect electric conductor  Port Port
Port number (portnr) 1 1 1 2

inport 0 1 0
modespec User defined Rectangular Rectangular
Boundary 7-10

Type Perfect magnetic conductor

Port number (portnr) 1 1

inport 0

modespec User defined

4.2.5. Subdomain Settings

Subdomain

1,3 2

Electric conductivity (sigma) S/m {0,0,0;0,0,0;0,0,0} {2705,0,0;0,2705,0;0,0,2705}

5. Geom2

Space dimensions: 2D

Independent variables: x, y, z

6. Materials/Coefficients Library

6.1. Nickel

Parameter

Value

Heat capacity at
constant pressure (C)
Instantaneous
coefficient of thermal
expansion (CTE)
Young's modulus (E)
Molar heat capacity
(HC)

Yield stress level (Sys)
Tensile strength (Syt)
Thermal diffusivity (TD)
Vapor pressure (VP)
Thermal expansion
coeff. (alpha)

Linear expansion (dL)
Elongation (elong)
Surface emissivity
(epsilon)

Dynamic viscosity (eta)
Thermal conductivity
(k)

Initial bulk modulus
(hyperelastic material)
(kappa)

Initial shear modulus
(hyperelastic material)
(mu)

Poisson's ratio (nu)
Electric resistivity (res)
Density (rho)

Electric conductivity

C_solid_1(T[L/K])[J/(kg*K)]

CTE(T[L/K])[1/K]

E(T[UK])[Pa]
HC_solid_1(T[L/K])[J/(mol*K)]

Sys_solid_40_reduction_in_area_by cold_drawing 2{])[Pa]

Syt solid_40 reduction_in_area_by cold_drawing_2AR])[Pa]
TD(T[L/K])[m"2/s]

VP_solid_1(T[1/K])[Pa]
alpha_solid_1(T[1/K])[1/K]+(Tempref-293[K])/(T-
Tempref)*(alpha_solid_1(T[1/K])[1/K]-alpha_solid_Té¢mpref[1/K])[1/K])
dL_solid_1(T[1/K])-dL_solid_1(Tempref[1/K])
elong_solid_40_reduction_in_area_by_cold_drawing[2ZK])
epsilon(T[1/K])

eta(T[1/K])[Pa*s]
k_solid_1(T[L/K][W/(m*K)]

kappa(T[1/K])[Pa]

mu(T[1/K])[Pa]

nu(T[1/K])
res(T[1/K])[ohm*m]
rho_solid_1(T[1/K])[kg/m"3]
sigma(T[1/K])[S/m]




(sigma)

6.1.1. Piecewise Analytic Functions
6.1.1.1. Function: dL_solid_1(T)

Type: Polynomial

Xstart __Xend f(X)
81.0 1173.0 0-0.002789643 1 7.14274E-6 2 4.576494B-933928E-11 4 -2.795727E-14 5 1.089338E-
17

6.1.1.2. Function: dL_liquid_2(T)

Type: Polynomial

Xstart Xend f(X)
1728.0 2370.0 0-0.04761756 1 2.394001E-5 2 2.092851E-9

6.1.1.3. Function: CTE(T)

Type: Polynomial

Xstart Xend f(X)

50.0 350.0 0-5.87011E-61 1.938799E-7 2 -8.26993E-1®B4025E-12 4 -1.249417E-15
350.0 635.0 0 3.858532E-615.641275E-8 2 -1.218844E-1@3478E-13

635.0 650.0 0 7.005974E-4 1 -2.020734E-6 2 1.489546E-9

650.0 800.0 04.61122E-51 -7.991209E-8 2 5.274725E-11

6.1.1.4. Function: k_solid_1(T)

Type: Polynomial

Xstart Xend f(X)

0.0 18.0 1214.0436 2 2.199849 3 -0.4089829 4 -0.0268320.001304208

18.0 30.0 0-5208.712 1 1431.939 2 -103.9216 3 3.41@/&105321568 5 3.189215E-4
30.0 90.0 03817.0011-161.048 2 2.761625 3 -0.02122146640699E-5

90.0 223.0 0700.70631-11.21132 2 0.08276592 3 -2.796&1 4 3.493035E-7

223.0 630.0 0185.37551-0.6437058 2 0.00164864 3 -3988-6 4 1.131921E-9

630.0 1500.0 050.42098 1 0.02143115

6.1.1.5. Function: k_liquid_2(T)

Type: Polynomial

Xstart Xend f(X)
1723.0 3000.0 05.62102 1 0.03270527 2 -2.541548E-6

6.1.1.6. Function: E(T)

Type: Polynomial

Xstart Xend f(X)
0.0 773.0 02.198604E11 1 -4.976173E7 2 -6940.452




773.0 1323.0 03.675636E11 1 -5.264939E8 2 511021.8 B.9¥85

6.1.1.7. Function: res(T)

Type: Polynomial

Xstart Xengd f(X)
100.0 633.0 0-3.610912E-8 1 5.575728E-10 2 -1.189788B-1811005E-15
633.0 800.0 05.696199E-8 1 4.544983E-10 2 -1.128754E-13

6.1.1.8. Function: epsilon(T)

Type: Polynomial

Xstart Xend f(X)
245.0 1093.0 00.05021919 1 2.137239E-4 2 -2.9763428-B86619E-10

6.1.1.9. Function: Syt_solid_annealed_1(T)

Type: Polynomial

Xstart Xend f(X)
77.0 644.0 07.215399E8 1 -2463963.0 2 5666.31 3 -538430.001198245
644.0 1088.0 06.106184E8 1-477284.4 2 -235.4998 3 0173

6.1.1.10. Function: Syt_solid_40_reduction_in_are&ay_ cold_drawing_2(T)

Type: Polynomial

Xstart Xend f(X)
293.0 922.0 04.1792E8 1 1573711.0 2 -5397.305 3 6.8724302003530385
922.0 1200.0 01.17785E9 1 -1804915.0 2 707.427

