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Introduction

This thesis deals with the dielectric and absorlpiraperties at microwaves (x-band) of epoxy resin
filled nanocomposites. Three different carbonaceoasofillers were used in the experimental:
carbon black (CB), carbon nanofibers (CNF) and @arbanotubes (CNT). Moreover, various
dispersion processes of nanofiller in the resinewteiled, in order to analyze the effect of filler
distribution on the dielectric properties of thesuking composites. Permittivity was measured
using a vector network analyzer in x-band (8,2-1@Hz) using the waveguide method. Samples
morphology was studied by FEG-SEM. Using the edamacircuit analogy, a link between
samples morphology and permittivity was attemptétie suitability of these materials as
electromagnetic microwaves absorbers was finabbessed.

In carbon black samples, realized using fillershwitifferent specific surface areas, the filler
distribution within the resin is very different,qatucing small short branched clusters when using
high surface areas filler, and long thick and mesing aggregates in the other case. In both
samples the clusters are close to cylindrical slaoemay be seen as parallel cylinders capacitors
in the resin. As a consequence, high surface ame@lss present lower values of real permittivity
(that takes into account capacity of the systemg @ the smaller length of capacitor plates, but
higher imaginary permittivity (linked to conductiyiand dissipations effects) because, as noted
above, the clusters are closely spaced, permittiveg activation of hopping and tunnelling
conduction modes. CB samples showed good perforesaas EM absorbers, reaching a peak of -
38 dB using a sample 4 mm thick.

In samples loaded with high aspect ratio (CNF ahd Cthe key parameter is their dispersion in
the resin. In CNF experimentation, despite the ofselifferent methodologies, an unsatisfying
dispersion was achieved, with the resulting mictotire made of aggregates. The EM
measurements highlighted that the higher the nunamer the smaller the dimension of the
aggregates, the higher ateand ¢”,for the same reason found in the case of CB. V@MT,
instead, very good dispersions were achieved, bgnsmef the aid of surfactants and of a more
powerful sonicator. The results demonstrate adah germittivity is linked to microstructure, with
the same trend established with the other typeaoiofillers. Nevertheless, in this case, a new
evidence was found highlighting that there is atinopm level of dispersion, above which the
CNT do not interact each other, resulting in veghty’ and very lowe”, since dissipation through
Joule effect is limited.

The absorbing performance of CNF and CNT demorestifaat too much filler, or too much

dispersion of it (i.e. Low”), bring to a mostly reflective medium, with lovbsorbing performance.
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An optimum formulation needs, therefore, to be fbdor every system as a compromise among
material composition, microstructure and thickness.

Part of the experimental work (most of chaptenéa$ carried out during the author secondment to

Monash University (Clayton, Victoria Australia) werdhe supervision of Prof. George Simon.



1 Conducting polymer composites

Loading a non conductive polymer with conductivibefj either particles or fibres, produces
different grades of conducting polymers compos{teBC). The benefit of coupling the ease of
manufacturing, flexibility of shapes and applicatidow density and low cost with electric
conductivity make them very attractive in sevegblecations from antistatic coatings [1] to smart
materials applications, to emi shielding and ahsgrbnaterials. CPC have found relevance in
electronic devices manufacturing, where they ar@leyed as conductive adhesive and circuit
elements. Their usefulness has been boosted bintiieeluction of the Restriction of Hazardous
Substances Directive (RoHS) in Europe, and sinlas in the USA, that ban the use of lead from
electronic devices since the first of July 2006n@wonly, these adhesives consist on silver powder
dispersed into a variety of polymers (DC electricahductivity inside CPCs is caused by the
formation of a network of conductive particles desithe matrix, as better explained in the
following 81.1), like silicone polyurethane, polyala and epoxy, depending on the adhesive
required performance in terms of heat resistaheribility, mechanical resistance, etc. usuallytsuc
materials possess low electrical resistivity arghtthermal conductivity [2, 3].

CPC are also employed to produce regulators oroserand also in electronic devices as fault
current limiters in circuit protection [4, 5], exiling their positive temperature coefficient of
resistance. [6, 7]. When the CPC is heated abosed#sign specification by the passage of a
current, it swells resulting in the separation @h@ucting particles with a consequent increas¢sof i
electrical resistance. The regulator therefore shiovo different electrical behaviours, as a functio
of the current: when the electrical current is elts the design parameter, the regulator shows low
resistivity, when it increases above a certainllede current flow is limited by the increase bét
regulator resistivity. Commonly these devices agdenof polyethylene matrix filled with carbon
black. This kind of device can be found in pc ditdéx@es against short circuit discharges.

In civil engineering self-diagnosis materials, sirayboth reinforcement and sensor performance in
concrete structures, use the same principle. Theoseinforcement, in fact, shows an increase of
electrical resistance as a consequence of incgeasiess and/or strain. Under these conditions, in
fact, in self-diagnosis components made of carbemas nanofiller in thermosetting resin, the
increasing of matrix strain yields to carbon paescseparation, resulting in enhanced macroscopic
electrical resistance. this, in turn, can be diyecbrrelated to the level of stress bored by cetgcr
structure . such behaviour was proven in self-noom¢ composites tested both outside and inside
concrete [8, 9].



Chemical sensors use the variation of resistivéilysed by the swelling of the matrix after a certain
time of exposure, when it adsorbs organic chemicalgood sensor is the one that can give
different electrical conductivity for different vaprs [10-12].

Electromagnetic interferences (EMI) Shielding, &lestatic discharge (ESD) protection and
microwave absorbing materials (MAM) are the majgplacations for conductive polymer
composites. The first and latter of them are ingdhvin electronic devices and environments
protection and antenna decoupling. Shielding ugyadirforms by reflecting the incident waves,
sending them back in the medium from which theye&mm. To reflect the incident radiation, the
shield must have mobile charge carriers (electromotes) which interact with the electromagnetic
fields in the radiation. Materials employed as klseneed therefore to be somehow electrically
conducting, even if a volume resistivity ofcm is typically sufficient. EMI shields can thersefo
be made of either conductive materials, i.e. mew@sCPC, that can be employed even below
percolation . EMI shielding is mostly employed tmuke electronic equipment, either to provide an
electronic-noise-free environment, or shield otdlectronic components or workers from the noise
and radiations generated [13-17].

ESD requirements are less stringent, and they mredjldwer surface resistivity. ESD is employed
where there is a constant built up of static eieityr and thus a need to disperse it, as in amgla
fuselages [1] and tires, conveyor belts and weamaghines, wherever a relative motion between
dissimilar materials occurs [18, 19].

Fig. 1-1 illustrates the typical ranges of surfaesistivity of CPC and of their most common

applications.
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Fig. 1-1 Surface resistivity of conducting polymecomposites and their most common applications. (Avable f

rom: http://www.rtpcompany.com/products/ conductive/index.htm)

Microwave absorbing materials, finally, provide anmm efficient electromagnetic wave protection,
since they do not reflect incident waves, but g them through the material with virtually no

scattering.

Fig. 1-2 On the left shielding, on the right absorimg

The mechanism of absorption is much more complesade it involves both the instrinic
porperties of the component as well as its extirgiaracteristics, as geometrical shape and
dimensions. from the material point of view, thesilpation of the energy associated to the incident
waves requires the presence of electric or magdigales able to interact with the electromagnetic
fields. These dipoles are responsible for differpalkarization mechanisms, which occur in the
material at difference frequencies (cfr. 82.1.1PCCare ideal candidate materials to realize
absorbing structures, thank to their versatilityd grossibility to insert dipoles by adding pure
conductive, dielectric or magnetic fillers withinet insulating matrix [20, 21]. barium titanate, for

instance, was used as filler in polyurethane argapdine as matrix to produce 2,5 mm thick em
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absorbing composites in [22]. peaks of 25 dB alsor@t 11,2 GHz were obtained. More than 40
db of attenuation at 8 GHz were obtained by[20hgsabs as matrix and 30% vol of barium
titanate. In [23] it is reported that 8% vol of @poxy in samples 6 mm thick yields 20 dB
attenuation at 13 GHz. Hexaferrites were proposedmagnetic fillers: Cg¥-type hexaferrite
(BaoCwCoy4Fe2020, Xx=0,1) were employed as filler of rubber mateading to 35 dB attenuation
in 3 mm thick samples[24]. the contemporarily udeaoconductive and magnetic filler was
proposed to [25]: a mix of magnetite, Co-Ti suloséitl hexaferrite and graphite gives a peak of 22

db attenuation with 2 mm thick samples,.

1.1 Distribution of filler into the matrix and its
consequence on electric properties

A very important parameter when dealing with EMpauies of CPC is the distribution of filler or
nanofiller within the matrix. Historically this fe@re has been investigated in the theory of
percolation, i.e. the formation of a continuouswwk of conductive filler leading to dc
conductivity.

Dishovsky and Grigorova in [26] noted that CB cartcation influences the EM properties of a
filled polymer and that the best values of absorptare obtained just before the onset of
percolation. One of the ways to explain the eleatriproperties of conductive particles filled
polymers is percolation theory. Percolation started a lattice model to study the statistical
probability of fluid flowing through a static medhiy it was then used to model the conductive
behaviour against filler concentration [27]. Peative behaviour can be recognised when, while
increasing the filler content, there is a sharpre@se, in composite resistivity, (several orders of
magnitude). The percolation threshold is then idiedt by the filler volume percent at the
resistivity abrupt decrease. The abrupt changdeictrecal properties is caused by the formation of
the so called “infinite cluster”, a network-like rductive pattern inside the composite that

encompass the whole volume (Fig. 1-3).
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Fig. 1-3 Percolation threshold and formation of ininitive cluster [19]

Increasing the filler content above the percolatibreshold produces just a slight variation in
composite resistivity. If resistivity keeps deciliegsafter the percolation threshold in a significan
way, it means that the three-dimensional condugtetevork has not formed yet and conductivity is
prevalently caused by tunnelling between close, rmit in contact, filler particles. Tunnelling
happens when particles are approximately 10 nmlagec [18, 28]. The relationship between
current and voltage gives an indication of the tgpenechanism active inside the composite [29,
30]. If conductive filler inside the matrix toucla@h other the relationship will be Ohmic linear,
instead when tunnelling is the prevalent mechanibmyelationship between current and voltage is
best matched by a power law [30, 31].

Ways to lower the filler content need to be studidten designing EMI shielding materials since
the best use of the filler means higher dielegraperties at constant filler ratio (cfr. 81.1.2)less
filler to achieve the desired values of permitivit

Percolation threshold, electrical and most impdrtan EM application dielectric properties below
the percolation threshold, depends on numerousorfacincluding filler aspect ratio [32],
conductivity, morphology [28], dispersion and distition, affinity with the matrix [33], polymer
matrix cristallinity [34] and surface tension, méaturing, and eventual additives [34-37]. In the

following some of these parameters will be shaitcussed.

1.1.1 Influence of filler shape

Percolation theory reports that above percolatipower law fits resistivity vs filler loading
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p=polv=v,)" (eq. 1.1)

Where p is the composite electrical resistivit2 cm) p, is a scaling factor(f cm, the scaling
factor is needed since percolation theory is vahty assuming the matrix has zero conductance or
the filler zero resistancey, is the filler volume fraction ang,_ is volume fraction at percolation.

The critical exponent is related to the lattice dimension (i.e. if a @8D3D lattice developed/was
studied), and varies between 1,65 and 2 for threeasional lattices [27, 38]. If the filler used is
fibrous instead of spherical (i.e. CNF, CNT) thgexent is higher than 2 and in particular as
reported in [39], close to 3. According to percimattheory, using spherical filling factors, a
random packing in three dimensions, yielgsaround 16% volume fraction [28], fibrous fillers o
high structure CBshowvc of only several percent or even less than oneepeér€ig. 1-4 show the

filler aspect ratio needed to achieve percolatip@ lcertain volume fraction

Fiber Aspact Raho

a.l I i T
Wolume Froction of Conductive Filler

Fig. 1-4 percolation volume fraction vs filler aspet ratio [40]

Percolation, as stated and shown in Fig. 1-4, eadrhstically reduced using fillers with an aspect
ratio >1. Fig. 1-5 shows graphically the conseqeend0% surface fraction of filler is randomly
dispersed on a same surface plane, the effectpaicasatio is substantial, while 10% volume is

NOT enough to provide a percolating network of sigaé particles, it is more than enough when a

! The higher a CB structure the more complex anddirad the shape of the complex agglomerate cfr §XX
12



fibrous filler is used. On a same filler basis,fact, the high aspect ratio filler provides more
occasions of contact among particles compared d@oc#ise of close to round fillers (aspect ratio
close to 1).

