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ABSTRACT

This work focusses on three types of electrically conductive multicomponent
polymer systems: 1) nickel-filled immiscible polymer blend composites,
2) Ni-polyaniline (PANI) core-shell particles, and 3) polypyrrole (PPy) coated
melamine porous structures (MS) with coprecipitated FesO4 nanoparticles.

The nickel-filled adhesive polymer composites were investigated experimentally
and by numerical modelling to optimize the electrical and mechanical properties.
Utilization of an immiscible polymer blend with an optimized ratio of epoxy resin
(ER) and polydimethylsiloxane (PDMS) resulted in a reduction of electrical
percolation threshold (EPT) from 7.9 to 3.7 vol.% Ni. The adhesion
of the composite material was enhanced by 20% and the impact toughness
by 75% by the addition of PDMS. Prior to the actual preparation of the composite
materials, Monte Carlo and finite element method (FEM, Digimat-Fe 6.1.1)
simulations were performed, which correlated well with the measured
conductivity of the prepared composite materials.

The synthesized core-shell Ni-PANI particles contained 7-60 wt.% Ni.
The pressure dependence of the conductivity was measured for these particles,
with the particles reaching conductivities of up to 102 S/cm in the moulded form.
The lower conductivity of the particles compared to pure PANI was due to a lower
degree of protonation. However, compared to neat PANI, Ni-PANI particles
achieved two orders of magnitude higher magnetization (Ms = 34.5 emu/g).
The addition of these particles to thermoplastic polyurethane resulted
in a significant increase in stiffness 13 times. Electromagnetic interference testing
of these materials showed good shielding with 15% absorption and 50%
reflection.

The electrical conductivity as a function of compression of the in situ synthesized
MS/PPy porous structures decreased slightly by coprecipitation of Fe3Oq
nanoparticles from 0.05 to 0.02 S/cm. However, this decrease was compensated
by a dramatic increase in magnetization by 2 orders of magnitude
to M = 12.3 emu/g, leading to an increase in microwave absorption from 50% to
75% and a decrease in transmission from 30% to 10%. Carbonization of MS/PPy
with increased PPy content (27.4 wt.%) at 700 °C in an inert atmosphere was also
performed, during which the porosity of the material measured by both specific
surface area (300 m?/g) and pore volume (0.25 cm?®/g) increased fourfold. The
change in structure led to a drop in electrical conductivity from 0.2 to 0.03 S/cm.



ABSTRAKT

Tato prace se zabyva tfemi typy elektricky vodivych multikomponentnich
polymernich systémili: 1) niklem plnéné kompozity na bazi nemisitelného
polymerniho blendu, 2) Ni-polyanilinové (PANI) core-shell castice a
3) polypyrolem (PPy) potazené melaminové porézni struktury (MS)
s koprecipitacné piipravenymi Fe3O4 nanoc¢asticemi.

Adhezivni polymerni kompozity plnéné niklem byly zkouméany experimentalné
a numerickym modelovanim s cilem optimalizace elektrickych a mechanickych
vlastnosti. Vyuziti nemisitelné polymerni smési s optimalizovanym pomérem
epoxidové pryskyfice (ER) a polydimetylsiloxanu (PDMS) vedlo ke sniZeni
elektrického perkola¢niho prahu (EPT) ze 7,9 na 3,7 0bj.% Ni. Ptidavkem PDMS
byla adheze kompozitniho materialu zvySena o 20 % a razova houzevnatost
0 75 %. Pied samotnou piipravou kompozitnich materiali byly provedeny
simulace pomoci metody Monte Carlo a metodou konecnych prvkia (FEM,
Digimat-Fe 6.1.1), které dobfe korelovaly s naméfenou vodivosti pfipravenych
kompozitnich materialti.

U syntetizovanych core-shell ¢astic Ni-PANI obsahujicich 7-60 hm.% Ni byla
zmé&fena zavislost vodivosti na tlaku, kdy v lisované formé vodivost dosahovala
az 102 S/cm. Niz§i vodivost ¢astic ve srovnani s ¢istym PANI byla zpiisobena
niz§im stupném protonace. Nicméné proti Cistému PANI dosahuji Ni-PANI
Castice o dva fady vyssi magnetizaci (Ms = 34,5 emu/g). Pfidavkem téchto ¢astic
do TPU doslo az k 13nasobému nartstu tuhosti. Testovani téchto materiald

na elektromagnetickou interferenci ukézalo dobré stinéni s absorpci 15 % a reflexi
50 %.

Elektrickd vodivost v zavislosti na tlaku in situ syntetizovanych MS/PPy
poréznich  struktur mimé¢  klesla  koprecipitaci nanocCastic = Fe3O4
2 0,05 na 0,02 S/cm. Nicmén¢ tento pokles byl vyvazen dramatickym nartistem
magnetizace o 2 fady na Ms = 12,3 emu/g, coz vedlo k nartistu absorpce
mikrovinného zatreni z 50 na 75 % a poklesu transmise z 30 na 10 %. Byla
provedena také karbonizace MS/PPy se zvySenym obsahem PPy (27,4 hm.%) pii
700 °C v inertni atmosféie, béhem které vzrostla porozita materidlu méfend
specifickym povrchem (300 m?/g) a objemem poéra (0,25 cm®/g) Ctyinasobné.
Zména struktury vedla k poklesu elektrické vodivosti z 0,2 na 0,03 S/cm.
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1. THEORETICAL BACKGROUND

1.1 Introduction to electromagnetic composites

Conductive and magnetic polymer composites (CPCs; MPCs) attract
the scientific community as well as industry for their potential applications
in various fields of science and technology: antistatic materials, anticorrosion
coatings, electromagnetic shielding and light emitting devices, electromagnetic
wave absorbers etc. [1] Composite material consisting of an insulating polymer
matrix becomes electrically conductive if a conductive path is created
by conductive filler. A conductive path may be a complex multi-scale structure
consisting of interconnected particle aggregates forming infinite clusters. Such
aggregates hold by particle-particles interactions, their size can be visualized
by scattering electron microscopy and evaluated by aggregation number Nagq [2].
Percolation theory is relatively successful in predicting the general conductive
characteristics of CPCs materials. The distance of conducting particles converges
to a percolation distance where the transfer of charge carriers between them is
probable. The insulator-conductor transition's concentration occurs is called
the electrical percolation threshold (EPT) [3, 4]. There have been many attempts
to reduce the percolation threshold of CPCs using fillers of different sizes and
shapes [5] such as spherical (carbon black (CB) or metal powder [6, 7]), fibrous
(carbon nanotubes (CNT) [8]), flakes (graphite [9]) and asymmetric — arbitrary
ellipsoid (Ni [10]). According to Scher-Zallen, the percolation limit, calculated for
a model system of randomly localized conducting spherical particles in a 3D
matrix, is around 16 vol.% [11]. To effectively reduce the percolation threshold,
a novel hierarchical structure, i.e., double percolation threshold (DPT) was utilized
[6, 7, 12]. In the classic double percolation structure, so called
percolation-within-percolation [7], the conductive fillers are selectively located in
one phase of the co-continuous polymer blend. It means that the fillers only need
to form a percolated conductive network throughout their hosting phase [12].

The particle localization in immiscible polymer blends is heterogeneous, often
with the particles preferentially localized only in one phase or on the interphase of
two particles. This happens due to a different strength of interactions between
particles and immiscible polymer chains, which can mathematically be described
as the balance of interfacial energies. Generally, polymer chains are losing
conformational entropy if they stretch around solid particles causing an increase of
entropic over enthalpic interactions. For the systems with similar interfacial
energies, the particle arrangement can be also given by the melt viscosity effect of
the polymers [13].