6.1.1.11. Function: elong_solid_annealed_1(T)

Type: Polynomial

Xstart __Xend f(X)
77.0 1088.0 080.39804 1-0.134346 2 1.823587E-4 3 5PBEE-8 4 -3.859654E-11

6.1.1.12. Function: elong_solid_40_reduction_in_aaeby cold_drawing_2(T)

Type: Polynomial

Xstart Xend f(X)
296.0 811.0 028.221721-0.04478956 2 4.523716E-5
811.0 1088.0 0-3976.9111.81486 2 -0.01155191 3 3.74B9%L

6.1.1.13. Function: alpha_solid_1(T)

Type: Polynomial

Xstart Xend f(X)
81.0 500.0 07.24503E-6 1 4.503271E-8 2 -1.564717E-2(31998E-13 4 -1.695788E-16




500.0 1173.0 04.931202E-6 1 3.05557E-8 2 -2.958128E-1DB4274E-14

6.1.1.14. Function: alpha_liquid_2(T)

Type: Polynomial

Xstart Xengd f(X)
1728.0 2370.0 02.830799E-51 1.414267E-9 2 1.535536E-13

6.1.1.15. Function: C_solid_1(T)

Type: Polynomial

Xstart Xend f(X)

100.0 599.0 0-90.38582 1 4.504691 2 -0.01467413 3 22285 4 -1.187679E-8
599.0 631.0 0-29261.061 162.9617 2 -0.2972179 3 1.80Ra8

631.0 700.0 08011.774 1-20.08609 2 0.01341446

700.0 1728.0 0572.53311-0.2122174 2 2.399215E-4 BeRI12E-8

6.1.1.16. Function: C_liquid_2(T)

Type: Polynomial

Xstart Xend f(X)
1546.0 3184.0 0 715.5025

6.1.1.17. Function: C_gas_3(T)

Type: Polynomial

Xstart Xend f(X)
293.0 1000.0 0431.5461 1-0.4547117 2 0.001818506 FE237E-6 4 1.881568E-9 5 -4.834294E-13
1000.0 2000.0 0377.8208 1 0.1640738 2 -1.806734E-4 AD23-8 4 -1.037917E-11

6.1.1.18. Function: HC_solid_1(T)

Type: Polynomial

Xstart Xend f(X)

100.0 599.0 0-5.305647 1 0.2644255 2 -8.613714E-4 34BBOE-6 4 -6.971678E-10
599.0 631.0 0-1717.624 1 9.565854 2 -0.01744669 3 13685

631.0 700.0 0470.29121-1.179054 2 7.874292E-4

700.0 1728.0 032.82242 1 -0.01014919 2 1.190822E-53B5B52E-9

6.1.1.19. Function: HC_liquid_2(T)

Type: Polynomial

Xstart Xend f(X)
1546.0 3184.0 042.0

6.1.1.20. Function: HC_gas_3(T)

Type: Polynomial



Xstart Xengd f(X)
293.0 1000.0 025.331751-0.02669158 2 1.067463E-46261.29E-7 4 1.104481E-10 5 -2.837731E-14
1000.0 2000.0 022.17808 1 0.009631137 2 -1.060553E-248694E-9 4 -6.092569E-13

6.1.1.21. Function: mu(T)

Type: Polynomial

Xstart Xengd f(X)
293.0 773.0 08.483201E10 1 -1.654608E7 2 -5055.849

6.1.1.22. Function: sigma(T)

Type: General

Xstart Xend f(X)
100.0 633.0 1/(1.811005E-15*T"3-1.189788E-12*T"2+5.575HA9D*T-3.610912E-08)
633.0 800.0 1/(-1.128754E-13*T"2+4.544983E-10*T+5.696 19}

6.1.1.23. Function: Sys_solid_annealed_1(T)

Type: Polynomial

Xstart __Xend f(X)
77.0 1088.0 0 1.42427E8 1-320861.9 2 678.0062 3 -0Z322 2.658365E-4

6.1.1.24. Function: Sys_solid_40_reduction_in_arehy cold_drawing_2(T)

Type: Polynomial

Xstart Xend f(X)

293.0 422.0 04.667454E8 1 679245.1 2 -1328.707

422.0 922.0 0-1.288517E8 1 6279729.02-19629.06 3 3864 -0.01144651
922.0 1200.0 0 3.689946ES8 1 -540737.3 2 201.0582

6.1.1.25. Function: rho_solid_1(T)

Type: Polynomial

Xstart __Xend f(X)
81.0 1173.0 08969.428 1 -0.1034728 2 -5.582955E-4 7406E-7 4 -1.117427E-10

6.1.1.26. Function: rho_liquid_2(T)

Type: Polynomial

Xstart Xend f(X)
1728.0 2370.0 09120.08 1-0.735

6.1.1.27. Function: TD(T)

Type: Polynomial

Xstart Xengd f(X)




1723.0 1923.0 00.01461563 1 -3.267521E-5 2 2.740722E18021654E-11 4 1.42831E-15

6.1.1.28. Function: VP_solid_1(T)

Type: General

Xstart Xengd f(X)

293.0 1728.0 (exp((-2.260600e+004/T-8.717000e-
001*l0g10(T)+1.343781e+001)*l0g(10.0)))*1.333200620

6.1.1.29. Function: VP_liquid_2(T)

Type: General

Xstart Xend f(X)
1728.0 2150.0 (exp((-2.076500e+004/T+9.546810e+000)*lod)P1.333200e+002