Fig. 1-5 10% surface of filler fraction , sphericalparticles (left) fibrous filler (right)

1.1.2 Influence of resin, additives and manufacturing method

Before dealing with the influence of manufacturmegthods on the shape and performance of the
conductive paths, it is useful to devote some weoodke effect of resin on the resulting properties
of the CPC. Kato and Miyashita [34] determined tpalymer cristallinity has a very high
influence. CB is present only in the amorphous aegi thus increasing the local filler content
easing the formation of a percolative network. ®& $ame paper a remark about the influence of
polar resins states that polar matrixes have betétting properties and so give more conductive
composites for the same filler weight. Cheah ef{38] agrees with the previous mentioned paper
about polar polymers, but they state that what emstinstead of taking just the absolute value of
matrix polarity, is matrix-filler difference in patity. Cheah also shows that to achieve good
percolation values a good dispersion (the partieles not grouped together in big bundles) is
needed but not a good distribution (the particleseaenly distributed inside the matrix). Moreover,
quite surprising, it was found that an optimal wlgttion of filler inside the matrix may lead to
worse electric properties. Grunlan et al. [37]dribe use of an additive to promote filer dispersio
but they found that the presence of smaller aggesgarovide lower electrical conductivity at a
higher percolation threshold. Schueler et al in @8&nt further adding Cuglto lower the energy
barrier that prevents the formation of bigger aggtoates that, from their point of view, help
conductivity. Schueler also documented that higkastiorces are enough to disperse CB inside a
matrix and reach conductivity. In a later paper][@¥en CNT were dispersed using just an
energetic stirring. Instead of additives that hdigpersion Yoon and co-workers [36] used additives
that help conduction, via increasing hopping phesay-aminopropyltrimethoxysilane (APS)
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and trimethoxy-npropylsilane (TPS) were tried. Toemer was proved to lower significantly the
percolation limit.

Another important aspect related to the natureiltr f which arises when dealing with fibrous
fillers is their very strong agglomeration. Befonsertion in the resin it is therefore necessary to
disagglomerate the fibres. Many different methodme were tried, among which there is the
sonication method, which was chosen by the authiomf this experimental work. Dispersion can
be carried out via sonication directly in resinpyeviously in solvent. Song [42] produced two
series of CNT/epoxy samples; in the former CNT wsoaicated in resin, while in the latter a
solvent was used to sonicate CNT and the resinagded later. The results from mechanical tests
were controversial, while electrical conductivitiiosved important improvements by achieving
good filler dispersion with solvent use. The natafesolvent, though, is important since it has an
influence on the resulting properties of the conitepgas in the case of functional groups formed in
the cured epoxy [43]. Sonication can lead to thesimlity of fibres cutting if not carefully
performed in terms of time and power of sonicatitan|imit this bad evenience it was suggested
that nanofibres doping may provide a better wagresserve the aspect ratio and integrity of fillers
[44]. It is also important to remember that, whealthg with almost mono-dimensional fillers as in
the case of CNF and CNT, there may be an oriemtaftect if the composite is extruded before
curing.

This very short overview evidences how many aspants parameters must be taking in count
when preparing nanofilled composites for electronedig applications. In the following paragraphs
the main characteristic of any nanofiller usedhis thesis, i.e. CB, CNF and CNT, will be briefly

discussed.

1.2 Main types of nanofillers

1.2.1 Carbon Black

Carbon black (CB) is widely used as a filler in el industrial process, such as a reinforcing
filler, to improve dimensional stability, conduativiller, ultraviolet light stabilizer, antioxidarib
prolong the lifetime of rubber, and pigment or calt. CB is an amorphous form of carbon with a
structure similar to disordered graphite: “Whennaatic hydrocarbons are subjected to incomplete
combustion at high temperature their molecules @igsociate through the rupture of C-H bonds.
Subsequently, carbon atoms and aromatic radicalst i® form layer structures composed of
hexagonal carbon rings, which tend to stack ineht@ four layers, forming crystallographic
structures” [45]. CB has a turbostratic structubere the graphite layers are rotated or shifted
horizontally [46] Fig. 1-6.
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Fig. 1-6 CB graph planes [47]

CB essentially consist of elemental carbon in threnfof near spherical particle of colloidal size
coalesced into particle aggregates and agglomerAtgSB particle is a small spheroidal non-
discrete component of a CB aggregate, particle efiera can range from less than 20 nm in some
furnace grades to few hundred nm in thermal blaSkseral CB particles form a CB aggregate, a
discrete, rigid, colloidal entity of coalesced pdets, it is the smallest dispersible unit of carbo

black, aggregates dimensions can range from ad ama00 nm to a few micrometers Fig. 1-7.

_::I— Particle

-

g

Aggregate

Fig. 1-7 Schematic showing the distinction betweeazarbon black particles and aggregate.
Among several characteristics of CB, two influetive microstructure of the resulting CPC most:

structure and specific surface area. Structureriest¢he complexity of the shape of the CB
aggregates, they vary quite widely in morphologgnf the large individual spheres found in some
thermal black to small highly complicated, branchegdregates in high structure{Balberg,

2002 #35}, high surface area CB [48]. The compled @aried shapes of the CB aggregates lead to
the creation of voids between the aggregates irsample of CB that are greater than the voids that
would be created if the aggregates were simplereplad equivalent size. It is this fact that halle

to the commonly used techniques of measuring iatevoid volumes as a means of indirectly
assessing the shape, or “structure” or aggregatdsnwa carbon black sample. In general the
greater the measured internal void volume, the moreplex, open, and branched the aggregates

within a sample are and the greater the structlile measurements are made using either
15



volumetric measurement under specific pressures rogre commonly, oil absorption
measurements. In either case it is clear thatghagparameter of CB that has a significant infaeen

on the compound in which the CB is dispersed. kxirg only the structure of CB used in a rubber
compound will typically increase the compound’sdmess, viscosity, stress at high strain and wear
resistance. The specific surface area is by definthe available surface area in square meters per

unit mass of CB in grams, it also is a measurecobgity.

N358

N326

Fig. 1-8 TEM micrography of low structure (N326) ard high structure (N358) CB

It is several years CB is used in EM applicatiorB5AdB shielding efficiency was reported in 1996
[49] with a polypropylene sample loaded with 40%vB @t 10 GHz (sample thickness not
reported). Another paper from 2000 [50] report€£a0520 dB in X-band as its best result when CB
and ethylene-vinyl acetate were used, sample tBgkmwas 3,5 mm. Absorbing materials were
mostly studied to be used in military applicatiaml as a consequence most of the research was
classified, it is now finding their way into mairsam applications on mobile phones and other
wireless gadgets. CB was the first filler used uchs applications, such as [51, 52] that report
respectively a 25 dB peak at 10,5 GHz with samjueded with 10% CB and —30 dB at various
frequencies depending on the thickness. Barba 4&2)] provides a graphical way to understand
how absorbing properties of a composite are ndtipfluenced by filler loading but also from

frequency and thickness Fig. 1-9.
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Fig. 1-9 Influence of frequency and thickness on thabsorbing properties of two different CB filled mlymers
[52]

Wen et al. [53] used paraffin as a binder to testdbsorbing properties of CB and catalysed CB
and they achieved more than 20 dB attenuation &H#5 with a thickness of 6 mm.

A paper that deals with RAS is [54] by Chin and L#éey manufactured a single layer absorber
that 2,93 mm thickness and loaded with 0,02%w ofitGhieves 55dB attenuation at 10,1 GHz.,

1.2.2 Carbon nanofibers

Carbon nanofibers (CNF) and carbon nanotubes (CHIE),high aspect ratio conductive carbon
nanofilles. It is possible to think of them as aherensional fillers, due to their high aspect ratio
CNF are much cheaper than CNT, have comparabldrie@cproperties, less microstructural
defects and lower density, they also are somewdsaeeto disentangle but their diameter is bigger
(CNF diameter ranges from tents to hundreds of and) often have lower aspect ratio [19, 55],
which sometimes make them performance less eftitihet those of CNT.

1.2.2.1 CNF structure and properties

As produced CNF have varying dimension, structorechanical, thermal and, most important for
conductive polymers, electrical properties [56] @efpost treatment CNFs are covered by a layer
of amorphous carbon that render them less conauctBecause the filaments tend to clog the rear
of the reactor tube, eventually spending many sgsowithin the decomposing methane
atmosphere, a layer of vapour-deposited carbon tothens the individual fibres and cements

them together in large clumps. The exterior laylevapour-deposited carbon is not as graphitic as
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the interior cylinder, and has graphene planes hwhie primarily longitudinally oriented” [57]
(Fig. 1-10).

CNF structure common features are a hollow coregraphite planes rolled parallel or at an angle
around their axis [58, 59] (Fig. 1-10), the stackdanes are nested within each other. CNF are
produced with different structures including bamti@e, parallel and cup-stacked, the d-spacing of
the graphene sheets was reported as 0.34 nm (the asthat in MWNTs and graphite platelets)
[58, 60]. Single and double layer CNF morphologyeveentified by Uchida and al. [59], Fig. 1-11
shows a double layer one where, a truncated camey ilayer structure is enveloped by an outer
layer of planes of graphite parallel to the axis.

Fig. 1-10TEM image of a Pyrograf CNF [57].
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Fig. 1-11 TEM image of a double layer CNF [58].

Fig. 1-12 shows a high resolution transmissionted@cmicroscopy (HRTEM) image of a side-wall
of a CNF (the inset is a schematic illustrating skreicture of cup-stacked VGCNF). The nanofiber
is clearly seen to have a hollow core surroundeddmgentric cup-stacked planes.

Fig. 1-12 HRTEM micrografy of cup stacked CNF [61]
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Staked cups structure has a large number of reaetiges both inside and outside the nanofiber
[61]. The way graphite sheets (about 3-5) foldhat ¢nd of the stacked cones structure is depicted
in Fig. 1-13. Fig. 1-13a shows the structure oflErnayer CNF while Fig. 1-13b depicts a double
layer one, HRTEM inset shows the graphite foldd.[19

=5

Fig. 1-13 HRTEM and schematics of graphene loops & folds at the end of the angled graphene plane&q].

Recently CNF have been proposed for EM applicatiofeng et al. [62] found a shielding
effectiveness (SE) of 26 dB at 200 MHz with a 1 sample LCP loaded with 15%w of filler.
Zhang [63] studied SE of polyesterpolyol loadedw@iNF in K, Q, V bands, and obtained 35 dB at
26 GHz and 60 dB at 75 GHz hinting at absorptionti@oution since increasing the thickness of
the samples produced an increase in shielding[@4eried 40%w CNF filled PVA of just 3Qm
thickness and compared it with a composite fillathwhe same quantity of CB: It was found that
before thermal treating the CNF composite behavedevthan CB filled PVA, while after thermal
treatment the SE of CNF was better than CB. Yarg).4§65] compared SE of CNF and MWCNT
filled polymer in X band and found that SE of MWCNvas considerable higher than of CNF
samples being the se of 5%w loaded samples at ) @Hespectively 7,5 and 24 dB for CNF and
CNT specimens. In a subsequent paper the samerautacrhed 21,9 dB SE in Ku-band, with a
filler content in polystyrene of respectively 10%MF and 3%w CNT.

1.2.3 Carbon nanotubes
In the very last years, CNT had been a subjecthenfdrefront of scientific research, with many
researchers scrambling to find ways to get the rfrash their properties (electric, thermal and
mechanic) that were predicted to be very high.egonted in [66], “CNT can be visualized as a

sheet graphite that has been rolled into a tub&ké&diamond, where a 3-D diamond cubic crystal
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structure formed with each carbon atom having foearest neighbours arranged in a tetrahedron,
graphite is formed as a 2-D sheet of carbon atanasiged in a hexagonal array. In this case, each
carbon atom has three nearest neighbours. ‘RolBhgets of graphite into cylinders forms CNT.
The properties of CNT depend on atomic arrangerfiew the sheets of graphite are ‘rolled’), the
diameter and length of the tubes, and the morplyplognanostructure. Nanotubes exist as either
single-walled or multi-walled structures, and mwalled carbon nanotubes (MWCNT) are simply

composed of concentric single-walled carbon naresyBWCNT)” (Fig. 1-14)

Fig. 1-14 Sketch of a single wall nanotube

Multi-walled CNT are composed of a number of congersingle walled CNT held together with
relatively weak van der Walls forces. The multidegd structure of these CNT further complicates
the modelling of their properties.

The low density of CNT (between 1,3 and 1,75 @/f7]) high aspect ratio and extraordinary
mechanical properties (tensile strength 50-500 &Rhmodulus of 1500 GPa when SWCNT are
considered, and 10-60 and 1000 GPa when testing MWM68]) make them particularly attractive
for reinforcement in composite materials. In gehdte tensile modulus and strength of polymer-
rich CNT composites are found to increase with ANdding, dispersion, and alignment in the
matrix. However, the results at low CNT concentnasi typically remain far behind the idealized
theoretical predictions The gap between the priedist and experimental results arises from
imperfect dispersion and poor load transfer. WHenihterfacial adhesion between the phases is
weak, the CNT behave as holes or nanostructuredsflaMoreover, even modest CNT
agglomeration impacts the diameter and length idigions of the filler and overall is likely to
decrease the aspect ratio (a parameter in the s)odieladdition, CNT agglomeration reduces the
modulus of the filler (another parameter in the eisgrelative to that of isolated CNT because
there are only weak dispersive forces between CNT.

The potential of CNT as conducting fillers in miutictional polymer composites has been
successfully realized. Several orders of magniteideancement in electrical conductivity, has
been achieved [69] with a very small loading, bela¥ %w of nanotubes in the polymer matrices,

while maintaining the other performance such ashaeical properties, low melt flow viscosities,
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etc. A variety of applications are being pursuethgighese conductive composites: electrostatic
dissipation [70], electrostatic painting [71], dl@enagnetic interference (EMI) shielding [72], and
transparent conductive coating [73] The percolatioreshold for the electrical conductivity in
CNT/polymer composites is influenced by several GiMa@racteristics most important among them
aspect ratio, surface area and dispersion [42,sofhe authors suggest that shorter CNT and some
agglomeration permits a lower percolation threshéid.