Many attempts to predict the percolation threshold of polymer composites have
been made; however, each model has limitations and simplified assumptions (i.e.,
monodisperse particle size distribution [11]. However, for systems exhibiting



a double percolation threshold, there are not any appropriate models and thus
numerical modelling is the only option for predicting the polymer composite
electrical conductivity, due to the complicated multi-phase morphologies [14].
The Monte Carlo (MC) simulation is an effective method to simulate the random
dispersion of conductive fillers in the matrix, which is usually used to analyse
the electrical percolation of composites, and get rich achievements [9]. Therefore,
numerical simulations which are now available by means of the Monte Carlo
method, random sequential addition and computational homogenisation are
applied to study percolation threshold concentration of CPCs [15, 16]. E.g.,
Dalmas et al. [15] simulated the percolation threshold for fibrous CNT, while
Xiong Zhuo-Yue et al. [16] investigated a hybrid system containing CNT and CB.
Musino et al. [2] used computational modelling to study rheological percolation
threshold of spherical silica particles.

1.2 Percolation threshold

A composite material consisting of an insulating polymer matrix is electrically
conductive if a conductive path created by conductive filler reaches a critical value,
I.e., the EPT. Thus, the concentration of conductive particles is a crucial factor
influencing the electrical conductivity of epoxy polymer composites. Percolation
theory is relatively successful in predicting the general conductive characteristics
of CPCs materials [3, 4]. According to Scher-Zallen, the percolation limit,
calculated for a model system of randomly distributed conducting spherical
particles in a 3D matrix, is around 16 vol.% [11]. Geometrical factors also
influence the EPT and there have been many attempts to reduce the percolation
threshold of CPCs using fillers of different sizes and shapes [5]. Other important
factor affecting electrical conductivity is quality of distribution and dispersion of
the filler inside the polymer matrix. Filler distribution might be improved by
a coating resulting in lower EPT; however, this might lead to a decrease in overall
conductivity [8]. Another main factor influencing EPT is presence of other
components in the mixture, either the second polymer phase or the other filler in
the composite systems. For the matrices formed by immiscible polymer blends, the
fillers are usually dispersed only in one polymer component. In such case the EPT
is lowered proportionally to the amount of the second polymer phase. However, by
a suitable choice of polymer blend and filler, it is possible to create a polymer
composite with the co-continuous polymer blend as a matrix with conductive filler
located almost exclusively on the polymer-polymer interphase lowering EPT even
further [17]. Utilization of the second non-conductive filler has similar effects as
second polymer phase [18]. However, the utilization of two conductive fillers, so
called hybrid composite system, usually leads to a drastic decrease in EPT at the
cost of a decrease in conductivity. One of the fillers (typically metal particles)
exhibit high both conductivity and EPT while the second filler (typically carbon
structures) has lower both conductivity and EPT. As a result, the metal particles



are interconnected with a carbon structure. Thus, the final EPT and conductivity of
the hybrid composite are determined by the ratio of polymer fillers [19].

According to percolation theory, the conductivity of polymer composite material
bellow EPT can be calculated as:

o= om(p: —p)° (1D
where ¢ is the conductivity, o, is the conductivity of matrix, p,. is the percolation
threshold volume concentration, p is the conductive filler volume concentration
and s is the parameter. After reaching the percolation threshold, when
the conductive paths are established, conductivity can be described as:

o= 0p(p—pc)f (2)
where oy is the conductivity of matrix and ¢ is the parameter.
1.2.1 Electromagnetic shielding effectiveness

Electromagnetic radiation shielding is one of many applications of composite
materials and conducting polymers [20]. The reduction of radiation transmission
Is obtained either from increased radiation absorption or reflection. Electrically
conducting polymers and composites provide both radiation reflection and (to
a lesser extent) absorption, proportional to the electrical conductivity of the
material [21]. Conducting polymers have been also often used for the surface
modification of various supports to achieve good shielding efficiency [22].
Especially coated sponge-like materials with high values of electromagnetic
shielding are valued for their low density. The most important frequency region for
practical applications is 1-12 GHz in the microwave region, since the majority of
the current communication and information transfer systems use it for operation.

The total shielding effectiveness SEr for shielding materials is given as [23]:

where SEa, SEg, and SEy, are the partial shielding efficiencies related to absorption,
reflection, and multiple reflections, respectively. The term related to multiple
reflections and scattering SEy can be neglected for SEt < 20 dB.

The total efficiency SE+ is evaluated by using scattering parameters determined
from a vector network analyser, S;; denotes the forward reflection coefficient and
S,; the reverse transmission coefficient. They provide a quantitative assessment
of the applicability of the individual materials in electromagnetic radiation and
refer to a specific thickness. Usually, it is more convenient to discuss
electromagnetic shielding in the terms of reflectance (R), absorbance (A), and
transmittance (T) as percentage values rather than in the terms of SE parameters.
Energetic RAT parameters calculated from attenuation can be calculated as:

S21

T=1010 4)
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S11

R=101w0 (5)
A=1-R-T (6)

For the sake of completness it should be noted that the efficiencies SEx and SEr are
linked to the transmittance T and reflectance R:

SEp = 101log (ﬁ) 7)

SE, = 10log (=F) (8)

1.2.2 Epoxy resin/rubber polymer blends

The usage of rubber inclusion into epoxy resin was first proposed by McGarry,
Willner and Sultan in the late 1960s and early 1970s. They used
carboxyl-terminated acrylonitrile-butadiene rubber (CTBN) to enhance
the fracture toughness of epoxy resin (ER) with negligible losses in thermal and
other mechanical properties [24]. This was the origin of research on
rubber-enhanced epoxy materials [25]. Since the 1970s many blends with ER were
proposed, for instance: hydroxyl-terminated butadiene rubber [26], CTBN [27],
styrene-butadiene rubber [28], acrylic rubber [29], nature rubber [30],
acrylonitrile-butadiene rubber [31], Polydimethylsiloxane (PDMS) [32].
The percentage content of rubber/plastic inclusion varies from ones percent [26]
up to 50% [29] but commonly 10-20% is used [30, 33].

Mechanical properties usually follow the trend, where impact strength as
a function of weight/volume percentage has a local maximum and the Young
modulus decreases slightly at low concentrations and significantly at higher
concentrations. Therefore, optimal content has to be found [32, 33, 34].
An increase in impact resistance might be 10% [33], 80% [34] and even 110% [35]
depending on the types of materials and compatibility between ER and rubber.

1.3 Computer modelling

The probability of the formation of a conductive path in the composite can be
simulated by the three-dimensional continuum MC method [36, 37]. The MC
model is based on the cubic relative volume element (RVE) with edge length Lrve
filled with randomly localized spherical conductive particles and nonconductive
matrix [36]. Typically, composite materials generated through MC are used in
the calculations of electrical conductivity by FEM. The FEM is based on
a discretization of the volume continuum (via mesh generation) into finite smaller
segments which are calculated separately [36, 38]. The computational
homogenisation technique assumes the material to be sufficiently homogeneous at
the macro-scale but heterogeneous at the micro-scale due to the existence of
inclusions.
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1.4 Polymer coatings
1.4.1 Polymer coated metal particles

Hybrid organic/inorganic conducting and magnetic materials are of interest both
from the academic point of view and for application in various directions. Polymer
coated metallic particles are often referred to as core-shell particles. Special
attention has been paid to the organic component that was represented
by a conducting polymer, such as polyaniline (PANI) [39], which also improves
the composite processing. The inorganic part may display both electrical and
magnetic properties. Nickel [40], iron [41] or various iron oxides [42] and ferrites
[43] can be introduced as the examples. Electromagnetic interference shielding
represents probably the most widely studied field where both the conductivity and
magnetic properties play important roles [40, 44, 45].