6.1.1.30. Function: nu(T)

Type: Polynomial

Xstart Xend f(X)
293.0 773.0 00.2970106 1 -4.70622E-5 2 3.902138E-8

6.1.1.31. Function: kappa(T)

Type: Polynomial

Xstart Xend f(X)
293.0 773.0 01.789167E111-7.188841E7 2 22477.8

6.1.1.32. Function: eta(T)

Type: Polynomial

Xstart Xengd f(X)
1667.0 1930.0 00.04103066 1 -3.475375E-5 2 7.940521E-9

7. Solver Settings

Solve using a script: off

Analysis type Harmonic propagation
Auto select solver On

Solver Parametric

Solution form Automatic

Symmetric auto

Adaptive mesh refinement Off
Optimization/Sensitivity Off
Plot while solving Off

7.1. Direct (SPOOLES)

Solver type: Linear system solver



Parameter Value

Pivot threshold 0.1

Preordering algorithm Nested dissection

7.2. Stationary

Parameter Value
Linearity Automatic
Relative tolerance 1.0E-6
Maximum number of iterations 25
Manual tuning of damping parameters Off
Highly nonlinear problem Off
Initial damping factor 1.0
Minimum damping factor 1.0E-4
Restriction for step size update 10.0
7.3. Parametric

Parameter Value
Parameter name Freq

Parameter values

Predictor

Manual tuning of parameter step size
Initial step size

Minimum step size

Maximum step size

linspace(26.5€9,40e9,21)
Linear

Off

0.0

0.0

0.0

7.4. Advanced

Parameter Value
Constraint handling method Elimination
Null-space function Automatic
Automatic assembly block size On
Assembly block size 1000

Use Hermitian transpose of constraint matrix and insymmetry detection Off

Use complex functions with real input On

Stop if error due to undefined operation On

Store solution on file Off

Type of scaling Automatic
Manual scaling

Row equilibration On
Manual control of reassembly Off

Load constant On
Constraint constant On

Mass constant On
Damping (mass) constant On
Jacobian constant On
Constraint Jacobian constant On




8. Postprocessing
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9. Variables

9.1. Boundary

Name

Description

Unit

Expression

Eix_rfw
Eiy_rfw
Eiz_rfw

tHx

tHy

tHz

dVvolbnd_rfw

epsilonrbndinvxx_rfw

epsilonrbndinvxy_rfw

epsilonrbndinvxz_rfw

epsilonrbndinvyx_rfw

epsilonrbndinvyy rfw

Incident electric
field

Incident electric
field

Incident electric
field

Tangential
magnetic field, x
component
Tangential
magnetic field, y
component
Tangential
magnetic field, z
component
Area integration
contribution
Inverse complex
relative
permittivity, xx
component
Inverse complex
relative
permittivity, xy
component
Inverse complex
relative
permittivity, xz
component
Inverse complex
relative
permittivity, yx
component
Inverse complex

Vim

Vim

Vim

A/m

A/m

=

1

EQix_rfw * exp(j * phase)
EQiy_rfw * exp(j * phase)
EQiz_rfw * exp(j * phase)

Hx-(nx_rfw * Hx+ny_rfw * Hy+nz_rfw * Hz) * nx_fw

Hy-(nx_rfw * Hx+ny_rfw * Hy+nz_rfw * Hz) * ny_fw

Hz-(nx_rfw * Hx+ny_rfw * Hy+nz_rfw * Hz) * nz_fw

1

1/epsilonrbnd_rfw

1/epsilonrbnd_rfw




epsilonrbndinvyz_rfw

epsilonrbndinvzx_rfw

epsilonrbndinvzy_rfw

epsilonrbndinvzz_rfw

murbndinvxx_rfw

murbndinvxy_rfw

murbndinvxz_rfw

murbndinvyx_rfw

murbndinvyy_rfw

murbndinvyz_rfw

murbndinvzx_rfw

murbndinvzy_rfw

murbndinvzz_rfw

Jsx_rfw

Jsy rfw

Jsz_rfw

nPoav_rfw
normJs_rfw

normtE_rfw

relative
permittivity, yy
component
Inverse complex
relative
permittivity, yz
component
Inverse complex
relative
permittivity, zx
component
Inverse complex
relative
permittivity, zy
component
Inverse complex
relative
permittivity, zz
component
Inverse relative
permeability, xx
component
Inverse relative
permeability, xy
component
Inverse relative
permeability, xz
component
Inverse relative
permeability, yx
component
Inverse relative
permeability, yy
component
Inverse relative
permeability, yz
component
Inverse relative
permeability, zx
component
Inverse relative
permeability, zy
component
Inverse relative
permeability, zz
component
Surface current
density, x
component
Surface current
density, y
component
Surface current
density, z
component
Power outflow,
time average
Surface current
density, norm
Tangential

1/epsilonrbnd_rfw

1/murbnd_rfw

1/murbnd_rfw

1/murbnd_rfw

uny * (Hz_down-Hz_up)-unz * (Hy_down-Hy_up)

unz * (Hx_down-Hx_up)-unx * (Hz_down-Hz_up)

unx * (Hy_down-Hy_up)-uny * (Hx_down-Hx_up)

nx_rfw * Poxav_rfw+ny_rfw * Poyav_rfw+nz_rfi
Pozav_rfw
sqrt(abs(Jsx_rfw)"2+abs(Jsy_rfw)"2+abs(Jsz_YA))

sgrt(abs(tEx)*2+abs(tEy)*2+abs(t2z)"




normtH_rfw

Qsav_rfw

Z_TE_rfw

Z_TM_rifw

Z_TEM_rfw

Pin_port_rfw

wport_rfw

hport_rfw
ahx_rfw

ahy rfw

ahz_rfw

electric field,
norm
Tangential
magnetic field,
norm

Surface resistive W/m”"2

heating, time
average

Wave
impedance, TE
waves

Wave
impedance, TM
waves

Wave

impedance, TEM

waves

Port power level
for the inport
Width of port
Height of port
Voltage
reference
direction, x
component
Voltage
reference
direction, y
component
Voltage
reference
direction, z
component