As noted above for CNF, disagglomeration and dgparof CNT inside the matrix is a key issue
in any field of application [60]. Different metho@d$ manufacturing can be used to produce filled
polymers and disperse CNT such as the ones dedarija9, 43, 68, 75]. Permittivity in X-band
highlights the effect of CNT type, manufacturingldiller dispersion on the dielectric properties of
the resulting composite. For instance Wu et al] féports a relative real permittivity of less thén
when an epoxy sample is loaded with 4,7%w, whilamtpand co-workers [72] report a value of 25
with a loading of 5%w of SWCNT.

CNT have been used in shielding and absorbing egpins, obtaining good results. 25 dB
attenuation using epoxy filled with 15%w of long 8WT at a thickness of 2 mm [72] and 16 dB
when a polyurethane film loaded with 20%w is coastd [77]. Umishita et al. [78] has measured
the absorbing and shielding properties of MWCNEjrtinesults are of about 20 dB attenuation for
0,22%w at 5,8GHz, increasing the filler contentytlmbdtained 45 dB shielding with PEEK as a
matrix and a thickness of 4 mm. Absorbing applaatare less frequently published since their
interest lays mostly in military application andsagch most of the results are classified, but what
published is very promising such as more than 3@tt@&uation of CNT dispersed in silicon oil at
a concentration of 0,25%w [79]. A peak attenuatér22 dB at 11,4 GHz using a sample 1 mm
thick is reported in [80] , but they Do not repbdw much filler was used. An absorption peak of
12 dB of attenuation on a sample 1,80 mm thick4atGGHz is reported in [81] using polyester as
matrix, but even in this case, the amount of fillsed is not revealed. Multilayer absorbers and
radar absorber structures (RAS) in form of comgos&ndwiches were also produced. RAS
originate from the idea to reach valuable absorlmaegormance by exploiting wave interference.
Such structures derive from specific electromagnddisign, that usually define a stacking sequence
of layers, each one of which preset peculiar digteand/or magnetic properties and thickness. In
[82] epoxy-glass fibres face sheets were loaded @B and the polyurethane core was loaded with
CNT, with the result that an attenuation of abdditd® were achieved. another example of RAS is
the topic of [83], where a genetic algorithm is dige optimize the layers of MWCNT filled
epoxy/glass fibres with a remarkable broadband rptisa of more than 10 db over the whole X-
band and a peak of -30 dB at 9,5 GHz with an ovénadkness of 3,4 mm. Another multilayer
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absorbers RAS sandwich produced, in this case eglasg fibres face sheets loaded with CB and

the polyurethane core loaded with CNT, got an adé&on of around 30 dB [82].

1.3 Equivalent circuit analogy

As outlined in 81.1 most of the research involvibBC was focused on lowering the percolation
threshold, and scant attention was given till rédgetio other EM properties that are equally, if not
more, affected by the morphology of filler netwoikside the matrix. Nakamura [84] had shown
that if a CPC is interpreted as an electrical egjemt circuit an increase in filler content incress
its capacity and decrease its resistivity. In aceasive paper [85] he suggested that dead branches
of CB aggregates in the resin may act as capaaitod may be the cause of dielectric relaxation at
high frequency. Further along these lines, Farfiaal.e[86] showed that CPC with various filler
content below percolation show frequency dependesistance, which is a typical capacitor
behaviour. In its 2006 paper Saib et al.[32] fodhdt conductivity is frequency dependent and
there is a high capacitive coupling between fiparticles. In this work three different filler type
were tested, some of them were also used in diffavays, producing a range of different network
morphology. Dielectric results were then linkedhwihe morphology as obtained by SEM analysis
using an equivalent circuit analogy. The circuitlagy as outlined above interpret the CPC as a

circuit composed of capacitors and resistan@srepresent the ability of the material of store

energy, it is then a measurement of the increaggoivalent capacitors inside the sample. These
capacitors are produced by dead branches as seddegtNakamura, but also by close spaced
filler, in fact the value of capacitance is propmmtl to the surface of the conducting filler and

inversely proportional to the distance among thins. then safe to assume that the capacitance of
the system increases when the surface area of dtieles increases and when filler is better

dispersed, since it creates new interface surfandsso new capacitors, those capacitors will also
have close spaced plates contributing even motbeadncrease in capacitance. The decrease in

resistivity as the filler increases is indicated Yy and is influenced by the formation of more

contacts between filler particles allowing a rapidpersion of the charge by Joule effect. The
author hopes to have provided compelling proof he following chapter to prove that the
equivalent circuit analogy is a useful way to litile sample microstructure with the dielectric

properties.
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2 Electromagnetic properties of materials: an

overwiev

In this chapter a quick overview of the major di#lie properties of the materials, linked to their
microscopic characteristics, is proposed. Moreoseme indications on the electromagnetic
parameters measuring techniques will be given.ideéat attention will be devoted to the
description of the mechanisms of polarization, thae the physical basis of the origin of
permittivity, and its variation in frequency. Sushort dissertation is proposed since some of these
concepts will be used in the discussion of the erptal results, where the nature and properties
of the used nanofillers together with their dispmrsinside the matrix will be ascribed as major

feature affecting the permittivity of the composite

2.1 Intrinsic EM parameters

A material is classified as “dielectric” if it abd ability to store energy when an external electri
field is applied. Dielectric properties influendeetabsorbing and shielding properties of materials.
Wave propagation inside materials is influenced geymittivity and permeability, since they
influence electric) and magneticH) field strengths. The relation between electric aranetic
field and the media in which the wave propagatthisugh constitutive relations. They relate the
electric displacement densiy and the current densityto E, and the magnetic flux densiBto

H. in the case of free spabeis collinear withE andB with H.
D =¢,E B = uH J=0

Where ¢, and u, are known as permittivity and permeability of frggace, that present constant

values of:
£, = 8,854[10** Farad/meter  u, = 47107 Henry/meter

There is a wide class of materials, within whick #tbove mentioned collinearity relations of the

vectorsD andJ with E, andB with H are still valid, but they cannot be related&yand 1, alone.

They can nevertheless be expressed as scalaonslati

D =& B =uH J =0k
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Where £, 1 and o are the permittivity, permeability and conductvidf the medium, those are
the intrinsic EM parameters of the medium. Quite often the permittivity andrmpeability of the

material are expressed relative to the free spaestantss, and 4.

E=EE& H = H Ho

Where ¢, is the relative permittivity or dielectric constarand 4, is called the relative
permeability.
To a givenE the resulting value dd andB are different if the waves propagates in free spac

through a medium. At the macroscopic level thigxplained by the fact that and g of the

medium are different than those of the free sp@ceat the microscopic level this is explained by
the fact that the medium is constituted by changadicles. When an electric or magnetic field is
applied on a medium, the molecules and the atoaritictes tend to align along the impressed field.
This led to the concept of electric and magnetianqmation of materials. The electric polarizatién

is defined as:
P=¢&x.E (eq2.1)

Where x, is the electric susceptibility of dielectric mewhiu The magnetic polarization, or

magnetization, is similarly defined in terms gf the magnetic susceptibility of medium as:

M = thoXy (eq. 2.2)

The electric (or magnetic) polarization of the miale alters the electric displacement (or magnetic
flux) density within a medium due to an impressedidf Thus the electric displacement density
within a dielectric medium may be expressed astiperposition of the electric polarization on the

free space
D=¢gE+P=g(+x)E= x.=¢ -1 (eq. 2.3)

The same can be written regardigg.
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It is apparent that the electric displacement dgrasid the magnetic flux density vect@sandB,
corresponding to the free space fields, are lindance, if the electric polarizatidnis linear with
respect toE, and so also the magnetic polarizatigh with respect toH, the corresponding
expressions fob andB are also linear. Media obeying these conditioessaid to béinear media.
It is also possible that the polarization resultiram the applied field is not linear. Such media a

identified asnonlinear in which x, and x,, become non linear functions BfandH, respectively.

Examples of such nonlinearity are frequently entenad in the cases of ferroelectric materials, e.g.
barium titanate.

The electric polarizatioR resulting from an impressed alternated electatdfE in a medium tend

to lag behind it. This can be mathematically repnésd by assuming a complex form for the

electric susceptibility and hence the dielectringtant of the medium.
E =& —ig (eq.2.4)

The real part of permittivity£ ) is a measure of how much energy from an extezieatric field is
stored in a material. The imaginary part of perinitit (&) is called the loss factor and is a

measure of how dissipative or “lossy” a materidabigan external electric field.

It includes the effect of both dielectric loss atéctric conductivity. Being the two related by
e"=2mfo (eq. 2.5)

Commonly, in everyday practice, the electromagnegidormance of a material is represented by

the loss tangent tah which is the ratio of” to ¢ .

n

tan5=£—, (eq. 2.6)
£
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Fig. 2-1 Graphic representation of relative permittvity (&) and it relationship with real (¢') and imaginary (g”)

permittivity through & [1]

In the present thesis this term is almost comptedgiitted since it is not the most appropriatehia t
discussion of the results to establish a clearetation between the singé and €” term and the
material microstructure.

A similar expression can be obtained from the magpelarizationM as:

He = p — i (eq. 2.7)

The imaginary parts of relative permittivity andripeability are related to the polarization losses
within the medium. Yet another loss mechanism ie ttuthe finite but small conductivity of the
dielectric medium. All those materials where eitbéthe two mechanisms result in an appreciable
loss of energy are said to bliessipative or lossy. Otherwise the medium is reondissipative one.

Other important definitions that derive from and g are homogeneous when the intrinsic
properties remain invariant regardless of spatrdinates;dispersive in which £ and u are

frequency dependeniotropic when they are independent of direction.

2.1.1 Microscopic approach to permittivity

As just introduced above, the macroscopic effecthef reduced intensity of the electric fieid
inside the dielectric material has a microscopigl@xation in the polarization of the medium.

Metals are typical conductors, their microstructisreharacterized by long range order and atoms
placed in specific places on the reticular lattites energy that binds the electrons to the nuclei

(band) is low enough to allow some of the electronshe outer orbit to escape. These “free”
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electrons provide plenty of charge transport, waerelectric field is applied they will move in an
orderly way (electric current).

Dielectric materials have electrons bind much mighatly and the energy needed to get them
unstuck is high, thus they are not free to movendne electric fielce is applied and there will be
no electrical current flowing through then in th@andition. What the applied electric field causas o
the dielectric material is the creation/orientatiohelectric dipoles present inside the material,
leading to four different polarization mechanisrmsgntation, electronic, atomic and interfacial

polarization.

2.1.1.1 Orientation polarization

Some molecules have permanent polar dipole momeumgsto the way they combine when forming
(e.g. water). The rearrangement of electrons cabgélde chemical link may cause an imbalance in
charge distribution creating a permanent dipole emThese moments are oriented in a random
manner in the absence of an electric field so tlmapolarization exists. The electric fielt will
exercise torqud on the electric dipole, and the dipole will rotatealign with the electric field

causing orientation polarization to occur, if tiled changes direction, the torque will also change

[1].

T

Fig. 2-2 Forces caused by an electric field perpermllar to a dipole [1]

2.1.1.2 Electronic and atomic polarization

Electronic polarization occurs in neutral atoms wiaa electric field displaces the nucleus with
respect to the electrons that surround it. Atonotapzation occurs when adjacent positive and
negative ions “stretch” under an applied electrgtdf For many solids, these are the dominant
polarization mechanism at microwave frequencieoalgh the actual resonance occurs at much

higher frequency. An atom can be sketched as atiywstharged nucleus surrounded by a

33



symmetric “cloud” of negative charges, the eleetridipole is then zero. When an electric field is

applied the atom lose its symmetry and acquirap@elmomentp .

my

Fig. 2-3 electronic polarization

A similar effect to the electronic polarization ¢éskplace in an ionic material, i.e. one that has

permanent dipoles that can not freely turn. Ongugh materials is NaCl, when not subjected to an
electric field polarization the material is neut(ah equal number of negativel~ and positive

charged ionsNa*) and the ions are repeated regularly in the mttiwhen an electric field is
applied the ions lose the lattice symmetry by iasimeg the distance from the opposite ion (and

shortening it from another opposite ion) thus pdg a net dipole moment.

2.1.1.3 Interfacial or face charge polarization

Electronic, atomic and orientation polarization wrcevhen charges are locally bound in atoms,
molecules, or structures of solids or liquids. Qeacarriers also exist in a bulk material that can
migrate over a distance through the material whelova frequency electric field is applied.
Interfacial or space charge polarization occurs rwtiee motion of these migrating charges is
impeded. The charges can become trapped withimtegaces of a material. The filed distortion
caused by the accumulation of these charges iresegle overall capacitance of a material which

appears as an increasegn

2.1.2 Polarization caused by an alternating electrical field

When a non-stationary electric fiell is applied to the medium, the dipoles cycle frdra hon-
oriented (non-polarized) to oriented (polarized¥wss and back. The dipoles masses are accelerated
and decelerated. Since the dipole alignment isnstantaneous? lagsk and losses occour. There
are “cutoff frequency” specific to various polatioen mechanisms, as frequency increases the
slower mechanism cannot keep pace and drop ouirim leaving the faster ones to contribute to

g', the predominant polarization mechanism is thémnation of the frequency. As the frequency
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shifts to very high values none of the polarizatrmechanism is able to follow the orientation
cycles, and as the frequency moves toward infimte polarization occurs and tends to its limit
value, i.e. one. The polarization of a medium s skhm of all the different mechanism described,

the case of an ideal material that presents aflalemechanisms are depicted in Fig. 2-4.