The range of potential applications of composites combining the conducting and
magnetic components extends far beyond electromagnetic interference
applications. Considering only hybrid Ni-PANI systems, typical applications
as electrode materials [46] rely on electrical or electrochemical properties.
The electrocatalysis of hydrogen evolution reaction [47] or the use
in supercapacitor electrodes [48] are other examples. Magnetic properties of nickel
in the composites have also been exploited. Hybrid adsorbents of environmental
pollutants, e.g., organic dyes of heavy-metal ions [46, 49] or photocatalysts of dye
decomposition have been reported in the literature [50]. Such composites are
conveniently separable using a magnetic field. Similarly, the magnetorheological
characteristics of suspensions are controlled by an external magnetic field [41].

The Ni-PANI hybrids of the above type have been prepared
by the electrochemical deposition of Ni on PANI [47] or reduction of nickel(ll)
ions with ethylene glycol [50, 51]. A reverse strategy is illustrated by the in-situ
coating of Ni foam with PANI [45] or electropolymerization of aniline at such
macroporous substrate [48]. The similar deposition of PANI on Ni-coated carbon
fibres also belongs to this category of preparations [44]. Finally, PANI and Ni
particles can be simply mixed together with some additives [43].

1.4.2 Polymer coated porous structures

Magnetic hydrogels and sponges that incorporate magnetic particles have
become of interest especially in biomedical applications [52]. Such composite
materials can be used as drug carriers with a tunable release by an external
magnetic field. The system is composed of (1) a carrier sponge that provides
macroporous mechanical support, and (2) a magnetic component, typically
represented by iron oxides, that affords an attractive response to the external
magnetic field. Such macroporous materials are referred to as ferrosponges [52]
and they can contain various paramagnetic or superparamagnetic components.
They are not limited to ferromagnetic ones as the ferrosponge name may suggest.
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To this structure; however, (3) another component can be added. A conducting
polymer providing electrical, electrochemical, responsive or other value-added
properties can be introduced.

The routine preparation of a composite has proceeded as a rule in two steps [53]:
(1) In the standard approach, magnetite was prepared at first. The coprecipitation
method using the mixture of iron(l1) and iron(l11) chlorides in ammonia solution is
the most common [44]. FesO, may be generated in particulate form as a colloid
stabilized by surfactants or water-soluble polymers that afford the control
of particle size and colloidal stability of magnetite particles. (2) In the second step,
the oxidation of pyrrole with iron(l11) chloride [53], ammonium peroxydisulfate
[54] or by electropolymerization [55] to PPy took place in magnetite presence.
The process resulted in a magnetite core—polypyrrole shell structures Fe;O4-PPy
[55, 56].

Both steps can be also reversed. (1) When pyrrole was oxidized to polypyrrole
with excess iron(l11) chloride, only a part of the oxidant converted to iron(ll)
chloride [53]. In a more complex approach, iron(l1) chloride along with pyrrole
generated iron(l11) ions were used as an oxidant of pyrrole to polypyrrole [44]. (2)
As the system contained both the iron(Il) and iron(lll) ions, the magnetite was
produced after the addition of ammonia in the second step which resulted in
decoration of polypyrrole with magnetite particles. Because polypyrrole produced
in the first reaction need not be separated before the addition of ammonia, such
synthesis is usually referred to as "one-pot".

Melamine sponge (MS) is a macroporous material  based
on a melamine-formaldehyde network containing some bisulfite moieties [57].
Melamine alone is an organic compound, rich both in nitrogen and carbon,
representing a suitable precursor for carbonization. It has been exposed to elevated
temperatures in an inert atmosphere to obtain materials that were regarded
as carbons [58, 59], nitrogen-containing carbons [59], or products close to carbon
nitrides [60]. Except for some shrinkage, the macroporous morphology
of the sponges was preserved after carbonization [59], but the mechanical
properties were relatively poor. Conducting polymers, such as PANI and PPy, are
similarly composed mainly of carbon and nitrogen atoms. They have been used
frequently for the preparation of nitrogen-enriched carbons by exposure to elevated
temperature in an inert atmosphere [61]. The carbonization of various polypyrrole
nanostructures-globules, nanofibers and nanotubes-provides nitrogen-containing
carbons of various morphology [62] with conductivity at the semiconductor level.
The general features of morphology do not change after carbonization and,
for example, polypyrrole globules or nanotubes convert to nitrogen-enriched
carbon analogues [62, 63].

13



2. AIMS OF THESIS

Based on the previous literature survey, the main aim of this work was
the development of multicomponent polymer composite materials using metal
particles and/or conductive polymer coatings and the investigation of their
electromagnetic properties for applications such as conductive coatings and
electromagnetic shielding devices with a focus on mechanical properties.
The accomplishment of the aim was outlined in the following tasks:

a) Development of an immiscible polymer blend suitable as a matrix for Ni
composites with enhanced mechanical properties.

b) Preparation of polymer composite samples with selective localization of
the conductive filler in continuous polymer phase in order to effectively reduce
EPT and increase electrical conductivity.

¢) Computational simulation of polymer composites based on immiscible
polymer blend filled with Ni particles by the Monte Carlo method. Electrical
conductivities of simulated composites in relative volume elements were
calculated by the finite element method. Theoretical calculations of polymer
composites dielectric and magnetic properties using effective medium theories.

d) Analysis of dielectric and magnetic properties of prepared polymer
composites. Comparison of theoretical and experimental results.

e) Development of synthetic route for conductive core-shell Ni-PANI particles.
Analysis of DC conductivity changes during compression, magnetostatic
hysteresis curves and spectroscopy spectra of prepared Ni-PANI particles.

f) Preparation and study of mechanical properties and electromagnetic
shielding interference of polymer composite samples filled with Ni-PANI
particles.

g) Development of suitable polymer coating based on PPy for melamine
sponge in order to create a conductive lightweight porous structure. Study
the properties of these materials and seek further possibilities to improve
the electromagnetic properties.

1) Deposition of ferromagnetic nanoparticles on MS/PPy porous structures to
obtain magnetic conducting structures with an application for electromagnetic
shielding.

j) Carbonization of porous MS/PPy materials in order to obtain conducting
structures with extremely low density followed by an analysis of dc conductivity
and mechanical properties.

14



3. EXPERIMENTAL SECTION
3.1 Materials

Common applications of electromagnetic composite materials are
anti-static/conductive coatings, the alternative to soldering — conductive glues, and
electromagnetic shielding devices. For all these applications, thermosets are
usually used as a matrix. Epoxy resins (ER) are simple to work with, yet their
performance considering thermal or mechanical properties is better compared to
other options like unsaturated polyester resins. However, the drawback of ER is its
brittleness. This can be improved by the addition of a second polymer phase as we
showed in our study [64]. An excellent conductive filler is carbonyl nickel because
it can be obtained in the form of hedgehog-like particles with a high specific
surface. Soft ferromagnetic Ni is also suitable for electromagnetic shielding
applications. As discussed above, the polymer blend morphology plays
an important role in the electrical properties of composites. In our work, we used
the DPT approach, where thermoset ER is a continuous phase with the inclusion
of spherical elastomer particles, the so-called sea island structure.