A/m

ohm

ohm

ohm

sqrt(abs(tHx)"2+abs(tHy)"2+abs(tHz)"2)
0.5 * real(Jsx_rfw * conj(tEx)+Jsy_rfw *
conj(tEy)+Jsz_rfw * conj(tEz))
omega_rfw * mu_rfw/beta_rfw

beta_rfw/(omega_rfw * epsilon_rfw)

sqrt(mu_rfw/epsilon_rfw)

9.2. Subdomain

9.2.1. Subdomain 1, 3

Name

Description Unit

Expression

dr_guess_rfw

RO_guess_rfw
SRcoord_rfw
Sx_rfw

Sdx_guess_rfw

rCylx_rfw

Sy_rfw

Sdy guess_rfw

Width in m
radial

direction

default guess
Innerradius m
default guess
PML radial
coordinate

PML x m
coordinate

Width in x m
direction

default guess
PML r m
cylindrical

vector, X
component

PML y m
coordinate

Width in y m

0




rCyly_rfw

Sz_rfw

Sdz_guess_rfw

rCylz_rfw

detJ rfw

JIxx_rfw

invJIxx_rfw

Jxy_rfw

invJxy_rfw

JIxz_rfw

invIxz_rfw

Jyx_rfw

invJyx_rfw

Jyy_rfw

invdyy rfw

Jyz rfw

direction
default guess
PML r
cylindrical
vector, y
component
PML z
coordinate
Width in z
direction
default guess
PML r
cylindrical
vector, z
component
PML
transformatio
n matrix
determinant
PML
transformatio
n matrix,
element xx
PML inverse
transformatio
n matrix,
element xx
PML
transformatio
n matrix,
element xy
PML inverse
transformatio
n matrix,
element xy
PML
transformatio
n matrix,
element xz
PML inverse
transformatio
n matrix,
element xz
PML
transformatio
n matrix,
element yx
PML inverse
transformatio
n matrix,
element yx
PML
transformatio
n matrix,
element yy
PML inverse
transformatio
n matrix,
element yy
PML




invlyz_rfw

Jzx_rfw

invJzx_rfw

Jzy rfw

invdzy rfw

Jzz_rfw

invJzz_rfw

kK _rfw

dvol_rfw

c_rfw

Z wave_rfw

delta_rfw

Eix_rfw

Eiy_rfw

Eiz_rfw

epsilonrinvxx_rf
w

epsilonrinvxy_rf
w

epsilonrinvxz_rf
w

transformatio
n matrix,
element yz
PML inverse
transformatio
n matrix,
element yz
PML
transformatio
n matrix,
element zx
PML inverse
transformatio
n matrix,
element zx
PML
transformatio
n matrix,
element zy
PML inverse
transformatio
n matrix,
element zy
PML
transformatio
n matrix,
element zz
PML inverse
transformatio
n matrix,
element zz
Wave number

Volume
integration
contribution
Phase velocity
Wave
impedance
Skin depth

Incident
electric field
Incident
electric field
Incident
electric field
Inverse
complex
relative
permittivity,

XX component
Inverse
complex
relative
permittivity,

Xy component
Inverse
complex
relative

1/m

m/s
ohm

Vim

Vim

Vim

1

1

kO_rfw * sgrt(mur_rfw *
(epsilonr_rfw+sigma_rfw/(jomega_rfw * epsilon0_rijy)
detJ_rfw

cO_rfw/sqrt(epsilonr_rfw * mudw)
c_rfw * muO_rfw * mur_rfw

1/real(sqgrt(j * omega_rfw * muO_rfwntur_rfw *
(sigma_rfw+j * omega_rfw * epsilon0_rfw * epsilomfw)))
EQix_rfw * exp(j * phase)
EQiy_rfw * exp(j * phase)
EQiz_rfw * exp(j * phase)

1/epsilonr_rfw




epsilonrinvyx_rf

w

epsilonrinvyy_rf

w

epsilonrinvyz_rf

w

epsilonrinvzx_rf

w

epsilonrinvzy_rf

w

epsilonrinvzz_rfw

murinvxx_rfw

murinvxy_rfw

murinvxz_rfw

murinvyx_rfw

murinvyy_rfw

murinvyz_rfw

murinvzx_rfw

permittivity,
Xz component
Inverse
complex
relative
permittivity,
yx component
Inverse
complex
relative
permittivity,
yy component
Inverse
complex
relative
permittivity,
yz component
Inverse
complex
relative
permittivity,
zx component
Inverse
complex
relative
permittivity,
zy component
Inverse
complex
relative
permittivity,

zz component
Inverse
relative
permeability,
XX component
Inverse
relative
permeability,
Xy component
Inverse
relative
permeability,
Xz component
Inverse
relative
permeability,
yX component
Inverse
relative
permeability,
yy component
Inverse
relative
permeability,
yz component
Inverse
relative
permeability,
Zx component

1/epsilonr_rfw

1/epsilonr_rfw

1/mur_rfw

1/mur_rfw




murinvzy_rfw

murinvzz_rfw

epsilon_rfw
epsilonxx_rfw

epsilonxy_rfw
epsilonxz_rfw
epsilonyx_rfw
epsilonyy_rfw
epsilonyz_rfw
epsilonzx_rfw
epsilonzy_rfw
epsilonzz_rfw

mu_rfw
muxx_rfw

muxy_rfw
muxz_rfw
muyx_rfw
muyy_rfw
muyz_rfw
muzx_rfw
muzy_rfw
muzz_rfw
SCHX

ScHy

ScHz

Qmav_rfw

curlEx_rfw

depEx_rfw

Inverse
relative
permeability,
zy component
Inverse
relative
permeability,
zz component
Permittivity
Permittivity,
XX component
Permittivity,
Xy component
Permittivity,
Xz component
Permittivity,
yx component
Permittivity,
yy component
Permittivity,
yz component
Permittivity,
zx component
Permittivity,
zy component
Permittivity,
zz component
Permeability
Permeability,
XX component
Permeability,
Xy component
Permeability,
Xz component
Permeability,
yx component
Permeability,
yy component
Permeability,
yz component
Permeability,
zx component
Permeability,
zy component
Permeability,
zz component
Scattered
magnetic field
Scattered
magnetic field
Scattered
magnetic field
Magnetic
hysteresis
losses