\d

e Dipolar
{Rotational)

)

Atomic

Electronic

MW IR V uv

Fig. 2-4 Principal polarization mechanism from 1kHzto 1THz [1]

Electronic and ionic polarization mechanism actnbgving the charge apart, while the medium
resists with an opposite force that is roughly prtipnal to the distance. It is an oscillator syste
that will resonate at a certain frequency. Orieatapolarization does not have a recognizable force
that brings the orientated dipoles back to the polarized status, but a series of statistical event
that rearrange the dipoles when the external étefigld is removed. In this case the quantity

representing the phenomenon is the relaxation timdefined as the time required for a displaced

system aligned in an electric field to returrite of its random equilibrium value.

Before ending this paragraph, the author wishegub into evidence that all the reported
polarization mechanisms are always referred to Indkerials, while the materials under test in this
thesis are composites. The study of the originrhef EM properties of composite materials is still
undergoing, and this is why till now a complete aeliable modelization of the EM behaviour of

composite materials in waves is not available Metvertheless, as will be shown in the following
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chapters, the major contribution to polarizationhie frequency range considered in this studyas th
interfacial polarization among the nanofillers @nofiller aggregates and the insulating polymer

resin.

2.1.3 Absorbing mechanismin dielectric materials
Broadly speaking EM energy absorption in a dielectnedium is caused by two different

mechanisms:

» Dielectric relaxation
Takes origin in the presence of molecular dipofesrrfanent or induced) that follow the
polarizing cycles at low frequency. At increasimgguency, though, the dipoles struggle to
follow the changes of field due to the viscositytlié medium, and, as a consequence, part
of the energy dissipated throughout the media

* Resonance
The polarization mechanism arising from rotationvitaration of atoms, ions or electrons,
as described above, can be described as an amcdiatem that, as happens in mechanics,
is characterized by the phenomenon of resonancEMmnresonance happens at peculiar

frequencies and is clearly visible by the presefabsorption peaks.

Materials that exhibit a single relaxation time stamt can be modelled by the Debye relation,
which appears as a characteristic response in fisitgias a function of frequency (Fig. 2-5; is
constant above and below the relaxation with trensition occurring astride the relaxation

frequency. Additionallye; is small above and below relaxation but peakéénttansition region at

the relaxation frequency.
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Fig. 2-5 Debye relaxation [1]

2.2 Measuring equipment

The electromagnetic properties of a material Rermittivity and permeability) are usually derived
from the measurement of the reflection from andfansmission coefficients of it along with

knowledge of its physical dimensions, by means iffei@nt techniques. The most suitable
instrument, reporting both amplitude and phasehef $cattered waves, is the network vector

analyzer.

2.2.1 \Vector network analyzer

A vector network analyzer (VNA) consists of a sigsaurce, a receiver and a display. The source
launches a signal at a single frequency to the nmbatender test (MUT). The receiver is tuned to
that frequency to detect the reflected or trangmitsignals from the material. The measured
response, compared to the reference stored in A Yroduces the magnitude and phase data at
that frequency. The source is then stepped todgRefrequency and the measurement is repeated to
display the reflection or transmission measuremesponse as a function of frequency.

These data are the scattering parameters, idehtifieh the notation 5, where x identify the
receiving channel and y the emitting one. Thusi&ntify a reflection measurement, where the
sample is backed by metal, to assure completectfiteof the emitted wave ,§is the transmission
scattering parameter. Calibration is used to ekt@nthe systematic (stable and repeatable)
measurement errors caused by the imperfectiortseagytstem. Random errors due to noise, drift, or

the environment (temperature, humidity, pressurajnot be removed with a measurement
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calibration, this makes a microwave measuremerdepible to errors from small changes in the

measurement system.

2.3 Measuring techniques

Several method exist to measure the intrinsic ptegseof materials, all of them have their pro and

cons, the most common methods are illustratedliprief

2.3.1 Coaxial probe

The open-ended coaxial probe is a cut off sectidnaosmission line. The material is measured by
immersing the probe into a liquid or touching itthe flat face of a solid (or powder) material. The

fields at the probe end “fringe” into the materdadd change as they come into contact with the

MUT. The reflected signal§{;) can be measured and relatectfo

ﬁ

Solids -

Semisolids (powder)

{

Fig. 2-6 Examples of coaxial probe uses and whatrteasures [1]

Reflectimj/""""----_.

(Sq9)

S & 5 a6

This method assumes that the material is of sefimii@ thickness (or at leas} thicker than skin-
depth at the frequency used), homogenous and BotrSince it is only possible to measure the
reflection of the wave () it is not possible to analyse magnetic mate(ialis not possible to fit a
system of two equations with just a set of datd)isTmethod has a low resolution but it is

broadband and can be used without damaging theialate
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2.3.2 Transmission line methods
Transmission line methods involve placing the makénside a portion of an enclosed transmission
line. The line is usually a section of rectangum@veguide or coaxial airline (Fig. 2-75,* and ,u,*

are computed from the measurement of the reflesitgthl S; and transmitted signabS

Waveguide

_‘r"-’ -:..-‘ T ; )
e = Transmission

IiSn] y "f’-ﬂ--.-h"‘ 152'}

Fig. 2-7 Examples of transmission line methods, anshat they measure [1]

This method allows to measure both reflection)(8nd transmission ¢g§ and as such it allows the
measurement of magnetic samples, great care shadlkien in making sure the sample completely
fills the cavity and doesn’t leave any air gapthe same time the sample must have perfectly flat
surface and be flush to the sample holder. Co#aabmission lines cover a broad frequency range,
but toroid shaped samples are more difficult to mfacture. Waveguide fixtures extend to the mm-
wave frequencies and the samples are simpler thimacbut their frequency coverage is banded.
This technique was useih the EM measurements carried out during thisithe

2 EM measurements were carried out at the facltieCEMIN s.r.l. , VIA DELLA FARNESINA 363, 0019ROMA,
to which special thanks are given
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2.3.3 Freespace

Free-space methods use antennas to focus microer@ergy at or through a slab of material
without the need for a test fixture. This methodas-contacting and can be applied to materials to
be tested under high temperatures and hostile @mients. Frequency range possible is broad and
depends only on the antennas, on the other hanchiibeation and measurement is tricky, and the
method is very expensive since it needs speciatheme rooms to provide useful data not marred
by spurious reflections. Major drawback of this hoet is the dimension of the specimens that are
usually wide more or less depending on the fregesnegnder test. Moreover, particular attention
has to be paid to the presence of scattering sffgcéample boundaries that can heavily affect the
final measurements. A typical freespace measuresetnp, specially designed to limit this effect,
is depicted in Fig. 2-8 [2, 3].

Fig. 2-8 Focalized aerials free space measuremefi$.

2.4 Scattering parameters elaboration

The scattering parameters obtained with the abathads, describe the interaction of the emitted-
reflected/transmitted wave with the MUT. Knowingetthickness of the sample it is possible to
derive the value of the intrinsic parameters. Thadderent kind of scattering parameters were
collected during the measurement, reflectionvhere samples were backed by metal, indicated as
P, transmission § designated ag , and a reflection measurement taken with the inésmon set-

up ( the material wasn’t backed by metal) indicasgp,. This further measurement was made to
provide a further set of data to allow a closerahatf the iterative software routine to the meagure
data.

When an EM wave K, ) propagating into a medium (medium 1) impingesaotifferent material

surface (medium 2), due to the materials impedamseatch part of it is reflecteds( ), and part is

transmitted inside the materidk(). Energy is conserved:
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E +E =E (eq. 2.9)

The characteristic impedance can be employed &er&M field vectors for incident, reflected and

transmitted waves.

(eq 2.10) _E __E E,
Where Z, - Z r Zy bz, and Z, are

the characteristic impedances of media 1 and pentisely. Substituting

E E E
E E_E_ e -[E_Elz (eq211)
zZ, 7, Z, Z, Z,

By substituiting for E, in eq. 2.9 with the expression above, and reamanghe transmitted

electric field can be obtained.

27,
' Z,+2Z,

E (eq. 2.12)

The ratioE, /E; is defined as the transmission coefficienat the interface between two media,

27,
Z +Z,

Et
T=—-= eq. 2.13
E (eq )

Eliminating E, between egs. 2.13 and 2.9, the reflected eldaitt E, becomes

E = Z =4 E, (eq. 2.14)
Z,+27,

The ratio E, /E, is called the reflection coefficient and is denbt®y o which in terms of the

characteristic impedance of the two media is:
E Z

-Z
r=—==2_"1 (gqg.2.15)
E Z,+Z
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Once p, p, andr are measured and knowing d, the material thicknesspossible to calculate

Z,, sinceZ, is the impedance of air, known. Then an iteratougtine try to find the best fit using

the least square method. It should be noted tieptbcess is rather complicated and the soluson i

just a best match and not the exact solution.
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3 Material and methods

In this chapter the detailed description of matsriand manufacturing processes is presented.
Particular attention will be devoted to the maingasses that were common to all samples, while
little variations, possibly brought in specific pegation will be respectively discussed in the

chapter about each type of nanofiller. Main differes in manufacturing procedures have to be
found in the dispersion processes (for exampleotigeditives, type of solvent, process parameters)

that were always aimed to increase a better néegrofiispersion .

3.1.1 Acronym

The quite large variety of samples produced isamssiple for the difficulty in finding a general
naming procedure. In this paragraph the acronyrd ase reported in order to facilitate the reading

of the following parts. Samples naming follows & tiorm

AAXxx-SB
Where
* The first two letters AA identify the filler used o a surfactant is used the surfactant added.
* The digits that follows the first two letters reptive nanofiller weight percent of filler
» S identify the resin used, and it is constant tghmut the thesis
» If more identifying features are needed (usuallgitezl to different methods of production) a
suffix is added after S

3.1.2 Resin

The resin used is a 2 component epoxy resin basdgisfenol A-epichloridrine that offers low
viscosity and good wetting of fillers. It was desitito employ an epoxy resin from the start due to
its superior mechanical and thermal qualities ttirermoplastic polymers, on the other hand the
dispersion of filler inside a thermoset is not asyeas in thermoplastics where several melting can
be successively carried out [1] in order to imprdwve dispersion or keep it in a molten state for as
long as it is useful. Polycondensation is a one ve&gction and it is only possible to choose how
quick it will be, using different hardening agenisoforon Diammine was used in all the samples
produced, it gives about 45 minutes before gel tiemough time to be able to mix it thoroughly
without the need of very quick and thus turbulgintisg of the resin-filler dispersion.
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3.1.3 Determination of filler content

To calculate the weight of the filler it is necaesséo know how much resin and hardener is
employed. First the resin is weighted then the éred is calculated and weighted following the
stechiometric ratio of 4 grams of hardener to 1@ngy of resin. Filler weight is calculated using

equation 2.1
X: mass % wanted = (R +H + X):lOO (eq. 3.1)

Where R is resin weight, H is Hardened weight and Xhe weight needed to reach the desired

mass % of filler, all in grams. Eq. 3.1 can be t&ritin a more practical way as

_ (R + H) Cmass % wanted
10C- mass % wanted

(eq. 3.2)

If solvent is used, as in CNF and CNT samples, thervolume is calculated using the ratio to the
filler as outlined in the respective chapters. &tdints were used in some of the CNT samples, and
their amount is not computed into the total weigitthe samples, as in the case of the filler, bist i

calculated as a percent of the filler weight (6r181).

3.1.4 VNA measurement sample requirements and preparation

Electromagnetic Measurements were carried out enxttband (8,2-12,4 GHz) , that was chosen
since it is one of the most used and congested. Barstito report some examples of what is already
in use or in development that occupies such bameketis the polarimetric radar [2], medical
applications [3, 4], space radars [5] etc.

as previously reported, waveguide measurementsresthe sample to touch perfectly against the
sample holder, because even a small air gap bettheeflange and the material under test can
cause significant errors. To overcome this problém,samples were directly casted in the flanges,
that were 4 mm thick conventional k-band flang@2,86x10,16 mm). The thickness of 4 mm was
chosen as a good compromise between minimum mlategaired and a good interaction of the

waves with the material.

44



Fig. 3-1 X-band sample holder and sample ready toebmeasured

Another requirement for waveguide measurementasispen surface flatness, which was achieved
by grinding and polishing the samples.

Scattering parameters were measured in both neftecd@nd transmission {(§and $;). The
collected data were successively elaborated imigrthee and p coefficients by minimizing an
error function between the measured and the nuairicalculated S complex parameters with
respect ta@’, " [6]. Due to the complexity of the mathematicaatens involved in this procedure,
together with the extreme sensitivity of the meaments, the results of these elaborations can be
considered reliable with a confidence of about 5-88reover, as largely known, the waveguide
technique is not particularly suitable fdrevaluation, that is usually more precisely meadubny
resonance methods. Nevertheless this techniquetbepossibility to measukg as a function of
frequency whereas the resonance method give ustlalywalues ofe” only at two or three
frequencies.

Always from the same waveguide measurements itpoasible to determine the absorption loss of
all samples. The reported results are those aathibyeS: measurements using a metal baking.
Simulations were then carried out to evaluate theogption performance at different thicknesses

always less that 4mm, being larger thickness ufult® practical applications.