Bisphenol A diglycidyl ether (DGEBA) used as an epoxy resin (ER) was cured
by an aliphatic amine, diethylenetriamine (DETA). For blending was used
vinyl-terminated polydimethylsiloxane (PDMS). Dicumyl peroxide (DCP) was
used as a free radical initiator. All chemicals were purchased from Sigma Aldrich
(USA) with a purity > 90%. Carbonyl nickel (Ni) (Goodfellow, GB) with purity
99.8% was used as a conductive filler with magnetic properties. The particle size
distribution was studied by Laser diffraction. The particle size distribution was
described by a normal distribution with a mean particle diameter of 5.5 um and
a standard deviation of 1.8 um. This result is in good agreement with scanning
electron microscopy SEM measurements (Figure 1) and with the data of
the particle manufacturer (Goodfellow Ltd.), which states their size in the range
of 2-7 um. The FCC (face-centred cubic) Ni powder with initial relative
permeability pi = 49.5 has a saturation 50 emu/g, retentivity 2.1 emu/g and
coercivity 39 Oe.

R menty W)

Figure 1: SEM micrograph of Ni filler.
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PANI coating of Ni particles was performed in an aqueous solution of aniline
hydrochloride (Sigma Aldrich, USA) and ammonium peroxydisulfate (Lach-Ner,
CZ). Ni-PANI fillers were added to the matrix of thermoplastic polyurethane
(TPU) Estane 58271 (The Lubrizol Corporation, USA).

Aqueous solutions of pyrrole and iron(l11) chloride were used for the coating of
open-cell macroporous melamine/formaldehyde (MS) Basotect sponges (BASF
AG, Ludwigshafen, Germany). The solution of iron(ll) chloride, iron(l11) chloride
and ammonium hydroxide was used for the preparation of magnetite (FesO,)
particles. All above mentioned chemicals were reagent grade > 98% (Sigma
Aldrich, USA).

3.2 Sample preparation
3.2.1 ER/PDMS blend preparation

The compounding of polymer matrix was investigated in other studies [64, 65].
The polymer blend was prepared by stirring DGEBA, PDMS (10-30 wt.%) and
DCP (0.5 wt.%) at 300 rpm under nitrogen atmosphere for 2 hours at 130 °C. This
mixing procedure resulted in the cross-linking of PDMS and improvement of
the interphase between ER and PDMS phase leading to spherical particles.

3.2.2 Fabrication of ER/PDMS/Ni composites

The magnetic filler — Ni (10-80 wt.%, 1.5-33 vol.% respectively) was added to
this blend after cooling the blend down to room temperature. The mixture was
stirred again at 80 °C for 30 minutes and an equimolar amount of DETA was added
after cooling the mixture to room temperature. The mixture was pre-cured
by stirring at 50 °C for 10 minutes before casting to preheated mould (70 °C).
The material was cured at 100 °C for 30 minutes and after removing from
the mould, post-curing (and also cross-linking of PDMS) at 140 °C for 1 hour was
done. The samples were slowly annealed at an oven to 30 °C before testing to avoid
any potential freeze stresses [66].

3.2.3 Preparation of Ni-PANI particles

Ni powder was added to a freshly prepared aqueous mixture used
for the preparation of PANI (0.1 M aniline hydrochloride, 0.125 M ammonium
peroxydisulfate). Aniline hydrochloride and peroxydisulfate were separately
dissolved in the same volume of distilled water. Both solutions were mixed at room
temperature, Ni was added, and the mixture was gently stirred with a mechanical
stirrer. After 1 h the solids were separated by filtration, rinsed with 1 M
hydrochloric acid, followed by ethanol and dried in air [67].

3.2.4 Preparation of TPU/Ni-PANI composites

For the electromagnetic interference shielding, Ni-PANI hybrids were mixed
with TPU in a micro compounder (Xplore Instruments BV, The Netherlands) with
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a capacity of 5 cm3. Prior to mixing, TPU was dried at 90 °C for 12 h. The materials
were melt-mixed using 100 rpm speed at 150 °C for 5 minutes to achieve good
dispersion of the Ni-PANI filler at 60 wt.% content [67].

3.2.5 Preparation of MS/PPy/FesO, structures

The melamine sponge (MS) was immersed in a freshly prepared aqueous
mixture of 0.05 M pyrrole and 0.25 M iron(ll1) chloride hexahydrate pre-cooled
to 5 °C. The sponge was briefly gently squeezed to replace the air in the pores with
the reaction mixture and the polymerization of pyrrole was let to proceed
for 30 min. PPy-coated sponge still swollen with the solution of residual reaction
mixture containing iron(Il)/iron(l1l) chlorides was transferred to excess 1 M
ammonia solution and left for 1 h to allow for the formation of magnetite
nanoparticles. The composite MS/PPy/Fe;O, was rinsed with water, immersed
in ethanol in order to remove soluble low-molecular-weight residues and any free
particles, and subsequently dried [21].

3.2.6 Preparation of MS/PPy carbonized structures

The preparation of MS/PPy sponges is similar as in 3.2.5 with only difference
the molar ratio of pyrrol and iron(l1l) chloride being 2.5. The polymerization
of pyrrole was complete within several minutes but the sponges were left
in the reaction medium at rest for 1 h. The sponges were then transferred into
an excess of 0.2 M hydrochloric acid and washed followed by washing in ethanol
and drying in open air. The content of PPy was calculated from the mass increase.

The MS/PPy were subsequently placed in a tube furnace GSL-1600X-50-UL
(MTI Corp., USA) and heated under an argon atmosphere at a 3 °C/min rate
to target temperature up to 700 °C. After 10 minutes, the sponges were cooled
to room temperature at the same rate a 3 °C/min. The difference between
the original and residual weight of sponges after the exposure, was determined
[68].

3.2.7 Characterization techniques

Prepared materials were characterized by instrumental techniques available
at CPS:

ATR FTIR spectra of the powdered samples were analysed using Nicolet 6700
spectrometer (Thermo-Nicolet, USA) using a reflective ATR extension GladiATR
(PIKE Technologies, USA) with diamond crystal.

Elemental composition was determined using a Perkin Elmer 2400 Series Il
CHNS/O Analyzer.

Phase morphologies of freeze-fracture surfaces of ER/PDMS/Ni polymer
composites were investigated by a NovaNanoSEM 450 scanning electron
microscope (FEI Company, The Netherlands) at an accelerating voltage of 5 kV
in topographical SE (Secondary electrons) imaging mode and 15 kV in material
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contrasting BSE (Backscattered electrons) operating mode. The morphology
of PPy-Ni powders and sponges was assessed with a scanning ultra-high-resolution
electron microscope MAIAS3 Tescan.

The 1-V characteristics were measured in the two-point setup using electrodes
of cylindrical shape (d = 16 mm) with a programmable electrometer (Keithley
6517 A, USA). Four-point method (developed by Van der Pauw [69]) was used for
the measurement of samples with conductivity higher than 102 S/cm.
The dependence of resistivity of powder has also been characterized by van der
Pauw method in dependence on applied pressure in a cylindrical glass cell with
10 mm inner. The powder was placed between an insulating support and a glass
piston carrying four platinum/rhodium electrodes on the perimeter of its base.
The experimental set-up included a current source Keithley 220, a Keithley 2010
multimeter and a Keithley 705 scanner with a Keithley 7052 matrix card.
The pressure was controlled with a L6E3 load cell (Zemic Europe BV,
The Netherlands).

Dielectric and magnetic properties were studied on a broadband dielectric
spectrometer (Novocontrol) in the frequency range (101-10% Hz, RF
impedance/material analyser (Agilent E49991A) (10°-10°) Hz and waveguide
analyser vector network analyser (Agilent N5230A) in S, C, J and X bands
(2.45x10°-12.4x10°% Hz. Samples (cylinders, toroids and plates) were prepared
according to instrumental specifications.