Curl of
electric field,
X component
Electric field
test variable,

F/m
F/m

F/m

F/m

F/m

F/m

F/m

F/m

F/m

F/m

H/m
H/m

H/m

H/m

H/m

H/m

H/m

H/m

H/m

H/m

A/m

A/m

W/m"3

Vim"2

Vim

1/mur_rfw

epsilon0_rfw * epsilonr_rfw
epsilon0_rfw * epsilonrxx_rfw

epsilon0_rfw * epsilonrxy_rfw
epsilon0_rfw * epsilonrxz_rfw
epsilon0_rfw * epsilonryx_rfw
epsilon0_rfw * epsilonryy_rfw
epsilon0_rfw * epsilonryz_rfw
epsilon0_rfw * epsilonrzx_rfw
epsilon0_rfw * epsilonrzy_rfw
epsilon0_rfw * epsilonrzz_rfw

muO_rfw * mur_rfw
muO_rfw * murxx_rfw

muO_rfw * murxy_rfw
muO_rfw * murxz_rfw
muO_rfw * muryx_rfw
muO_rfw * muryy_rfw
muO_rfw * muryz_rfw
muO_rfw * murzx_rfw
muO_rfw * murzy_rfw
muO_rfw * murzz_rfw
murinvxx_rfw * scBx_rfw/mu0_rfw
murinvyy_rfw * scBy_rfw/mu0_rfw
murinvzz_rfw * scBz_rfw/mu0_rfw

real(-0.5 * j * omega_rfw * (Bx_rfw * conj(H¢-By_rfw *
conj(Hy)+Bz_rfw * conj(Hz)))

EzyEyz

Ex




Dx_rfw

scDx_rfw

Jdx_rfw

Jix_rfw

Gfx_rfw

JwHx_rfw

Hx

SCEX

jwBx_rfw

Bx_rfw

scBx_rfw

curlEy_rfw

depEy_rfw

Dy _rfw

scDy_rfw

Jdy_rfw

Jiy_rfw

X component
Electric
displacement,
X component
Scattered
electric
displacement,
X component
Displacement
current
density, x
component
Induced
current
density, x
component
Gauge fixed
field, x
component
Magnetic
field, x
component,
times jo
Magnetic
field, x
component
Scattered
electric field,
X component
Magnetic flux
density, x
component,
times jo
Magnetic flux
density, x
component
Scattered
magnetic flux
density, x
component
Curl of
electric field,
y component
Electric field
test variable,
y component
Electric
displacement,
y component
Scattered
electric
displacement,
y component
Displacement
current
density, y
component
Induced
current
density, y

C/mn2

C/mn2

A/m"2

A/m~"2

Vim

Al/(m*s

A/m

Vim

Vim"2

Vim"2

Vim

C/mn2

C/mn2

A/m"2

A/m~"2

epsilonxx_rfw * Ex

epsilonxx_rfw * scEx

jomega_rfw * Dx_rfw

Dx_rfw/epsilon0_rfw

(murinvxx_rfw * jwBx_rfw+murinvxy_rfw *
jwBYy_rfw+murinvxz_rfw * jwBz_rfw)/mu0_rfw

jwHx_rfw/jomega_rfw

Ex-Eix_rfw

-curlEx_rfw

jwBx_rfw/jomega_rfw

-(diff(scEz,y)-diff(scEy,z))/jomega_rfw

ExzEzx

Ey

epsilonyy_rfw * Ey

epsilonyy rfw * scey

jomega_rfw * Dy_rfw




Gfy_rfw

jwHy _rfw

Hy

ScEy

jwBy_rfw

By rfw

scBy_rfw

curlEz_rfw

depEz_rfw

Dz_rfw

scDz_rfw

Jdz_rfw

Jiz_rfw

Gfz_rfw

jwHz_rfw

Hz

ScEz

jwBz_rfw

component
Gauge fixed
field, y
component
Magnetic
field, y
component,
times jo
Magnetic
field, y
component
Scattered
electric field,
y component
Magnetic flux
density, y
component,
times jo
Magnetic flux
density, y
component
Scattered
magnetic flux
density, y
component
Curl of
electric field,
z component
Electric field
test variable, z
component
Electric
displacement,
z component
Scattered
electric
displacement,
z component
Displacement
current
density, z
component
Induced
current
density, z
component
Gauge fixed
field, z
component
Magnetic
field, z
component,
times jo
Magnetic
field, z
component
Scattered
electric field,
z component
Magnetic flux

Vim

Al/(m*s

A/m

Vim

Vimn2

Vimn2

Vim

C/m"2

C/mn2

A/m~"2

A/m"2

Vim

Al/(m*s
)

A/m

Vim

Vimn2

Dy_rfw/epsilon0_rfw

(murinvyx_rfw * jwBx_rfw+murinvyy_rfw *
jwByYy_rfw+murinvyz_rfw * jwBz_rfw)/mu0_rfw

jwHy_rfw/jomega_rfw

Ey-Eiy_rfw

-curlEy_rfw

jwBy_rfw/jomega_rfw

-(diff(scEx,z)-diff(scEz,x))/jomega_rfw

EyxExy

Ez

epsilonzz_rfw * Ez

epsilonzz_rfw * scEz

jomega_rfw * Dz_rfw

Dz_rfw/epsilon0_rfw

(murinvzx_rfw * jwBx_rfw+murinvzy_rfw *
jwBYy_rfw+murinvzz_rfw * jwBz_rfw)/mu0_rfw

jwHz_rfw/jomega_rfw

Ez-Eiz_rfw

-curlEz_rfw




Bz_rfw

scBz_rfw

norme_rfw

normD_rfw

normB_rfw
normH_rfw

normPoav_rfw

normscE_rfw

normscD_rfw

normscB_rfw

normscH_rfw

Wmav_rfw

Weav_rfw

Wav_rfw

Qav_rfw

Poxav_rfw

Poyav_rfw

Pozav_rfw

density, z
component,
times jo
Magnetic flux
density, z
component
Scattered
magnetic flux
density, z
component
Electric field,
norm