3.1.5 Dielectric percent variations calculations

Percent variations of the real and imaginary peiviti will be encountered during the discussion
of the dielectric properties of samples and thaatronship with microstructure. The percent values

presented are calculated using eq. 3.3:

45



S(Xi+1) - g(xi) [100 (eg. 3.3)

g(xi)

When samples with the same weight percent of filler different filler or production methods are
compared, the same formula is used and “A/B vadam found as the header of the column, in

this case A replaceX, ., and B replaces; .
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4 Carbon Black samples

This chapter deals with the production and testincarbon black (CB) filled epoxy samples.
4.1 Experimental

4.1.1 Degussa Printex XE2-B and Timcal Super-P

As reported in paragraph 81.2.1, some of the nmogobrtant characteristics that influence the shape
of CB network inside the matrix are [1] and surfarea [2] of nanofillers and the resulting
structure. Increasing the surface area of CB woaekllt in decreasing the gaps between the
polymer and conductive aggregates, in particutais well known [1] that carbon nanoparticles
with high surface area and oil absorption numbekNppresent the so-called “high structure”, i.e.
highly branched aggregates, which leads to thedtom of the conductive network at lower carbon
content (low percolation threshold) [3]. In thispeximentation two different types of carbon black
powders. Named Xe-2b and Sp, were employed to petlie samples. Table 4-1 reports their
main characteristics. Highly conductive Xe2-b iedisn electrical conductive coatings and in
antistatic or electrical conductive modification mdlymer systems, Super-p is used as conductive

additive primary in zinc-carbon battery.

Table 4-1 CB filler properties as found in the respctive datasheet

Particle size nm

DPB Absorption

Specific surface area

(structure) ml/100 g m/g
Printex XE2-B 30 411 1000
Super-P 40 380 62

4.1.2 Fabrication procedure

CB powders are the less difficult to disentangleoag the filler used in this thesis,
disagglomeration was achieved directly into thenreskipping the solvent step used in CNF and
CNT samples. High speed mechanical stirring is ghaiw disperse them into the resin, since it
generates high shear forces [4]. Five minutesirsgirat 700 revolutions per minutes (RPM) was
used on all the CB samples, followed by other 5Sutas stirring after the hardener was added,
before casting.

Table 4-2sums the samples produced.
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Table 4-2 CB samples produced

Name Weight % of filler produced Name example
Xe 2,3;4;5,6 Xe4-s
Sp 2,3;4;,5,6 Sp3-s

4.1.3 Specimens characterization

EM characterization of the samples has been capuébllowing the procedure reported in §83.1.4 .
Microstructural characterization, aimed to analyme CB dispersions of the two types of specimens
in the cured resin, was carried out by scanningteda microscopy (SEM mod. Leo-supra 35). The

observations were carried out on highly polishedas using charging phenomena [5].

4.2 Results and discussion

4.2.1 Conducting paths morphologies

The morphologies of the two different fillers inred composites are outwardly similar but differ
on the scale of the aggregate dimension. As caseba in Fig. 4-1a and as noted in 81.2.1 the
smaller specific surface area of Xe produces smalerter and close spaced aggregates, that form

a continuous network throughout sample cross sedgading to percolation.

Fig. 4-1 SEM micrographyes a) XE 5%w; b) Super-P 5%

On the other hand, Sp samples present long, brasahaering aggregates that develops in 3d
forming a semi-continuous reticule of conductinghgabut in this case, on equal conditions, the

layers of resin separating the conductive aggregatkarger than in case of Xe. This difference has
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wide ranging influence on the resulting properidshe samples when electrical and dielectric

properties are concerned.

4.2.2 XE loaded samples

The dielectric properties of XE loaded samples shawgular increase in the value of permittivity,
both real and imaginary, at increasing filler loagi As described in 81.3 the increase in filler
content increases the equivalent capacity and dsesethe resistivity. Real permittivity is a
measure of the ability of the material to storergp@nd so it increases when filler is increaseti un

direct contact among the conductive particles lHea®d. The 2%w loading is too low to present
any change in dielectric constant with respechéorteat resin (3-j0.05) (Fig. 4-2), while an insea

of this quantity is recorded started from 3%w. Bige increase in dielectric constant from xe5-s to
xe6-s (59%, Table 4-3) is due to the inset of patmm, whose occurring at this loading is

documented in [6].
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Fig. 4-2 XE samples real permittivity in X-band

Even imaginary permittivity increases at filler iease, (Table 4-3). In this case, though, the
imaginary permittivity is immediately incrementeglyen at a 2%w CB, form that of neat resin
(¢"=0.05), due to the conductive nature of the fillsee eq. 2.5 ). The important progressive

increase ofe” is due to the reduced spacing between clusterablang some tunnelling and/or
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hopping conduction. The formation of new clustersl dhe decreased distance among them,
occurring when more filler is added, lead to a mdose spaced structure with more opportunities

of tunnelling/hopping.
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Fig. 4-3 XE samples imaginary permittivity in X-bard

Table 4-3 Percent increases in filler weight loadaverage real and imaginary XE samples

Filler weight %| Weight increment Averages’ g increment | Average" | &"increment
2% 2,99 0,36
3% 50% 3,73 34% 1,55 325%
4% 33% 4,67 25% 1,86 20%
5% 25% 5,33 14% 2,93 58%
6% 20% 8,49 59% 4,43 51%

Fig. 4-4 report the microwave absorbing performanmieXE samples, referred to 4mm thickness.
Very interesting results were achieved in the cds®and 4%w loaded samples, the latter reaching
a peak of -38 db. 5 and 6%w loading loose absorpingerties, due to the too high conductivity of
the specimens, which become mostly reflective. 28p@cimens were not included in the graph,

due to their very low permittivity.
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Fig. 4-4 XE samples reflection loss in X-band 4 muhickness

4.2.3 Super-P

Super-P samples raise of real permittiwityFig. 4-5) dovetails nicely with the percent irase in
filler (Table 4-4), with the exception of the 6%ywesimen whose increment is double the increase
of filler. Many SEM observations suggested thahwtiitis type of filler, the increase of its amouwst i
primary used to augment the dimension of clustestead of forming new clusters. As a result a
wide spread conductive network is achieved latethése conditions, using the circuit analogy, the
overall capacity is then increased by the biggefasas of the micro-condenser formed by CB

aggregates.
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Fig. 4-5 S-P samples real permittivity in X-band

Again, imaginary permittivitye” (Fig. 4-6, Table 4-4) increases with filler contgnevertheless
their absolute values are lower than in the cas¢Eofamples, representing the lower conductivity
achieved in this case as a consequence of theigreauicrostructure. In this case, in fact, the
presence of broader and less branched aggregaads to a more difficult formation of the

conductive pattern an electrical conductivity, agapresented isi’.
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Table 4-4 Percent increases in filler weight loadgverage real and imaginary Super-P samples

Filler weight %| Weight increment Averages’ g increment | Average" | &"increment
2% 3,40 0,50
3% 50% 5,25 55% 0,99 97%
4% 33% 6,87 31% 1,61 63%
5% 25% 8,63 26% 2,25 40%
6% 20% 12,33 43% 3,89 73%

Absorption performances of Sp samples is globadher that that of the corresponding XE
samples. In 2%w specimen the filler content isltdo to provide any useful absorption, while Sp-
3-s sample is the only one providing at least sortexesting results (-16db). Possibly, even Sp4-s
has an absorbing peak comparable to that of thequ® samples, nevertheless it is shifted at lower

frequencies, outside the x-band. Eventually, SphesSp6-s have too much filler, and therefore too

much conductivity, to be able to absorb EM waveg.(&7).
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Fig. 4-7 SP samples reflection loss in X-band 4 mthickness

4.2.4 Electric interpretation of the conducting path morphologies and comparison on same

filler basis

The author believes that the dielectric behaviountl in the produced materials can be interpreted
using the equivalent circuit analogy. As noted ahdwth CB fillers produce meandering clusters
inside the matrix, that can be seen as parall@hdgts capacitor (Fig. 4-8). This capacitance ia th

case follows the law

Wherel is the length an® is the radius of the cylinderd,is the distance between them. Sketching
Fig. 4-9 the different systems of cylinder capasitiormed inside the polymer matrix by the two
different fillers, can help to understand the d#f® dielectric behaviour, i.e. Permittivity agdins

frequency, found in the two cases.
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XE samples present short, thin clusters closelgeghawhile SP specimens produce long, thick,
meandering, quite far apart spaced, clusters @~R). The distancd and the radiu® vary in the
same way, but, form eq. 4.1, it is possible to eesthat the parameter most affecting the capacity
is the length of clustets

F
L

Fig. 4-8 Sketch of a parallel cylinder capacitor ad its characteristic dimensions

3 d\ oXN «o
**‘)‘”J'{‘:

A

Fig. 4-9 Sketch of the different conducting pattera created by the filler, overlaid the possible intgretation as

\

parallel cylinders capacitors.

At same filler amount, XE clusters are smaller anthrger number than SP ones, moreover, when
filler quantity is incremented the clusters do matrease in length, but in number, with a less
evident effect on the overall capacitance of thmposite. SP clusters, instead, h&and| that
work toward increasing the real permittivity, aefi increases clusters get thicker and longereavhil
d remains roughly constant, giving a net contritnutio composite capacitance, Table 4-5 allows a

rapid comparison between average real permittomitya same filler percent loading basis.
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A comparison among the dielectric properties oftthe type of samples is proposed in (Fig. 4-10
and Fig. 4-11). Again, it is here evident that $ecmen present a more capacitive behaviour,
characterized by higher values &f while, as far as imaginary permittivity is comoed, XE

clusters are more numerous and closer to allowelling and hopping conduction. Thereby, on a

same filler basis, its values gfare in this case higher than Super-p samples|¢T&i).
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Fig. 4-10 Comparison between XE and Super-P real paittivity in X-band

Table 4-5 Same filler percent load comparison, reglermittivity

Filler weight % Xe samples SP samples SP/Xe variance
average’ average:’
2% 2,99 3,40 14
3% 3,73 5,25 41
4% 4,67 6,87 47
5% 5,33 8,63 62
6% 8,49 12,33 45
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Fig. 4-11 Comparison between XE and Super-P imagima permittivity in X-band

Table 4-6 Same filler percent load comparison, imagary permittivity

) ) Xe samples SP samples _
Filler weight % SP/Xe variance
averages” average”
2% 0,36 0,50 38
3% 1,55 0,99 -36
4% 1,86 1,61 -13
5% 2,93 2,25 -23
6% 4,43 3,89 -12

4.3 Conclusions

Samples loaded with CB were produced and testedband using the waveguide method. It was
found by SEM analysis that paths of CB clustersfammed in both XE and SP samples, whereas,
in the former case, a more fine distribution of Bemaand shorter aggregates is achieved. EM
measurements show that the microstructures infeiéme dielectric and EM behaviour of samples,
and an explanation was suggested, using the ciaoalogy. It was assumed that it is possible to
relate the shape of clusters to a parallel cylimd=pacitor, that are smaller in the case of XE

samples, leading to lower compared to that shown by sp specimens. At theestame, in the case
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of XE nanofiller, the more close spaced clusteesitm more possibility of hopping and tunnelling
conduction, causing highet. Absorbing performances of these composites arg good at 4 mm
of thickness, achieving a remarkable -38 db ped&akSGHz in the case of XE4-s.
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5 Carbon nanofibers samples

This chapter deals with the production and testihgarbon nanofibres as filler of epoxy resin. EM
and microstructural characterization were carrietdio order to link the dielectric properties t@th

found microstructures.
5.1 Experimental

5.1.1 Pyrograf PR-19-XT-HHT

CNF used in the experimentation are produced bgd?sf products inc. using the chemical vapour
deposition method (CVD). They present a herringbanmnangement of the graphene planes and, due
to their morphology, are thicker than CNT. They awgjected to a post-production thermal
treatment to 3000 °C, to produce a complete grapbkitucture, that imparts better conducting
properties [1]. Catalyst residues (iron) are presenvery small quantity. Table 5-1 sums the

relevant properties as reported in the relevaradietet (http://www.apsci.com/ppi-pyro3.html).

Table 5-1 Pyrograf PR-19-XT-HHT

Fibre diameter 100-200 nm
Fibre length 30-100 pum
Specific surface area 15-25 m?/g
Dispersive surface energy 265-285 MJ/m?
Iron <100 ppm

5.1.2 Sample production methods

CNF as delivered appear as tightly packed bundiesous sizes, as can be observed by SEM
(Fig. 5-1). To exploit the properties of CNF, egpby their aspect ratio, the first step is to
“disassemble” these bundles into the componenggibFhere are several ways suggested to achieve
this goal, nevertheless after reviewing the literat[2], it was decided to employ sonication in a
liquid, since this method was reported to accorhpbsvery good dispersion of filler inside the
matrix, so to reach percolation at the lowesefitontent [3, 4]. During the experimentation, &sw
found that direct sonication in the resin or in tflzedener is ineffective, because the volume afres
or harderner was too low to allow the fibres toasafe from the bundles. Several solvents were
then tried, among them acetone and ether, but medtmders polymerization and ether has such a
low boiling point that is difficult to block its eporation while the dispersion is sonicated. Finill



was decided to use two different solvent in manufaing the samples Butil-Glycidyl-Ether (BGE)
and chloroform. The ratio of CNF to solvent usedlirthe following method was kept constant to

CNF
Solvent

=0,007-2 (eq.5.1)
ml

5.1.2.1 BGE solvent method

After reviewing literature it was decided to try B@s a solvent, due to its very good compatibility
with epoxy resin [5], and its boiling point temptena is high enough to allow sonication at room
temperature without the need to control solutiangerature. After 1 hour sonication in Elna C 30
sonicator bath, the dispersion is placed on a niegsg@rrer at 100 RPM until BGE completed

evaporation at room temperature. Determinationoohmete evaporation of solvent was done by
weighting the dispersion. Samples produced witk thethod range from 1%w to 4%w loading of
CNF.