3.3 Modelling
3.3.1 General description

MC model was used for the simulation of the 3D composite systems in the cubic
periodic RVE with an edge length Lgve = 200 um. Epoxy composites were
simulated as a composition of epoxy resin (continuous phase) and non-intersecting
inclusions which geometrical and material properties are defined via parameter
adjustment (size distribution, shape, orientation, conductivity). Periodic boundary
conditions were chosen to eliminate the boundary effect. To simulate a composite
with non-conductive spherical particles (PDMS), firstly non-conductive inclusions
with a normal distribution, with a mean diameter d =32 um and a standard
deviation o = 8 um were generated. Afterwards the conductive Ni particles
approximated as spheres with a normal diameter distribution with d = 5.5 um and
o = 1.8 um were generated (Figure 2). It was assumed, that Ni is not penetrating
into the non-conductive inclusions of PDMS (as follows from Young’s eq. (7)), as
was proved in SEM images (Figure 3). The rest of the space was filled with epoxy
resin which was considered perfectly bonded.
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3.3.2 Modelling of growth of the aggregates

The probability of the formation of a conductive path in the composite was
simulated by the three-dimensional continuum Monte Carlo method based
on the cubic RVE that is filled with randomly localized spherical conductive
particles and non-conductive matrix. Hard Ni particles are set as non-intersecting
and hence, the particle contact is very improbable. Therefore, the contact
of the particles is achieved by increasing the radius of all conductive inclusions
by coating with the same thickness (t). A group of particles that are electrically
connected shall be called aggregate. The conductive particle is considered
to participate in the aggregate if the coating of the particle intersects with
the coating of any other particle of this aggregate (algorithm searches for
particle-particle distance < 2t). One possible evaluation method of the particle
configuration produced by the simulation is the aggregation number (Nagg) Which
Is the number of particles in aggregate, as discussed by Musino et al. [2]. The first
moment of Nngq distribution is the average aggregation number, (Nagg); the second
moment, (Nag®), Serves to express the width of the distribution. It is convenient to
express the size of aggregates (SoA) in the term of the ratio of these moments:

_ (Nigg)
S0A = m (9)
which is sensitive to the largest aggregates formed at the simulation and neglects
isolated particles and small aggregates.

3.3.3 Modelling of electrical conductivity

In this research, the RVE method with particle inclusions is used to predict
the percolation behaviour of ER/PDMS/Ni composites. Epoxy resin composites
with PDMS and Ni particles were created using the Digimat-FE 6.1.1 program
(e-Xstream Engineering, Louvain-la-Neuve, Belgium). The electrical conductivity
was evaluated by FEM using the Digimat software [37]. FEM is based
on a continuum form of Ohm’s law.

A voxel mesh (1 um side) was generated inside RVE containing microstructure
generated by MC [36]. The electrical conductivity of Ni particles, Ni coating and
non-conductive polymer blend ER/PDMS was set as 103, 1 and 102 S/cm,
respectively. These systems were tested at voltage 1 V and from the -V
characteristic curve was calculated conductivity (ten times for each concentration).
To verify these results, polymer composites were prepared and measured. In Figure
2 there are depicted simulations of polymer composites containing an increasing
amount of PDMS at percolation concentrations of Ni particles (grey conductive
paths). The amount of Ni particles at EPT, effectively the Ni concentration is
decreasing with increasing amount of PDMS.
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Particles: Ni . Percolating Ni . PDMS ‘

Figure 2: The simulations reaching percolation threshold: a) ER/NIi,
b) ER/PDMS10/Ni, ¢c) ER/PDMS20/Ni, d) ER/PDMS30/Ni [66].
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4. RESULTS AND DISCUSSION

4.1 ER/PDMS blend
4.1.1 Morphology

Immiscible polymer blend ER/PDMS forms sea island structure with continuous
ER phase and spherical domains of PDMS. The observed size distribution is from
15 to 55 um as shown in our previous studies [64, 65].

4.1.2 Mechanical properties

Mechanical properties of polymer blends prepared by the original procedure
[64] led to samples with high values of Charpy impact strength. However, this
procedure was further improved by modification of temperature setting and
significant decrease of DCP content to 0.5 wt.% which led to impact strength
of ER/PDMS10/DCP0.5 (1.8 = 0.2) Jlcm? Moreover, this modification
of technology enabled the preparation of polymer blends with higher PDMS
content (up to 30 wt.%) [66].

4.2 ER/PDMS/Ni composites
4.2.1 Morphology

In Figure 3, a series of SEM images are presented to show the morphologies
of the multiphase ER/PDMS polymer blends filled with Ni. The fractured surface
of all modified epoxy-based composites showed a three-phase morphology with
a rigid continuous phase and a dispersed elastomeric phase of isolated spherical
particles of PDMS with the typical sea-island structure of the size 15-55 pm.
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Figure 3: SEM micrographs of polymer composites: a) ER/PDMS10/Ni3,
b) ER/PDMS10/Nil11, ¢c) ER/PDMS30/Ni3, d) ER/PDMS30/Nill [66].
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4.2.2 Computational modelling — growth of aggregates

The value of SoA calculated by eg. (9) ranges from 1 implying all particles are
isolated to a maximum (= number of particles in the RVE). In terms of percolations,
the significant size of the aggregate emerges if the largest aggregate penetrates
through the whole sample, thus the diameter of the aggregate is equal to the size
of the simulation RVE: dagg = Lrve. The fractal model of spheres, as presented
by Musino et al. [2], predicts that such a critical aggregate occurs at SoA ~ 1,000
for our system (Lgrve = 200 um, dy; = 5.5 um). Figure 4 presents the dependence
of SoA on the volume concentration of nickel for different coating sizes.

Figure 4a shows that with increasing coating size, the size of the aggregates
increases dramatically, approaching a limit which is the number of particles in
the system. The indicated SoA ~ 1,000 is the critical size of aggregate which is
penetrating through the entire simulated RVE, which roughly corresponds to
the percolation concentration. By comparing to the EPT, which was found to be
7.9 vol.% (Figure 5), the thickness of the coating was found to be close to 1.95 um.
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Figure 4: SoA determined from aggregation number (Nagg) distribution obtained by
Monte Carlo simulation for a) ER/Ni and b) ER/PDMS30/Ni particles systems. Coating
thickness (t) is in #m. The horizontal line shows the onset of percolation [66].

The second simulation (Figure 4b) was performed for a system with 30 vol.%
of PDMS. Figure 4b depicts the concentration of Ni in the ER on the x-axis
(volume of PDMS is subtracted for comparability with Figure 4a). For the coating
1.95 um is EPT reached again at 7.9 vol.% Ni in ER, i.e., 55 vol.% Ni
in the composite system ER/PDMS30/Ni. This means that the percolation
behaviour of the model does not depend on the addition of PDMS, which is in
an agreement with expectations because the model does not reckon any
irregularities in the localization of the filler like the concentration of conductive
particles near the ER/PDMS interphase. However, the actual percolation
of the ER/PDMS30/Ni system is 3.7 vol.% of Ni, which corresponds to
5.3 vol.% Ni in the ER (after deducting the volume of PDMS). This difference is
due to the difference between the simulation, which contains a random independent
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localization of particles in RVE, and the experiment with the preferential position
of Ni particles near the PDMS surface observed, which significantly affects
the final EPT.

4.2.3 Percolation threshold

Figure 5 shows the dependence of DC conductivity against conductive filler
content measured at laboratory temperature for ER/PDMS/Ni composites. Both,
ER and ER/PDMS blend are electrical insulators with very low values
of conductivity opc ~ 1072 S/cm. Polymer composites exhibit non-conductive
behaviour with opc ~ (107'>-107°) S/cm at low filler concentrations up
to the point where conductivity suddenly soars signifying the EPT with
a simultaneous change of material character to conductor-like with
the conductivity opc ~ (10%-1072) S/cm. It is clearly visible that higher content
of PDMS leads to a decrease in the critical percolation concentration. The polymer
composites containing 0, 10, 20 and 30 vol.% of PDMS percolate at 7.9, 7.5, 4.6
and 3.7 vol.% of Ni, respectively. EPT of multiphase polymer composites are
in good agreement with SEM images showing that Ni particles are excluded from
the PDMS phase (Figure 3).
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Figure 5: The concentration dependence of DC conductivities of a) prepared,
b) simulated Ni [66].