Electric
displacement,
norm
Magnetic flux
density, norm
Magnetic
field, norm
Power flow,
time average,
norm
Scattered
electric field,
norm
Scattered
electric
displacement,
norm
Scattered
magnetic flux
density, norm
Scattered
magnetic
field, norm
Magnetic
energy
density, time
average
Electric
energy
density, time
average
Total energy
density, time
average
Resistive
heating, time
average

Power flow,
time average,
X component
Power flow,
time average,
y component
Power flow,
time average,
z component

Vim

C/mn2

W/m"2

Vim

C/mn2

J/m"3

J/m"3

J/m"3

W/mn3

W/mn2

W/m"2

W/m"2

jwBz_rfw/jomega_rfw

-(diff(scEy,x)-diff(scEx,y))/jomega_rfw

sqrt(abs(Ex)"2+abs(Ey)*2+abs(Ez)"2)

sqrt(abs(Dx_rfw)"2+abs(Dy_rfw)"2+abs(Dz_rf@)"

sqrt(abs(Bx_rfw)"2+abs(By_rfw)"2+abs(Bz_rfw)"2)
sqrt(abs(Hx)"2+abs(Hy)"2+abs(Hz)"2)

sgrt(abs(Poxav_rfw)"2+abs(Poyav_rfw)"2+abg@Ro rfw)"2

sqrt(abs(scEx)"2+abs(scEy)"2+abs(scEz)"2)

sqrt(abs(scDx_rfw)"2+abs(scDy_rfw)"2+abs(scba)”2)

sqrt(abs(scBx_rfw)"2+abs(scBy_rfw)"2+abs(scBz )My

sqrt(abs(scHx)"2+abs(scHy)"2+abs(scHz)"2)

0.25 * real(Hx * conj(Bx_rfw)+Hy * conj(By_wi)+Hz *
conj(Bz_rfw))

0.25 * real(Ex * conj(Dx_rfw)+Ey * conj(Dy w)+Ez *
conj(Dz_rfw))

Wmav_rfw+Weav_rfw

0.5 * real(Jix_rfw * conj(Ex)-j * real(omeg&w) * Ex *
conj(Dx_rfw)+Jiy_rfw * conj(Ey)-j * real(omega_rfwj Ey *
conj(Dy_rfw)+Jiz_rfw * conj(Ez)-j * real(omega_rfwhEz *
conj(Dz_rfw))

0.5 *real(Ey * conj(Hz)-Ez * conj(Hy))

0.5 * real(Ez * conj(Hx)-Ex * conj(Hz))

0.5 * real(Ex * conj(Hy)-Ey * conj(Hx))




9.2.2. Subdomain 2

Name

Description

Unit

Expression

dr_guess_rfw

RO_guess_rfw

SRcoord_rfw

Sx_rfw

Sdx_guess_rfw

rCylx_rfw

Sy_rfw

Sdy_guess_rfw

rCyly_rfw

Sz_rfw

Sdz_guess_rfw

rCylz_rfw

detJ rfw

JIxx_rfw

invIxx_rfw

JIxy_rfw

invJxy_rfw

JIxz_rfw

Width in
radial
direction
default guess
Inner radius
default guess
PML radial
coordinate
PML x
coordinate
Width in x
direction
default guess
PML r
cylindrical
vector, X
component
PML y
coordinate
Width iny
direction
default guess
PML r
cylindrical
vector, y
component
PML z
coordinate
Width in z
direction
default guess
PML r
cylindrical
vector, z
component
PML
transformatio
n matrix
determinant
PML
transformatio
n matrix,
element xx
PML inverse
transformatio
n matrix,
element xx
PML
transformatio
n matrix,
element xy
PML inverse
transformatio
n matrix,
element xy
PML
transformatio

m

0




invIxz_rfw

Jyx_rfw

invdyx_rfw

Jyy_rfw

invdyy rfw

Jyz_rfw

invlyz_rfw

Jzx_rfw

invJzx_rfw

Jzy rfw

invdzy rfw

Jzz_rfw

invJzz_rfw

k_rfw

dvol_rfw

c rfw

n matrix,
element xz

PML inverse 1
transformatio

n matrix,
element xz

PML 1
transformatio

n matrix,
element yx

PML inverse 1
transformatio

n matrix,
element yx

PML 1
transformatio

n matrix,
element yy

PML inverse 1
transformatio

n matrix,
element yy

PML 1
transformatio

n matrix,
element yz

PML inverse 1
transformatio

n matrix,
element yz

PML 1
transformatio

n matrix,
element zx

PML inverse 1
transformatio

n matrix,
element zx

PML 1
transformatio

n matrix,
element zy

PML inverse 1
transformatio

n matrix,
element zy

PML 1
transformatio

n matrix,
element zz

PML inverse 1
transformatio

n matrix,
element zz
Wave number 1/m

Volume 1
integration
contribution

Phase velocity m/s

kO_rfw * sgrt(mur_rfw *
(epsilonr_rfw+sigma_rfw/(jomega_rfw * epsilon0_rijy)
detJ_rfw

cO_rfw/sqrt(epsilonr_rfw * mudw)