5.1.2.2 Coprecipitation method

A different way to achieve a good dispersion of CiN§ide the resin after disagglomeration is to
take advantage of the insolubility between chlom@foand methanol [6, 7]. In this case the
procedure used in the same, till sonication, asré@orted in 85.1.2.1, with the difference tha th
solvent used is chloroform. After one hour of rodemperature stirring at 100 RPM, the
temperature of the dispersion is increased to B0fCmethanol is added. Chloroform and methanol
are insoluble, therefore adding the latter to thl@t®on causes the precipitation of resin and CNF.
Chloroform and methanol are much more volatile tB&E and the complete evaporation of both
is achieved in a matter of hours instead of days.

Samples with a weight percent of 1; 2; 3; 4%w CNérevproduced using this method. The 4%w
sample, however, did not polymerize completely #ng then not included in the results and
discussion paragraph.

5.1.2.3 Filtration method

An even quicker way to separate the solvent froen disaggregated fibre (suggested by Ing.
Valentini in his master thesis) is filtration ofettcolloidal dispersion of BGE and CNF using
laboratory filter paper. It was expected a lowdicafncy in the final filler dispersion in the cute

composite, nevertheless, this way was tried thmkopossible future industrial exploitations. As
done with the other two methods, CNF and BGE werecated for one hour, then the dispersion

60



was filtered, the CNF were left on the filter fdraaut 30 minutes. CNF were then scraped from filter
paper and added to the resin to stir for 30, toraw filler distribution uniformity in the resin.
Samples with the same weight percents of the Cidoro method were produced. Table 5-2

summarises all the samples produced and the ssiffized to distinguish the various methods used.

Table 5-2 Summary of samples produced

Suffix Method of production| Sample produced (%W  Name example
used of filler)
P BGE 1;2;3;4 NF1-SP
CL Chloroform 1;2;3;4 NF1-SCL
F Filtration 1,2;3;4 NF1-SF

5.1.3 Characterization

The different disagglomeration methods were evatlisly FEG-SEM. Droplets of the dispersions
after the sonication were deposited on SEM stuten after complete evaporation of the solvent
and gold sputtering, SEM micrographs were taken @mdpared to the CNF micrographs shot
before the sonication. Dispersion of the filleridesthe cured resin was evaluated by charging

phenomena on highly polished samples following wiegiorted in [8]. EM measurements were
carried out as reported in §2.3.2

5.2 Results and discussion

5.2.1 CNF Disagglomeration

As delivered CNF fibres are assembled in tightlyuna ball-like fibres agglomerates (Fig. 5-1),
negating one of their most important feature, aspD.
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It is then central to disentangle these agglomsrnate the component fibres since their value &s th
possibility of creating a conductive path inside thatrix using less filler.

5.2.1.1 Dispersionin BGE
The result of one 1 hour of sonication in BGE ascdbed in 85.1.2.1 and 85.1.2.3 is shown in Fig.

5-2. Average size of the agglomerated bundles v 3@ um compared to the 70 um of untreated
CNF. A tight web of fibres now connects the renragniagglomerates and no single fibres are

present.

SR 3 &l
200pm 3 20um

g Mag= 200X '—' 4 : f |_|

Fig. 5-2 Pyrograf Ill after 1 hour sonication

Tests were made to check if a longer sonicatioe tivould produce better results, therefore using
the same ratio of solvent to CNF, samples werecated for 2 and 3 hours (Fig. 5-3). After 2 or 3
hours the samples did present only little improvetsiebeing present the same morphology of a
tight mesh of fibres with few bundles. It is thdear that the sonicator bath used in the dispersion
process is not powerful enough to disrupt and dieagerate properly all bundles. The resulting
fibres, even if they more disentangled than the thdivered”, do not present complete
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disagglomeration and CNF aspect ratio won't beretioee, fully exploited. As a way to balance

processing time and performance, sonication of @id& standardized at 1 hour.

o N e o ” . £

Fig. 5-3 Pyrograf Il after 2 hours sonication (a)and 3hours (b).

5.2.1.2 Dispersionin chloroform

Samples produced using the method outlined in 821had CNF sonicated using chloroform
instead of BGE as a solvent. It is possible toisekEig. 5-4 that samples have the same general

morphology but the aggregates are bigger thaneptavious case.

Mag= 500X

Fig. 5-4 Pyroraf Ill after 1 hour sonication in chloroform.

5.2.2 Dispersioninresin and dielectric properties

Despite the differences in solvent dispersion, Cphecessed with all three methods were
successively added to the resin to obtain cureadyepanocomposites. In this paragraphs the EM
performance as well as the microstructure of allFCManufactured samples are reported and
discussed.

5.2.2.1 Nanocomposites produced via BGE method

Samples produced with this method present a seffiaispersion of fibres in the matrix, but some

bigger agglomerates are still present (Fig. 5-5).
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Fig. 5-5 SEM micrographs of BGE produced samples 2w (a); 2%w (b); 3%w (c); 4%w (d)

The high boiling point of BGE and the constantaaif solvent to filler means samples produced
with this method have different times of stirrifigday for 1%w sample to 6 days for the highest
loaded sample of 4%w. This leads to a range otuwdfit morphologies AND the highest loaded
samples present better dispersed filler insidentlagrix (Fig. 5-5), in contrast to what is usually
achieved when comparing samples produced with siameeof processing.

In detail the sample filled with 1 %w of filler héesw big agglomerates and so a bad dispersion of
filler. NF2-SP and NF3-SP show similar filler patte made of few and small agglomerates, evenly
distributed inside the matrix. Both samples toolrhethe same time of stirring before the solvent
was completely evaporated. Lastly 4%w filled sampées stirred the longest and therefore, in the
SEM micrograph, fibres appear well dispersed with presence of agglomerates of very small
dimensions. From this experience it is possibleaieclude that, when using a low power sonicator
bath, stirring time becomes an important factatigpersing the fibres inside the matrix.

The analysis made on the SEM micrographs is refteat the dielectric behaviour shown in Fig.

5-6 and Fig. 5-7, that report the results of rea enaginary permittivity.
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Fig. 5-6 Real permittivity of samples produced usig the BGE method

The samples show a pattern of small and big agglate® being the former prevalent in those
cases where a good dispersion was achieved. Thegalg can be seen as conductive regions
dispersed in an insulating matrix and the prevadéigct is the resulting interfacial polarizatidn.
this case what matters is the total surface arethevfagglomerates, that polarize and, therefore,
smaller more numerous agglomerates offer more igalale surface area, resulting in a higher value
of the real part of permittivity, on equal filleowtent. Imaginary part of permittivity is affectbg
both filler quantity and dispersion. The formeredps due to the merely increase of the quanfity o
conductive particles (cfr. eq. 2.5), while the effef dispersion is related to the fact that aearg
number of smaller and well dispersed aggregates heare easily to conductivity, by means of
tunneling/hopping effects.
Table 5-3 sums the percent increases in real aadiimary permittivity compared to the increase in
filler content as described in 81.3, NF1-SP’s fik®ntent is low and coupled to the fact that it is
niot well dispersed gives low values ©fand ¢”. Disappointinglye’ and ¢” don’t follow mixture
laws but it is still possible to get some infornoati comparing the increase of filler against the
increase of permittivity. Compared to NF1-SP, NF2s®iows a better dispersion and higher values
of ¢ and¢”. On the other hand NF3-SP show a very limitedaase in permittivity from NF2-SP,
even if the filler increases from 2 to 3%w (50%rahative termsk’ increases just 17%, it is then
possible to say that the dispersion achieved dobesxploit the increased filler content, and
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highlights the influence of stirring time on thesudiing dispersion and, as a consequence, on the
sample dielectric performance. 4% loaded sampkr i much better dispersed and the valug of
ande” have increments of 79 and 252% compared to NF#S®ntrast filler weight increases just
33% (Table 5-3).

Table 5-3 Percent increases in filler weight loadgverage real and imaginary samples BGE method

Filler weight %| Weight increment Averagee’ g increment | Average" | E"increment
1% 4,05 0,30
2% 100% 8,00 97% 1,01 236%
3% 50% 9,40 18% 1,14 13%
4% 33% 16,84 79% 4,02 252%

The vast increase in permittivity from NF3-SP to4NEP is not just caused by a better dispersion
and filler increase, but also by a transition fraon conductive to semi conducting status of the
composite, the conductive network inside the malars not yet encompass the whole sample but

it is enough to add a significant contribute to didectric performances.
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Fig. 5-7 Imaginary permittivity of samples producedusing the BGE method
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5.2.2.2 Nanocomposites produced via the chloroform method

Samples produced with this method have a quicked mrore uniform production time,

nevertheless, the large amount of chloroform useligh loaded specimens, to maintain the ratio
specified in eq. 5.1, does not permit good polyration of the matrix. This responsible for the
nfact that explains 4%w samples did not curedlatdlile 3%w ones only partially cured and the it

not possible to trust the resulting

In this case the production time, even if not petjeequal across the range, does not present
differences as significant as in the BGE methodipced samples.
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Fig. 5-9 Real permittivity of samples produced usig the chloroform method

Chloroform samples show a more regular increase amd ¢” than BGE samples due to the more
uniform manufacturing. The increase of real peimitt from 1%w filled sample to 2%w (100%
more filler content) is 57% compared to 97% vaoiatbetween 1% and 2% BGE samples (Table
5-4).

Table 5-4 Percent increases in filler weight loadgverage real and imaginary samples chloroform mettah

Filler weight % | Weight increment | Average ¢’ €’ increment Average ¢" " increment
1% 5,02 0,60
2% 100% 7,86 57% 1,00 67%
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Fig. 5-10 Imaginary permittivity of samples produed using the chloroform method

5.2.2.3 Filtration method

Samples produced using this method present someofvorst disagglomerations among all
produced samples. As it is possible to notice ftbmanalysis of Fig. 5-11, dispersion patterns in
the samples are different The sample loaded witkv I¥filler presents agglomerates of medium
dimension uniformly dispersed in the resin, propatble low ratio of filler to resin helps the
dispersion and on a lesser level disagglomeratisidé the resin. Samples filled with 2 and 3%w
show very big agglomerates, in 3%w case of huge, saused most probably by the compounded
effect of scraping the filler from the filter papand the increasing ratio of filler to resin while
stirring. Last, 4%w sample show a very good distign pattern of small/medium agglomerates
evenly dispersed, this marked difference from 2 a%awv it is probably caused by the operator

scraping the filler from the filter paper.
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Fig. 5-11 SEM micrographs of filtration method produced samples; 1%w (a); 2%w (b); 3%w (c); 4%w (d)
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Fig. 5-12 Real permittivity of samples produced usig the filtration method
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As done with the previous two batches of sampleghis section a match between the sample

morphology and the dielectric results is attemgfeable 5-5). The different morphology of these

samples is reflected in the dielectric measurenthatbig agglomerates present across the range of

samples produced using the filtration method gheslower increases ii and €” when compared

to the samples produced with the other methods.effext of bad dispersion inside NF3-SF is

reflected in the very small increase of 10 and 88mfNF2-SF whel’ and¢” are considered.

Table 5-5 Filtration method samples percent increas in filler weight load, real and imaginary average

permittivity
Filler weight %| Weight increment Averagee’ g increment | Average" | €"increment
1% 5,95 0,65
2% 100% 8,14 37% 0,96 49%
3% 50% 8,97 10% 1,05 9%
4% 33% 12,86 43% 1,82 73%
F method €"
2,5
2 [ E—
L5 * NF1-SF
}E * NF2-SF
g NF3-SF
4 . NF4-SF
= APPSOy X R R AR £ XN
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Fig. 5-13 Imaginary permittivity of samples producel using the Filtration method
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5.2.3 Review of the relationship between microstructure morphology and dielectric properties

on the samefiller % basis

Another way to asses the effect of different prdiducmethods and relative morphology on the

dielectric properties of the resulting compositesoi compare’ ande” on samples loaded with the

same filler percent. Tables Table 5-6 and Tablesbim up these comparisons in a synthetic way.

Table 5-6 same filler percent load comparison, régpermittivity

. . BGE samples CL Samples| CL/BGE F Samples FIBGE F/ICL
Filler weight _ _ _
average:’ average:’ variance average:’ variance variance
1% 4,05 5,02 24% 5,95 47% 19%
2% 8,00 7,86 -2% 8,14 2% 4%
3% 9,40 8,97 -5%
4% 16,84 12,86 -24%

NF1-SP has the lowest value of all 1%w samplesleasribed in 85.2.2.1 and shown in Fig. 5-5 its
dispersion is not good, NF1-SCL presents a valug 4% and NF1-SF 47% higher, even bigger

increments are present whens considered 100% and 116% respectively.

It is possible to explain these big differenceslhanag Fig. 5-5, Fig. 5-8 and Fig. 5-11, and noting

that in this case there is very few filler involvethe effects of differences in dispersion are then

amplified especially whegl’ is concerned since conductivity contributes to it

Samples loaded with 2%w of filler have the sameueslofe’ and €’ when measurements

uncertainties are considered, as is possible tcen@fom the SEM micrographs cited above they

present similar type and quality of dispersion.