Interestingly, values of the fitting s coefficient experimentally obtained (Eq. (1))
significantly differ among composites. It reaches approximately the value = 1.4 for
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systems without PDMS and with 10 vol.% of PDMS; however, systems with 20
and 30 vol.% of PDMS reach only a value of = 0.6, similarly to fitting coefficients
obtained by modelling. Nan et al. [70] state that s parameters should be in the range
of 0.7-1; however, Dang et al. [71] also present a value of 1.4 for PVDF/Ni
composites. Fitting coefficients above the percolation threshold (Eq. (2)) were
calculated in the range t = 1-2, which is in good agreement with both, theoretical
predictions [3] and experimental results [72, 73].

4.2.4 Mechanical properties

Conductive composites based on the matrixes containing neat epoxy resin and
polymer blend ER/PDMS30 were selected for mechanical testing. To evaluate
mechanical properties, specimens ER/Ni8 and ER/PDMS30/Ni4 were prepared
and tested for impact strength and lap shear strength and compare with pure ER
and ER/PDMS30. It was found that the effect of Ni is negligible on impact
strength; however, the addition of 30% of PDMS leads to an increase of impact
strength by 60%. The results of lap shear strength show that the addition of both
PDMS and Ni increases the adhesion of the material by = 20%.

4.3 Ni-PANI particles
4.3.1 Chemistry of preparation/Synthesis

One of the most important conducting and electroactive polymers, PANI is
prepared by oxidation of aniline hydrochloride with ammonium peroxydisulfate
(Figure 6).
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Figure 6: Aniline hydrochloride is oxidized with ammonium peroxydisulfate to PANI
salt. Sulfuric acid is one of the by-products [67].

The preparation of neat PANI had a yield (107%) higher than the theoretical
(considering only PANI) due to the presence of chloride, sulfate or hydrogen
sulfate counterions. However, in the presence of Ni, the yield dropped
to approximately 80% of the expectation (PANI + Ni). Considering the results
of further analysis, the following scenario is probable: The starting reaction
mixture contains aniline hydrochloride, ammonium peroxydisulfate (Figure 6).
The hydrochloric acid present in this mixture does not dissolve nickel, even in
the presence of peroxydisulfate. As the conversion from aniline to polyaniline
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proceeds, sulfuric acid is produced as a by-product. This manifests itself in the drop
of pH [39]. In the contrast to hydrochloric acid, dilute sulfuric acid dissolves nickel
[74]. If Ni is present in the reaction mixture, the generated sulfuric acid reacts with
Ni at the simultaneous evolution of hydrogen gas, Ni + H,SO4 — Ha(g) + NiSQy,
as indeed observed at the end of the experiment.

Different amounts of Ni were used in the reaction mixture leading to different
Ni concentrations in Ni-PANI mixture. There is a difference between theoretical
Ni content with actual Ni content determined by TGA. For theoretical
concentrations of Ni 18.7, 48.0 and 64.8 wt.%, the actual concentrations were 7.2,
40.2 and 58.8 wt.% which shows partial dissolution of Ni.

4.3.2 Morphology

Ni microparticles used in the experiments had the size of the units
of micrometres with irregular hedgehog shape (Figure 7a). Figure 7b shows
the morphology of Ni-PANI (19.9 wt.%) composite. It should be noted that
the volume fraction of Ni is much lower due to the large difference between Ni and
PANI densities 8.9 and 1.4 g/cm?, respectively. For that reason, only dominating
voluminous globular PANI coating is visible on the micrograph. The coating
of the Ni microparticles with PANI is also demonstrated by transmission electron
microscopy (Figure 8). Some free PANI accompanies them.
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Figure 7: SEM micrograph of Ni microparticles (a) before and (b) after the coating
with PANI [67].
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Figure 8: TEM micrograph of Ni-PANI (19.9 wt.%) core-shell particles [67].

4.3.3 Electrical conductivity

The resistivity of Ni-PANI powders measured as a function of pressure is in all
cases lower than the conductivity of both components, PANI and Ni (Figure 9),
but still at the level, which is satisfactory for various applications based on
electrical properties. The spectroscopic analysis and EDAX suggest that this is due
to the reduced degree of protonation of PANI. The resistivity decrease (i.e.,
the conductivity increase) by one up to two orders of magnitude can be achieved
by the compression (Figure 9).
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Figure 9: The dependence of the resistivity of Ni-PANI on applied pressure [67].

4.4 TPU/Ni-PANI composites
4.4.1 Mechanical properties

For practical applications, illustrated below by the electromagnetic interference
shielding, the Ni-PANI hybrids have to be converted to materials with suitable
mechanical properties. For that reason, the hybrid powders were dispersed
in a matrix of thermoplastic polyurethane.
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The matrix exhibits a typical elastomeric behaviour with a relatively low Young
modulus and tensile strength but excellent elongation in the order of hundreds
of percent. The addition of PANI (0) or Ni-PANI fillers leads to the stiffening
of the material while lowering elongation and maximum tensile strength.
The limited interfacial interaction between neat Ni (100) particles and matrix
brings back the elastomeric behaviour of composite; however, reduced
in the comparison with TPU because the Ni particles act as defects stimulating
the break at lower tensile strengths.

4.4.2 Electromagnetic interference shielding

Figure 10 shows the dependence of RAT contributions on Ni content
In composite materials at the same 60 wt.% filler content. This means that as the Ni
content increases, the content of PANI increases accordingly. The composite based
exclusively on PANI had low transmission, =~ 3%. The composite containing neat
Ni reflects and absorbs about 60 and 20% of radiation, respectively, and about 20%
of the electromagnetic energy wave is transmitted.

\
60 | —=u
X r
N P
L \a g A— Absorption
- a0k o —&— Transmission |
< —m— Reflection
o
3 @
.
20 P -
A A
’ 1 1 1
0 20 40 60

Wy (wt.%)

Figure 10: RAT contributions to the electromagnetic interference shielding at 9 GHz
in dependence on Ni content in the composite with 60 wt.% Ni-PANI fillers [67].

It might be expected that the combination of PANI and Ni would lead to
properties similar to these fillers, however, their transmission reached = 40%
(Figure 10). This trend copies the conductivity pattern of Ni-PANI hybrids that
have the conductivity lower than any of their constituents. This is caused by
the presence of partly reduced PANI with an excess of non-conducting
quinonedimine units, which does not contribute to shielding. Hence the reflection
and absorption of the composites are mostly given by the Ni content. But still, less
than 50% energy of the electromagnetic wave was transmitted through such
a composite at 2 mm sample thickness.
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4.5 MS/PPy/Fe304 structures
4.5.1 Chemistry of preparation/Synthesis

One of the most important conducting and electroactive polymers, PPy is
prepared by the oxidation of pyrrole by iron(l11) chloride (Figure 11).
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Figure 11: Pyrrole converts to PPy by oxidation with iron(l11) chloride, iron(ll)
chloride is a by-product [21].