Z wave_rfw
delta_rfw
Eix_rfw
Eiy_rfw

Eiz_rfw

epsilonrinvxx_rf

w

epsilonrinvxy_rf

w

epsilonrinvxz_rf

w

epsilonrinvyx_rf

w

epsilonrinvyy_rf

w

epsilonrinvyz_rf

w

epsilonrinvzx_rf

w

epsilonrinvzy_rf

w

epsilonrinvzz_rfw

murinvxx_rfw

murinvxy rfw

Wave
impedance
Skin depth

Incident
electric field
Incident
electric field
Incident
electric field
Inverse
complex
relative
permittivity,
XX component
Inverse
complex
relative
permittivity,
Xy component
Inverse
complex
relative
permittivity,
Xz component
Inverse
complex
relative
permittivity,
yx component
Inverse
complex
relative
permittivity,
yy component
Inverse
complex
relative
permittivity,
yz component
Inverse
complex
relative
permittivity,
Zx component
Inverse
complex
relative
permittivity,
zy component
Inverse
complex
relative
permittivity,

zz component
Inverse
relative
permeability,
XX component
Inverse

ohm

Vim

Vim

Vim

c_rfw * muO_rfw * mur_rfw

1/real(sqgrt(j * omega_rfw * muO_rfwnrtur_rfw *
(sigma_rfw+j * omega_rfw * epsilon0_rfw * epsilomfw)))
EQix_rfw * exp(j * phase)
EQiy_rfw * exp(j * phase)
EQiz_rfw * exp(j * phase)

1/(epsilonr_rfw+sigma_rfw/(jomega_rfw * epsilonfv))

1/(epsilonr_rfw+sigma_rfw/(jomega_rfw * epsilonfv))

1/(epsilonr_rfw+sigma_rfw/(jomega_rfw * epsilontv))

1/mur_rfw




murinvxz_rfw

murinvyx_rfw

murinvyy_rfw

murinvyz_rfw

murinvzx_rfw

murinvzy_rfw

murinvzz_rfw

epsilon_rfw
epsilonxx_rfw

epsilonxy_rfw
epsilonxz_rfw
epsilonyx_rfw
epsilonyy_rfw
epsilonyz_rfw
epsilonzx_rfw
epsilonzy_rfw
epsilonzz_rfw

mu_rfw
muxx_rfw

muxy_rfw
muxz_rfw
muyx_rfw

muyy_rfw

relative
permeability,
Xy component
Inverse
relative
permeability,
Xz component
Inverse
relative
permeability,
yx component
Inverse
relative
permeability,
yy component
Inverse
relative
permeability,
yz component
Inverse
relative
permeability,
zx component
Inverse
relative
permeability,
zy component
Inverse
relative
permeability,
zz component
Permittivity
Permittivity,
XX component
Permittivity,
Xy component
Permittivity,
Xz component
Permittivity,
yx component
Permittivity,
yy component
Permittivity,
yz component
Permittivity,
zx component
Permittivity,
zy component
Permittivity,
zz component
Permeability
Permeability,
XX component
Permeability,
Xy component
Permeability,
Xz component
Permeability,
yx component
Permeability,

F/m
F/m

F/im
F/im
F/im
F/m
F/m
F/m
F/im
F/im

H/m
H/m

H/m
H/m
H/m

H/m

1/mur_rfw

1/mur_rfw

epsilon0_rfw * epsilonr_rfw
epsilon0_rfw * epsilonrxx_rfw

epsilon0_rfw * epsilonrxy_rfw
epsilon0_rfw * epsilonrxz_rfw
epsilon0_rfw * epsilonryx_rfw
epsilon0_rfw * epsilonryy_rfw
epsilon0_rfw * epsilonryz_rfw
epsilon0_rfw * epsilonrzx_rfw
epsilon0_rfw * epsilonrzy_rfw
epsilon0_rfw * epsilonrzz_rfw

muO_rfw * mur_rfw
muO_rfw * murxx_rfw

muO_rfw * murxy_rfw
muO_rfw * murxz_rfw
muO_rfw * muryx_rfw

muO_rfw * muryy _rfw




muyz_rfw
muzx_rfw
muzy_rfw
muzz_rfw
ScHXx
ScHy
ScHz

Qmav_rfw

curlEx_rfw

depEx_rfw

Dx_rfw

scDx_rfw

Jdx_rfw

Jix_rfw

Gfx_rfw

jwHx_rfw

Hx

SCEX

jwBx_rfw

Bx_rfw

scBx_rfw

yy component
Permeability, H/m
yz component
Permeability, H/m
zx component
Permeability, H/m
zy component
Permeability, H/m
zz component

Scattered A/m
magnetic field
Scattered A/m
magnetic field
Scattered A/m
magnetic field
Magnetic W/mn3
hysteresis

losses

Curl of Vim"2
electric field,

X component

Electric field V/m
test variable,

X component

Electric C/m”2
displacement,

X component
Scattered C/m”2
electric

displacement,

X component
Displacement A/m”2
current

density, x

component

Induced A/m”2
current

density, x

component

Gauge fixed V/m
field, x

component

Magnetic Al/(m*s
field, x )
component,

times jo

Magnetic A/m
field, x

component

Scattered V/m
electric field,

X component
Magnetic flux V/m~"2
density, x
component,

times jo

Magnetic flux T
density, x

component

Scattered T

muO_rfw * muryz_rfw

muO_rfw * murzx_rfw

muO_rfw * murzy_rfw

muO_rfw * murzz_rfw
murinvxx_rfw * scBx_rfw/mu0_rfw
murinvyy_rfw * scBy_rfw/mu0_rfw
murinvzz_rfw * scBz_rfw/mu0_rfw
real(-0.5 * j * omega_rfw * (Bx_rfw * conj(H¢-By_rfw *
conj(Hy)+Bz_rfw * conj(Hz)))
EzyEyz