Table 5-7 Same filler load comparison, imaginary panittivity

_ _ BGE samples CL Samples| CL/BGE F Samples F/IBGE F/ICL
Filler weight . . '
average:” average:” variance average:” variance variance
1% 0,30 0,60 100% 0,65 116% 8%
2% 1,01 1,00 -1% 0,96 -4% -4%
3% 1,14 1,05 -8%
4% 4,02 1,82 -55%

When the filler content is increased the differenbetween the various methods start to show

better. Filtration method samples at 3%w preserttaaiser dispersion than the NF3-SP, NF3-SF has
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a value ok’ 5% lower than NF3-SP and 8% and lower. The difference is increased indhse of
4%w loaded samples where NF4-SF has\alue 24% lower and” 55% lower than the sample
with the same filler weight content produced ugimg BGE method.
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Fig. 5-14 Same filler loading graphics real and imginary permittivity.

Electromagnetic absorbing/shielding performances
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Fig. 5-15, Fig. 5-16 and Fig. 5-17 illustrate thes@rbing performances Of 4 mm thick specimens,

none of which produced present any kind of intemgsabsorbing performance. As detailed in the

introduction, contrary to permittivity, absorbingrormance depend on geometrical factors such as

thickness. Therefore in order to verify the abswgbperformance of the produced materials at

differen thicknesses, a simulation, based on thasomed dielectric properties, was carried out. The

results are summarized in tables Table 5-8 BGE,

Table 5-9 Chlorofom and

Table 5-10 Filtrated, where the possible maximursogttion performance are reported with the

respective thickness.

BGE samples reflection performances 4 mm thickne  ss
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Fig. 5-15 Reflection loss BGE method produced samgd, 4 mm thickness

12,40

Table 5-8 Peak absorption BGE method produced samgs, and thickness it is achieved

Frequency at peak

Sample Thickness (mm) Peak absorption (dB
(GHz2)

NF1-SP 10 11,4 -6,5

NF2-SP 10 8,2 -14

NF3-SP 8 10 -35,5
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NF4-SP 2 9,2 -18
CL samples reflection performances 4 mm thicknes s
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Fig. 5-16 Reflection loss chloroform method produaksamples, 4 mm thickness

Table 5-9 Peak absorption chloroform method producg samples, and thickness it is achieved

) Frequency at peak )
Sample Thickness (mm) Peak absorption (dB
(GHz)
NF1-SCL 9 11,3 -12,7
NF2-SCL 6 11,4 -19,9
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F samples reflection performances 4 mm thickness
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Fig. 5-17 Reflection loss filtratin method producedsamples, 4 mm thickness

Table 5-10 Peak absorption filtration method produed samples, and thickness it is achieved

. Frequency at peak .
Sample Thickness (mm) Peak absorption (dB
(GHz)
NF1-SF 9 10,3 13,8
NF2-SF 7 11,4 19,9
NF3-SF 8 10 21,1
NF4-SF 6 10,4 20,7

The results clearly show that almost all CNF saspproduced present good absorption
performance only with substantial thicknesses, tpraity limiting the application of such materials

as MAM. Only NF4-SP shows good absorbing propemiéh a reasonable small thickness of 2
mm, with an absorption peak of -18 dB at 9,2 GHz

5.3 Conclusions

In this chapter three different production methodgre investigated to produce CNF
nanocomposites.

CNF were dispersed using either BGE or chlorofaanmg solvent was removed by evaporation or
filtration. The resulting samples showed differemtso and micro-structures whose effect to the
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dielectric properties was attempted. SEM obseraatf better dispersed samples are matched by
higher dielectric values on a same filler basig tuthe larger polarisable surface area (increise
e’) and to the higher conductivity (increase of).eUnsatisfying absorption performance at 4 mm
sample thickness of all almost all samples was dpamd a simulation of the effect of material
thickness on this quantity was carried out. Thellteshow that, with the exception of the case of
4%wt BGE material that offers interesting performamvith a thickness of 2mm, none of the other
samples produced has any significant EM absorgieniormance at thickness thin enough to be

useful in engineering applications.
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6 Carbon nanotubes samples

The carbon filler commonly used in CPC is carbaack) but due to its close to spherical shape the
weight percent needed to achieve good electriagpepties is quite high, causing manufacturing
problems, and reduced mechanical properties. Ttwsfs now to find a better performing filler to
decrease filler content and at the same time iseredectrical and mechanical properties. Em
properties of carbon filled polymers shall increasa significant way by using rod-like fillers suc
as nanofibers or nanotubes (CNT), due to theirdrigispect ratio compared to carbon black [1, 2].
The increase in electrical properties shall be ememe marked when using CNT due to their
excellent electrical properties .

The most important obstacle to overcome befors ftassible to take full advantage of CNT filled
polymers is CNT agglomeration and dispersion ihi polymer matrix. The easier and economic
method to produce CNT is by carbon vapour depasitibe CNT produced by this method are
highly tangled and assembled in “ropes” due torgfrean der Waal’s interaction among them [3].
It is then critical to achieve a good percolatiattern at the lowest weight percent possible that
those ropes are separated into their constituent, @dveral techniques are published to disperse
CNT from ball milling [4] mechanical stirring [Skonication [6] chemical doping [7], coagulation
or precipitation [8, 9], these methods vary greatlycomplexity and results achieved, as may be
gathered by the widely different percolation thidhpublished. As the best compromise between
time, cost, complexity and results achieved, it wiasided, to use industrial grade surfactants.
Surfactant use is a single step process that caeabiy integrated into the overall composite
processing without much alteration. Surfactantskwmy coating the CNT with molecules, which
can induce repulsion that counterbalance the stvangder Waals attraction. A diblock copolymer
has been used as a surfactant in CNT applicatitmgaiod results by Zhao [10], DisperBYK 2150
structure is composed by “lyophobic (solvent-rapghl and lyophilic (solvent-attracting) blocks.
The lyophobic part adsorbs onto the surfaces of @Kile the lyophilic is swollen by the solution.
“The repulsion among the lyophilic blocks overcontles van der waals attractive force between
CNT, so the CNT are kept separated” [11, 12]. Tdsogption of the lyophobic blocks on the CNTs
doesn't seem to influence the percolation propergeeatly as shown by surface resistivity
measurements in Sluzarenko [12]. Two other sunfactgpically used to disperse carbon black,
were employed, samples made without surfactant aise produced to gauge the effectiveness of

the surfactant.
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6.1 Experimental

6.1.1 materialsand fabrication procedure

Multiwall CNT used in this study were Nanocyl 315@eir properties are summarized in Table 6-1.

Table 6-1 Nanocyl 3150 data as reported by datashee

Average diameter 9 nm
Average length <lum
Purity >95%

Short and thin CNT were chosen as they are mordlenobmpared to longer CNT and promote
network formation [13]. As reported above, a dilll@opolymer was employed as surfactant with a
ratio 0,6 to the weight of the filler. Solvent wethanol absolute, both because it is reported to be
fully compatible with the surfactant [10, 11] andsha low boiling point, speeding the evaporation
process. Samples with CNT content from 0,25%, 58aly were produced. Sets of samples with the
same range of filler content were also producedgu8iYK 9076 and BYK 9077 surfactants. As
reference, samples with the same filler weight eontvere produced without the aid of surfactant.
Table 6-2 summarises all samples produced withela¢ive nomenclature.

Table 6-2 Summary of CNT samples produced

Name Surfactant used  Weight % of filler produced midaxample
NT None 0,25;0,5;0,75; 1; 1,5 NT1-S
SU DisperBYK2150 0,25; 0,5;0,75; 1; 1,5 SU0,5-S
B6 BYK9076 0,25;0,5;0,75; 1; 1,5 B60,75-S
B7 BYK9077 0,25;0,5; 0,75; 1; 1,5 B70,25-S

The process can be summarized in a few points:ayaBd50 multi wall CNT and surfactant were
weighted and placed in a beaker, solvent was atlle ratio of 1 ml of ethanol to 1 mg of
MWCNT, and sonicated 1 hour using a Sonics VC 780icator wand set at 70% of the tip
oscillation, ice was used to prevent heating ofghspension. Afterwards the weighted resin was
added and the dispersion stirred using a magnétiers Solvent completely evaporation was

determined by weight, and then hardener was addie®. was carried out at 80°C for 24 h.
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6.1.2 Characterization

Surfactant effectiveness and the effect of the csar process were first evaluated by TEM
(Hitachi H7500), assessing by visual inspectiondtierent degree of dispersion after sonication.
Efficiency of CNTs dispersion in the cured polymeatrix was estimated by FEG-SEM analysis of
gold-coated fracture surfaces of samples previduabtured under liquid nitrogen.

Dielectric properties were measured as describ&3.ih.4.

6.2 Results and discussion

6.2.1 Dispersioninsolvent andinresn

The effect of surfactant as well as the dispergimtess employed in samples manufacturing has
been evaluated by TEM. Fig. 6-1 shows a 100k magtibn of CNT, as delivered by the
manufacturer before any treatment. It is possibleatice CNT are tightly bundled in “ropes”.

Fig. 6-1 100K magnification TEM of unsonicated Nanoyl 3150 CNT

Fig. 6-2a reports a 70k magnification of the CNT dthanol dispersion as obtained after 1h
sonication without any aid of surfactant (NT sarspleCNT ropes are not present anymore,
although CNT are still bundled together in aggregatrig. 6-2b (SU samples) evidences the
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dispersion achieved when adding the surfactanipviihg the above reported procedure. In this
latter case, a satisfying dispersion was attaisidjle nanotubes are visible together with fragment
of CNT, indicating the beginning of their cuttinQn the bottom, Fig. 6-2c the CNT dispersion is
not helped at all by BYK 9076 (B6), on the bottoight (Fig. 6-2d) CNT dispersed using BYK
9077 (B7) show a very good dispersion and CNT fragps of almost equal length uniformly

distributed, very few aggregates of very small disiens are present.

L ONE S St sy e i : R . S e
Fig. 6-2 TEM 60K magnification of ethanol and CNT dspersions. From left to right from top to bottom NT (a),
SU (b), B6 (c) and B7 (d) samples

The stability of CNT dispersion in ethanol was dtegtin time by visual inspection. As shown in
Fig. 6-3, the stability of the dispersions withautrfactant or with BYK 9076 surfactant ( NT and
B6 samples, respectively a and c in Fig. 6-3) dteays is very poor, due to the presence of CNT
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bundles that precipitate in a short time. On thetrawy, the DisperBYK2150 and BYK9077
surfactant assisted dispersions ( SU and B7 sanipbasd d in Fig. 6-3) present single nanotubes or

small agglomerates of them able to float for a miodger time.

Fig. 6-3 MWCNT precipitation after 5 days from left to right type NT (a), SU (b), B6 (c) and B7 (d)

Fig. 6-4 reports the micrographs of 1%wt CNT sampMT, SU and B6 samples micrograph are in
agreement with the assessment of dispersion quabtge by TEM (Fig. 6-4 a,b,c respectively),

while type B7 dispersion inside the resin is mudrse than what it is in ethanol, Fig. 6-4d
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Fig. 6-4 Cryo-factured surfaces of 1% CNT loaded saples SEM micrograph 5K magnification, from left to
right and top to bottom type NT (a), SU (b), B6 (cand B7 (d).

In detail NT sample (Fig. 6-4a) shows agglomerate€NT in the resin, on the other hand SU
sample (Fig. 6-4b) demonstrate the effect of staifaic CNT are almost evenly distributed on the
surface. B6 samples (Fig. 6-4c) micrograph IS ireagment with TEM analysis, IT shows that the
poor dispersion of the CNT in ethanol is transiéreo the finished samples. B7 samples (Fig.
6-4d) instead show bundles of not dispersed CNT évine dispersion as analysed by TEM is the
best of the group. Since the samples produceddifigred by the ratio of CNT to solvent used (as
required to obtain clearer pictures by TEM) it igspible that BYK9077 works better in more
diluted colloidal dispersions.

Fig. 6-5 reports a magnification of a light gregarof Fig. 6-4. It is possible to verify that these
areas are agglomerates of CNT that appear as afW&RT with multiple contacts points.
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Fig. 6-5 80kx magnification of a bundle of an agghoeration of nanotubes from NTO,75-S sample

6.2.2 Em measurements and Relationship between microstructure and dielectric properties:

Type NT and SU samples

Fig. 6-6and Fig. 6-7 report respectively the real anaginary part of permittivity as a function of
frequency. On the same %w filler basis, sampledyred with DisperBYK 2150 surfactant present
highere’ and lowere” than those found in NT specimens. As a consequérss tangent is higher
in samples without surfactant.

These initially astonishing results have to be nppsbably referred to the different microstructure
obtained in the two cases. The author in A previwosk [14], as well as other authors [15, 16],
suggest that it is possible to analyze the maillerfsamples with an equivalent circuit analody. |
the system is modelled as an equivalent electdcalit the resistance should decrease while the
capacitance increases with filler loading. Thisdkof behaviour is reflected igl, the real part of
the complex permittivity &), that is related to the capacity of the matetalstore energy. This
term should increase when increasing the numbeapécitors and, hence, filler content or filler
dispersion. Better dispersed samples produce mquévadent capacitors and more dead end
branches, as evidenced in [17] FOR CB SAMPLESYgtf6EXXX).
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Type NT and SU Real Epsilon
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Fig. 6-6 Real permittivity of SU compared to NT smples.