Magnetite (FesO,4) was prepared by the chemical co-precipitation method based
on the treatment of the mixture of iron(l1l) and iron(Il) chlorides with aqueous
ammonium hydroxide as a precipitant [53]:

2 FeCl; + FeCl; + 8 NH,OH — Fe304 + 4 H,0O + 8 NH4CI (10)

The obvious strategy how to produce the conducting and magnetic PPy/Fe30,
mixture of particles is to use stoichiometric excess of iron(lll) chloride
in the preparation of PPy followed by the conversion of the resulting mixture
of iron oxides to Fe;O4 by treatment with ammonia. This makes the composite
preparation simple and convenient.

When the composite preparation is carried out in the presence of a melamine
sponge (MS), the sponge becomes coated firstly with PPy and Fe3O, precipitates
after the subsequent treatment with ammonia. The content of PPy in the composite
with MS was 21.1 wt.% as determined from the mass increase after polymer
deposition. After the generation of Fe;O4 inside MS/PPy, the content
of the inorganic part represented by iron oxides, 14.1 wt.%, was determined as ash.
The content of PPy in this ternary composite was thus reduced to 18.1 wt.%.

4.5.2 Morphology

The coating of MS with a black PPy is well visible by SEM (Figure 12).
The macroporous structure of the sponge is preserved and PPy is deposited
on melamine as a thin polymer film with some adhering PPy nanoparticles.
In the next step, Fe;O, deposits as clusters of nanoparticles onto PPy coating.
The open-pore structure of MS/PPy/Fe;0, is maintained and macropores are not
blocked by Fe;0,.
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Figure 12: a, b) MS, ¢, d) MS/PPy, and e, f) MS/PPy/FesO4. Lower magnification (left)
and higher (right) [21].

PPy has a typical morphology of fused globules, which become coated with
Fe;O, after subsequent treatment by ammonia. The presence of FesO, becomes
obvious as the composite becomes attracted to the magnet.

4.5.3 Electrical conductivity

Insulative MS changes to a conductor (0.05 S/cm) after the deposition of PPy
layer, which further increases during the compression to the maximum
(0.23 S/cm). This is close to the conductivity of neat globular PPy, which is close
to 1 S/cm [75, 76, 77].

Conducting PPy is deposited in the individual threads of the sponge (Figure 12)
and the conducting pathways are thus created. During the continuing compression,
the number of pathways within the infinitesimal cross-section will increase and
conductivity will do so accordingly (Figure 13). At high compression; however,
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some threads are expected to break thus reducing the number of pathways and,
consequently, also the conductivity.

After the deposition of Fe;O,, the conductivity decreased only moderately
to 0.021 S/cm (Figure 13). The decrease to a partial deprotonation of PPy under
alkaline conditions is used for the generation of Fe3;O,4, which is associated with
a decrease in conductivity [78].
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Figure 13: Electrical conductivity as a function of compression, i.e., the reduction
of the relative height of cylindrical sample d/do. The starting height do = § mm [21].

4.5.4 Electromagnetic Radiation Shielding

The experimental data describing the sponges (thickness 20 mm) are little
dependent on the radiation frequency (Figure 14a). On a relative basis, they can be
presented as the analysis of the individual contributions to the shielding, which are,
consequently, qualitatively similar for the individual frequencies (Figure 14b).
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Figure 14: Frequency dependence of a) reverse transmission coefficient So1 and b) RAT
contributions to the electromagnetic interference shielding at 5.85 GHz [21].

For the original MS, there is practically no radiation absorption and reflection
(Figure 14b) at frequency 5.85 GHz. PPy coating introduces a marked increase
in reflection (= 20%), as might be expected from the conducting material; however,
even higher increase was observed in absorption (= 50%). FesQ, is generated under
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the alkaline condition where PPy salt converts to PPy base, and the conductivity is
reduced [78] and the reflectance decreases accordingly (= 15%). The presence
of Fe30y in the structure clearly adds to the absorption (= 75%). The combination
of the electrically conducting and magnetic components is thus beneficial for
the shielding efficiency, and the transmission substantially decreases (=~ 10%).

4.6 PPy coated melamine sponges
4.6.1 Carbonization

The carbonization of PPy powders was studied in detail for various
morphologies, such as globular PPy and PPy nanofibers and nanotubes [62].
The process had three distinct phases. (1) Conducting PPy salts became
deprotonated (250 °C) to PPy [78], (2) degradation of polymer chains (400 °C)
with associated loss of conductivity and (3) conductivity recovery at a still higher
temperature in response to continuing carbonization. It was assumed that a similar
scenario would also be applicable to PPy composites, here PPy deposited on
melamine sponges (MS), which is considered in the subsequent discussion.

4.6.2 Morphology

After the polymerization of pyrrole, the threads in the melamine sponge became
coated with a compact PPy film with some adhering PPy globules and their clusters
(Figure 15a,b).
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Figure 15: SEM micrographs of MS/PPy structures: a, b) before, and c, d) after
carbonization at 650 °C taken at lower (left) and higher magnification (right) [68].
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Based on previous studies comparing the uncoated and PPy-coated sponges
(Figure 12), the PPy shell was estimated to be of a submicrometre thickness [79].
It had already been established that the morphology did not change after
carbonization (Figure 15c¢,d) [61], except for a small shrinkage observable only on
macroscopic samples.

4.6.3 Electrical conductivity

The resistivity was determined by the four-point van der Pauw method during
compression from a pressure of approximately 0.01 up to 1 MPa. In
the double-logarithmic presentation, when resistivity is plotted against sample
thickness, the curves are close to straight lines with approximately the same slope
(Figure 16a).

When the results are plotted in terms of the conductivity determined at fixed
0.1 MPa pressure (Figure 16b), a drop in the conductivity due to PPy deprotonation
was observed [78] followed by decomposition at close to 400 °C, and then by
recovery of conductivity due to carbonization in the course of temperature increase
to 700 °C. Based on the above spectroscopic analysis of molecular structure,
the following explanation is suggested: During the deprotonation associated with
the loss of hydrochloric acid, the number of charge carriers represented by cation
radicals (polarons) on PPy chains becomes reduced. The chain conjugation, i.e.,
the alternation of single and double bonds in PPy, is damaged and, consequently,
conducting pathways are broken. Both effects result in the decrease of conductivity
at 400 °C. The conjugated structure recovers during the graphitization by
the generation of new double bonds at higher carbonization temperature with
the consequent increase in the conductivity.
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Figure 16: a) Dependance of resistivity of MS/PPy exposed to various temperatures
20-700 °C on the sample thickness during compression at 0.04—1 MPa pressure.
b) Electrical conductivity of the MS/PPy exposed to various temperatures determined
at 0.1 MPa pressure [68].
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4.6.4 Electromagnetic Radiation Shielding

The radiation shielding of MS/PPy was practically independent of frequency
in the range 8.2-12.4 GHz (Figure 17a). For that reason, only the data obtained

at 9 GHz are reported below.

By comparing the shielding contributions (Figure 17b) with the electrical
conductivity (Figure 16b), the qualitative correlation between these quantities is
obvious. This applies especially to the radiation absorption. It decreased to zero as
the carbonization temperature reached 400500 °C and the conductivity dropped.
However, the absorption of radiation recovered at higher carbonization
temperatures in accordance with the increase in electrical conductivity.
The radiation reflection followed the same pattern, but its contribution was
significantly lower than that of the absorption.
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Figure 17: a) Frequency dependance and b) carbonization temperature dependance of
RAT contributions to the electromagnetic interference shielding for MS/PPy containing
27.4 wt.% PPy [68].

The conductivity; however, is not the sole parameter that controls shielding
efficiency. Changes in the molecular structure and surface properties occurring
during carbonization are also likely to affect, for instance, multiple internal
reflections, and thus contribute to radiation shielding.
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5. CONCLUSIONS

The electric properties of two-phase polymer blends (ER and PDMS) filled with
conductive Ni particles with the hedgehog-like structure were investigated
experimentally and by computational modelling. The multi-phase composites
exhibited reduced percolation thresholds and enhanced conductivities above that
of the individually Ni-filled ER.