Ex

epsilonxx_rfw * Ex

epsilonxx_rfw * scEx

jomega_rfw * Dx_rfw

sigmaxx_rfw * Ex

Dx_rfw/epsilon0_rfw

(murinvxx_rfw * jwBx_rfw+murinvxy_rfw *
jwBYy_rfw+murinvxz_rfw * jwBz_rfw)/mu0_rfw

jwHx_rfw/jomega_rfw

Ex-Eix_rfw

-curlEx_rfw

jwBx_rfw/jomega_rfw

-(diff(scEz,y)-diff(scEy,z))/jomega_rfw




curlEy_rfw

depEy_rfw

Dy _rfw

scDy_rfw

Jdy_rfw

Jiy_rfw

Gfy_rfw

jwHy _rfw

Hy

ScEy

jwBy_rfw

By_rfw

scBy_rfw

curlEz_rfw

depEz_rfw

Dz_rfw

scDz_rfw

magnetic flux
density, x
component
Curl of
electric field,
y component
Electric field
test variable,
y component
Electric
displacement,
y component
Scattered
electric
displacement,
y component
Displacement
current
density, y
component
Induced
current
density, y
component
Gauge fixed
field, y
component
Magnetic
field, y
component,
times jo
Magnetic
field, y
component
Scattered
electric field,
y component
Magnetic flux
density, y
component,
times jo
Magnetic flux
density, y
component
Scattered
magnetic flux
density, y
component
Curl of
electric field,
z component
Electric field
test variable, z
component
Electric
displacement,
z component
Scattered
electric
displacement,

Vimn2

Vim

C/m"2

C/mn2

A/m~"2

A/m"2

Vim

Al/(m*s

A/m

Vim

Vimn2

Vimn2

Vim

C/m"2

C/mn2

ExzEzx

Ey

epsilonyy_rfw * Ey

epsilonyy rfw * scey

jomega_rfw * Dy _rfw

sigmayy_rfw * Ey

Dy_rfw/epsilon0_rfw

(murinvyx_rfw * jwBx_rfw+murinvyy_rfw *
jwByYy_rfw+murinvyz_rfw * jwBz_rfw)/mu0_rfw

jwHy_rfw/jomega_rfw

Ey-Eiy_rfw

-curlEy_rfw

jwBy_rfw/jomega_rfw

-(diff(scEx,z)-diff(scEz,x))/jomega_rfw

EyxExy

Ez

epsilonzz_rfw * Ez

epsilonzz_rfw * scEz




Jdz_rfw

Jiz_rfw

Gfz_rfw

jwHz_rfw

Hz

ScEz

jwBz_rfw

Bz_rfw

scBz_rfw

norme_rfw

normD_rfw

normB_ rfw
normH_rfw

normPoav_rfw

normscE_rfw

normscD_rfw

normscB_rfw

normscH_rfw

Wmav_rfw

z component
Displacement
current
density, z
component
Induced
current
density, z
component
Gauge fixed
field, z
component
Magnetic
field, z
component,
times jo
Magnetic
field, z
component
Scattered
electric field,
z component
Magnetic flux
density, z
component,
times jo
Magnetic flux
density, z
component
Scattered
magnetic flux
density, z
component
Electric field,
norm

Electric
displacement,
norm
Magnetic flux
density, norm
Magnetic
field, norm
Power flow,
time average,
norm
Scattered
electric field,
norm
Scattered
electric
displacement,
norm
Scattered
magnetic flux
density, norm
Scattered
magnetic
field, norm
Magnetic
energy

A/m~"2

A/m"2

Vim

Al/(m*s

A/m

Vim

Vimn2

Vim

C/mn2

W/m"2

Vim

C/mn2

A/m

J/m"3

jomega_rfw * Dz_rfw

sigmazz_rfw * Ez

Dz_rfw/epsilon0_rfw

(murinvzx_rfw * jwBx_rfw+murinvzy_rfw *
jwBYy_rfw+murinvzz_rfw * jwBz_rfw)/mu0_rfw

jwHz_rfw/jomega_rfw

Ez-Eiz_rfw

-curlEz_rfw

jwBz_rfw/jomega_rfw

-(diff(scEy,x)-diff(scEx,y))/jomega_rfw

sqrt(abs(Ex)"2+abs(Ey)*2+abs(Ez)"2)

sqrt(abs(Dx_rfw)"2+abs(Dy_rfw)"2+abs(Dz_rf@)"

sqrt(abs(Bx_rfw)"2+abs(By_rfw)"2+abs(Bz_rfw)"2)
sqrt(abs(Hx)"2+abs(Hy)"2+abs(Hz)"2)

sgrt(abs(Poxav_rfw)"2+abs(Poyav_rfw)"2+abg@Ro rfw)"2

sqrt(abs(scEx)"2+abs(scEy)"2+abs(scEz)"2)

sqrt(abs(scDx_rfw)"2+abs(scDy_rfw)"2+abs(scba)”2)

sqrt(abs(scBx_rfw)"2+abs(scBy_rfw)*2+abs(scBz )My

sqrt(abs(scHx)"2+abs(scHy)"2+abs(scHz)"2)

0.25 * real(Hx * conj(Bx_rfw)+Hy * conj(By_wi)+Hz *
conj(Bz_rfw))




Weav_rfw

Wav_rfw

Qav_rfw

Poxav_rfw

Poyav_rfw

Pozav_rfw

density, time
average
Electric
energy
density, time
average
Total energy
density, time
average
Resistive
heating, time
average

Power flow,
time average,
X component
Power flow,
time average,
y component
Power flow,
time average,
z component

J/m"3

J/m"3

W/m"3

W/mn2

W/mn2

W/m"2

0.25 * real(Ex * conj(Dx_rfw)+Ey * conj(Dy w)+Ez *
conj(Dz_rfw))

Wmav_rfw+Weav_rfw

0.5 * real(Jix_rfw * conj(Ex)-j * real(omegsafw) * Ex *
conj(Dx_rfw)+Jiy_rfw * conj(Ey)-j * real(omega_rfw) Ey *
conj(Dy_rfw)+Jiz_rfw * conj(Ez)-j * real(omega_rfwhEz *
conj(Dz_rfw))

0.5 *real(Ey * conj(Hz)-Ez * conj(Hy))

0.5 *real(Ez * conj(Hx)-Ex * conj(Hz))

0.5 * real(Ex * conj(Hy)-Ey * conj(Hx))