The complex parts(), instead, takes into account dissipation anddaetivity of the medium.
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Fig. 6-7 Imaginary permittivity of SU compared to NT samples



Regarding energy dissipation it was proven thaintlgr effect is the capacity of quickly dissipate
the energy. Gojny et al. At low frequency in [18pgved that not always an optimum dispersion is
wanted (especially in the case of very thin filleSissipation, in fact, happens mainly through
joule effect and if a good, but not perfect, didaggeration of CNT is achieved, a large amount of
electrical shortcuts occur(Fig. 6-8a), dissipatihg energy quickly. On the other hand, the better
dispersed CNT offer only few electrical shortcigisice the single nanotubes are separates one to
the other by a thin layer of resin and the enesgstored inside the CNT and dissipates slowly (Fig.
6-8b)

The belief that there is an optimum dispersion gshoéd, that produces the highest effect on
dissipation and conduction for any given weightcpet, made its way. Above that threshold,

dispersion starts to become counterproductive.

Fig. 6-8 schematics of different dispersion insidéhe produced samples a) NT, b) SU

Table 6-3 and Table 6-4 reassumes the numerisaltseof the electromagnetic experimentation.

Table 6-3 Percent increases in filler weight loadaverage real and imaginary samples produced without

surfactant

Filler weight % | Weight increment | Average ¢’ €’ increment Average ¢" " increment
0,25% 3,82 0,47
0,50% 100% 5,19 36% 1,55 234%
0,75% 50% 7,64 47% 2,87 84%
1,00% 33% 9,71 27% 4,90 71%
1,50% 50% 15,49 59% 10,27 109%

Table 6-4 Percent increases in filler weight loadgverage real and imaginary samples produced using¥&2150

Filler weight % | Weight increment | Average ¢’ €’ increment Average ¢" " increment

0,25% 4,25 0,31
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0,50% 100% 5,87 38% 0,93 199%
0,75% 50% 7,95 35% 1,64 7%
1,00% 33% 8,79 11% 3,21 95%
1,50% 50% 18,70 113% 9,35 191%

6.2.2.1 SU and NT samples Reflection loss performance

The absorbing performance of SU and NT samples ereatiated, as usual, by measuringad
metal backed samples. Since 4mm samples did pottrsignificant absorbing, it was decided to
report the results of the numerical simulation ieg@rrout considering a thickness of 2.5mm (Fig.
6-9). This because it is an interesting small theds that produced good absorbing.

NT and SU samples Reflection loss
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Freq. GHz

Fig. 6-9 Absorbing performance of selected sampl&gth a 2,5 mm thickness

Good absorption peaks were achieved by NTO,75-SSuhtS at 2,5 mm thickness. As usual, it
was found that too conductive samples become mosfillgctive, while if the filler is present in a
small amount does not produce a sufficiently lossdium. It is interesting to remark that the
absorbing performance of NTO0,75-S and SU1-S atsarelar, even if the two samples have
different CNT amount. This is due to the fact t8at1-S presents a better dispersion of CNT in the
resin that, as previously discussed, leads to aedse of EM performance. Finally, it is worth
noting that NTO,75-S shows a wide 10 dB absorpb@mdwidth from 9,5 to 12 GHz.
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6.2.3 B6 Dielectric and EM properties
B6 samples were compared to the reference NT samgdedone with SU samples in the previous
paragraph.
An assessment of the dispersion produced using BY¥ compared to samples produced without
(Fig. 6-2a and c) shows that B6 samples are mdlgibatter dispersed than NT samples. In fact,

both specimens present aggregates of CNT thatnaaéles and more numerous in the case of b6
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Fig. 6-10 Real permittivity of B6 compared to NT amples.

This improvement is reflected inor ¢”, that are always higher than the respective Nfdas.
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B6 and NT samples ¢"
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Fig. 6-11 Imaginary permittivity of B6 compared toNT samples.

Table 6-5 summarizes the percent increments of wiergal and imaginary permittivity as filler

increases.

Table 6-5 Percent increases in filler weight loadgverage real and imaginary samples produced using¥&9076

Filler weight % | Weight increment | Average €’ €’ increment Average ¢" €" increment
0,25% 3,70 1,16
0,50% 100% 5,88 59% 1,53 32%
0,75% 50% 9,15 56% 3,70 141%
1,00% 33% 12,26 34% 6,41 73%
1,50% 50% 17,98 47% 14,43 125%

6.24 TypeB7 Didlectric and EM properties

Samples produced using BYK9077 have good valuegafpermittivity (Fig. 6-12) and this ties
well with the dispersion of CNT as can be seen fiféign 6-3d, the quality of BYK9077 aided
dispersion of CNT into the resin is lower than Bnples but better than NT. The EM results
reflect the microstructure except for B71-S thaivgla value ok’ and ¢” lower than B70,75-S that
can be easily understood by checking the sampleostructure as reported in Fig. 6-14, B70,75-S

is very well dispersed and doesn't follow the pattef dispersion of the other B7 samples.
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Fig. 6-14 SEM micrograph of a) B70,75-S and b) B7%-

6.3 Conclusions

In this chapter the effect of surfactant on thepeision and resulting properties of CNT filled
composites were studied. Of the three surfactastsl I BYK2150 was found to greatly help
dispersion, BYK9076 and BYK 9077 instead don’t ioye the dispersion in a significant way, at
least for low percents of filler loading. It wassalfound that the effect of dispersion on the
dielectric properties of a composite has a threshbivas clearly shown comparing SU and NT that
the better dispersed samples have higher valuesabpermittivity but lower values of imaginary
permittivity. A link between this phenomenon witietmicrostructure is then made. Less dispersed
samples don’t reach this threshold and follow tlseali path described in the previous chapter
where better dispersion leads to higher valuesalfand imaginary permittivity.
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7 CB CNF CNT comparison

CB is the most common filler, it is cheap and gasycorporate into the matrix, but its aspectaati
is low. On the other hand CNT aspect ratio is wagh as are its electrical properties but it needs
complicated processing before being included ihtoresin. CNF somehow lie in the middle, since
they present electric properties close to CNT'sspraee also somewhat easier to disentangle but
they are thicker.

In order to develop superior (i.e. thinner, cheppbsorbing materials, a better understandingef th
structure-property relationship is needed, hereavapare CB, CNF and CNT filled epoxy with the
aim of linking the dielectric and thus EM propestigttained by the different composites with their
microstructure.

Fig. 7-1 and Fig. 7-2 repast ande” for samples loaded with different nanofiller gy@and amount,
that present similag’. Table 7-1 reassumes the major characteristigh@fsamples, while Table

7-2 report the resistivity of the different filler.

Table 7-1 Summary of samples produced, name fillaype, filler contemt

Name Filler type Filler content %w
XE-5S Degussa XE2-B (CB) 5

SP3-S Super-P (CB) 3
NF1-SM Pyrograf 11l (CNF) 1
SU0,5-S Nanocyl 3150 (CNT) 0,5

Table 7-2 Electric resistivity of the various filles employed

Super-P (Super-pP
XE2-B CNF [1] MWCNT [1]
datasheet)
Electric
resistivity Not published 011-0,2 1x10™ 2x10° -1x10™
(Qlcm)

96



Comparison between carbon black, carbon nanofibers

and carbon nanotubes samples €'
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Fig. 7-1 Real permittivity of the different samplesin X-band

The ¢’ data highlight that to attain similar valuesrefl permittivity very different amount of the

diverse nanofillers need to be employed: 0,5%w ell dispersed CNT ,1%w CNF with the same

quality of dispersion, 5%w of XE or 3% of Super-B @re needed. This reflects the fact that CNT

present the higher performance due to their supasipect ratio.

Table 7-3 Percent variance of real permittivity

su NE NF_/SU XE XE_/SU Sp SP_/SU
Variance variance variance
average | average % average % average %
eq 0,5%w
, 5,87 5,73 -2 5,33 -9 5,25 -10
€
eq 0,5%w
i 0,93 0,27 -71 2,93 215 0,99 6
€
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Fig. 7-2 Imaginary permittivity of the different samples in X-band

The values of the imaginary permittivity are navs# banded around the value of SUO,5-S, and
show how the different network patterns and intarfdler conductivity influence the dielectric
properties of the composite. Samples now show gebidispersion in imaginary permittivity with a
range of values that are 71% less or 215% morettiteaverage value of SUO,5-S.

As noted above and demonstrated in Fig. 7-3 CNFeasger to disentangle than CNT, the 1 KX
magnification micrograph show highly dispersed siaspvith just a very small aggregate in the
upper right corner. Using the same tool, the edentacircuit analogy, as used in the previous
chapters, it is possible to relate the very loweabf NF1-SM compared to SUO,5-S by the very
good dispersion of fibres achieved, as it is pdssib notice in Fig. 7-3 , as discussed in 86.2.2
there is a threshold after which the dispersiomeases the value of real permittivity but decreases

imaginary permittivity, other factors that shall taécen in consideration are
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Fig. 7-3 1 KX magnification of NF1-SM

Electric conductivity of CNF is already close tatlof CNT (cfr. Table 7-2 [1]), but is should be
even closer, since they are thermal treated teease their electric conductivity by removing the
amorphous outer layer and obtain a fully graptstracture (cfr. 85.1.1). Size shall be advantageous
to the CNF since they are longer than CNT and soetlshould be more possibility of electrical
contact between fibres, in Fig. 7-4 it is shownt tthee average length of CNF even after heavy
cutting by sonication is still at least 4 timesden than the value of CNT length as stated on the

datasheet.
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Fig. 7-4 CNF length measurement

Samples filled with CB show that in the case ofiXech higher conductivity was achieved that can
be due to the high quantity of filler as well asit®internal microstructure that, as reportedha t
chapter devoted to CB, is formed by smaller andenmamerous clusters that facilitate hopping and
tunnelling conduction.
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8 Conclusions

Samples loaded with different carbonaceous nardil{carbon black powders, nanofibres and
nanotubes) were tested in X-band using the wavegmeéthod in order to asses the dielectric
properties, i.e. Complex permittivity, and the rowave absorbing performance of the realized
materials. A link between permittivity and micragtture (assessed by FEG-SEM) was then
attempted, using the equivalent circuit analogy.nians of this theory, the network of conductive
paths inside the composite may be seen as a sarieapacitors and resistors made by the
nanofillers or their aggregates. The shape of thgvork, which is the dispersion of the filler,
influences the number and efficiency of these cdamac and, as a consequence, the real
permittivity. Imaginary part of permittivity, insal, takes into account conductivity and dissipation
and is therefore directly related to the intrinsbmductivity of the filler, as well as once againits
dispersion in the resin that can facilitate eleefrcharges transportation.

Two different CB fillers were used, respectivelithwa very high specific surface area (XE) and
small specific surface area (SP). Xe filled samplegluced small short branched clusters, while sp
microstructure was formed by long thick and meaimdeaggregates. In both cases the clusters are
close to cylindrical shape and may be seen aslplamllinders capacitors in the resin. If this
approach is taken, then the difference in real gauity can be explained since the sp meanders
are longer and thicker offsetting the fact they mo¢ as closely spaced as Xe. Xe samples have
higher values of imaginary permittivity becausenated above, they are closely spaced permitting
the activation of hopping and tunnelling conductmades. Cb samples show good performances as
EM absorbers, reaching a peak of -38 dB using gkadhmm thick.

Fibrous fillers were then tested, starting with CIIfe crucial aspect of employing fibrous filler is
disagglomeration to exploit their potential in fong a better network. To disagglomerate CNF
three different methods were employed producingedsht level of disagglomearation, and
different values of real and imaginary permittivifyhis time the agglomerates and patters are more
ovoid than cylindrical and what matters is the ifatee surface with the resin that causes
polarization. Well dispersed samples expose madrsuace to the resin and to other CNF and as a
consequence present higher permittivity. Imaginpeymittivity is higher on better dispersed
samples because it causes more contacts betwees. fibhas to be noted that, despite the use of
many methodologies, the dispersion achieved witlir @\this work was not completely satisfying,
limiting the EM results. Absorbing measurementsfaict, showed that the realized CNF samples
did not offer interesting absorbing performancesasonable thicknesses, and this is due to the poor

dispersion of the filler in the matrix. CNT wereethtried and dispersion was helped by the use of
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three different surfactants and a more powerfulicgdar. Samples produced without surfactant
were employed as reference. It was found thatadnthe surfactants works very well, and the
samples produced show a high dispersed pattethiditase the relative permittivity is higher than
the reference samples on a same percent contéfieobasis, while the imaginary permittivity is
lower. This results was explained considering thattoo good dispersion is reached, to the linhit o
single CNT in the resin, a high number of equintleapacitors is produced resulting in high e’.
Nevertheless, in this case, most of the CNT aresraul/ by a layer of resin and the number of
shortcuts between nanotubes is limited, restricthreg dissipation that happens the most through
joule effect. This result induce to think thatrdaeés an optimum level of nanofiller dispersion,
above which the dielectric properties, at ledstdecrease. This result was confirmed in a CNF
sample produced with the aid of surfactant in whible perfect dispersion brought to achieve much
higher real permittivity and much lower imaginargrittivity than those obtained in the former
not well dispersed other CNF samples.

With CNT a peak of -34 dB is reached with a thidsief 2,5 mm , it has almost 2 GHz of band
where the attenuation is more than 10 db.
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