It is crucial that conductive Ni particles are selectively located not only
in the continuous ER phase but preferentially in the interphase of ER/PDMS as
was observed on SEM micrographs. The percolation threshold of the ER/PDMS/Ni
composites was reached at 3.7 vol.% Ni particles, where the DC conductivity rose
by 7 orders of magnitude. This EPT of the polymer blend was reached
at a significantly lower Ni content and thereby weight than the individually filled
ER (7.9 vol.%). It leads to a decrease not only in the density from 1.7 g/cm?3 to
1.4 g/cm? but also in the cost of the final composite product.

Prior to the actual preparation of polymer composites, the system was simulated
using the three-dimensional Monte Carlo model. It was found, that at low PDMS
concentrations, the simulations were quite precise in comparison with measured
data of DC conductivity. However, the results of the simulations at higher
concentrations of PDMS underestimated the value of the percolation threshold,
which in the ER/PDMS30/Ni system was found to be 3.7 vol.%, instead
of 4.9 vol.% reached in simulation due to different filler localization.

The mechanical properties of conductive Ni-based composite adhesives were
tested by the lap shear test. The composites containing 30 vol.% of PDMS exhibit
better adhesion (by 20%) to the metal plates than neat epoxy resin. The impact
strength of composite materials was tested by the Charpy impact test. The inclusion
of PDMS in ER enhanced impact strength by 75%.

**k*k

Ni-PANI core-shell particles were prepared by the oxidation of aniline
hydrochloride with ammonium peroxydisulfate in an agueous medium containing
nickel microparticles. As the oxidation proceeded, sulfuric acid had been generated
as a by-product. In contrast to hydrochloric acid, which does not dissolve Ni,
sulfuric acid does. This resulted in the partial dissolution of Ni and thus a decrease
in the size of particles which might be beneficial for some applications.

Synthesized particles were characterized by spectroscopy techniques and their
electromagnetic properties were studied. However, the results suggested that
hydrogen gas generated during the dissolution caused partial hydrogenation
of PANI which was catalysed by Ni. This reduced the degree of protonation
in polyaniline and led to the decrease in the conductivity of core-shell particles
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to 10731072 S/cm, i.e., below the conductivity of polyaniline alone, ~ 1 S/cm, and
nickel powder ~ 1,000 S/cm.

Polymer composites based on thermoplastic polyurethane filled with 60 wt.%
of Ni-PANI core-shell particles were prepared. The mechanical properties
of TPU/Ni-PANI composites were tested by the tensile test. The addition of neat
PANI or Ni-PANI particles leads to significant stiffening of the composite
(2 orders of magnitude) while lowering elongation and maximum tensile strength.
This is the result of the blending TPU matrix and PANI. The addition of neat Ni
particles brings back the elastomeric behaviour of composite with higher stiffness
but lower tensile strengths compared with TPU.

TPU/Ni-PANI composites were further tested for shielding efficiency at 9 GHz
for 2 mm sample thickness. The composites were able to absorb and reflect more
than 50% of the energy of the incident electromagnetic wave. It should be noted;
however, that those based on individual components were even more efficient, thus
reducing the transmission below 20% and 3% for Ni and PANI alone dispersed
in a polyurethane matrix.

**k*k

Polypyrrole was deposited in situ on the macroporous open-cell melamine
sponge (MS) by the oxidation of pyrrole with iron(l11) chloride in stoichiometric
excess. After finishing polymerization, the usage of magnetite co-precipitation was
initiated by treatment with an ammonia solution. The conducting MS/PPy
produced in the first step is thus coated by Fe;O4 particles. The purity of the product
was determined by ATR FTIR spectroscopy and elemental analysis.

The dependence of electrical conductivity on the sponge compression and also
magnetic properties were determined. Although the MS/PPy/Fe;O, ferrosponge
exhibit slightly lower conductivity (0.02 S/cm) than MS/PPy (0.05 S/cm), it is
compensated by two orders of magnitude higher magnetisation Mg = 12.3 emu/qg.
The measurement of electromagnetic shielding in microwave radiation proved that
the addition of magnetisation is crucial for good shielding properties. While
the measured transmission of MS/PPy was =~ 30%, it was only =~ 10%
for MS/PPy/Fe3;O,4. This can be attributed to higher absorption which increased
from = 50% to = 75%.

***%k

MS/PPy macroporous open-cell structures were carbonized by exposition to
various temperatures up to 700 °C in an inert atmosphere. The macroporous
structure and mechanical integrity were preserved after this process. This
converted both the PPy and the MS to a macroporous nitrogen-containing carbon
structure. The carbon content increased from 40 to 65 wt.% after carbonization,
while nitrogen content dropped from 40 wt.% to still reasonable 20 wt.%.
The porosity of the material approximately quadrupled during the carbonization,
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measured by both specific surface area (an increase from 70 to 300 m?/g) and pores
volume (an increase from 0.07 to 0.25 cm?®/g). Changes in the molecular structure
during the carbonization were determined by elemental analysis and ATR FTIR.

The electrical conductivity of the MS/PPy was measured as a function
of compression. The conductivity of the original MS/PPy containing 27.4 wt.%
of pyrrole = 0.2 S/cm was reduced by five orders of magnitude when exposed
to 400 °C and recovered to ~ 0.03 S/cm after the temperature reached 700 °C.
Carbonization temperature dependence of electromagnetic microwave absorbance
of MS/PPy structures followed a similar trend. Firstly, absorption drops
at temperatures around 400 °C, but it increases afterwards with further
carbonization.
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CONTRIBUTION TO SCIENCE

The first part of this work, focusing on conductive polymer composites, brings
together a unique combination of experimental science and computer simulation
for a multi-component system based on immiscible polymer blends. The authors
have been unable to find any other study that deals with computer modelling of
an immiscible polymer blend with a conductive filler or a polymer composite with
two fillers one of which is conductive and the other is non-conductive. Let alone
a study combining such a simulation with an experiment. Moreover, two quite
different approaches, based on the Monte Carlo method, have been shown to
simulate percolation in a multicomponent system. This, according to the authors,
IS a greater contribution to science than the developed procedure for reaction
mixing of ER and PDMS or the excellent results achieved by the presented
material in electrical and mechanical tests.

In the second part of this work, which focused on the preparation of Ni-PANI
core-shell particles, interesting results were obtained. Probably the greatest
contribution is the description of the complex chemical reactions taking place
during the polymerization of PANI in the presence of Ni. Although Ni does not
react with the reactants used in the reaction, one of the by-products was found to
be able to dissolve Ni. This in itself could be useful as it would allow
the preparation of different particle sizes from one type of material depending on
the initial conditions. Unfortunately, it was found that the hydrogen released by
this reaction is catalyzed by Ni and partially hydrogenates PANI, leading to a
decrease in conductivity.

The third part of this work focuses on the coating of porous organic structures.
The main contribution of this work is the subsequent functionalization of these
structures for improved properties. One way was to use the by-products of PPy
polymerization to coprecipitate magnetic Fes;O, particles. In this way, ferrosponges
were formed, which is a relatively new concept. The ferrosponges prepared so far
have been based on hydrogels and not on cheap commercially available porous
material. The authors were also unable to find any study where the prepared
ferrosponges were electrically conductive. This led to good results in the area of
electromagnetic shielding. Another way to functionalize these structures was
carbonization, which resulted in a large increase in porosity and a decrease in mass
while maintaining electrical conductivity.
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