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vi Abstract

Abstract

An effective medium model (Polder/van Santen/Béttcher model or PvSB model) was
considered to describe the dielectric properties of composites as a function of their filler
dispersion and orientation. The model was experimentally validated using reference samples

with controlled conditions of dispersion and orientation.

In addition to the PvSB model, the finite element method (FEM) was applied to simulate the
dielectric properties of composites. When simulating under the special conditions assumed by
the PvSB model, both simulations and model agree accurately, except for high concentrations,
where both start to deviate. Special features that are ignored by the model, like the relative
distance among fillers or the network formation of fillers, were simulated. Most of these
features were found to have a negligible impact on the total permittivity of the composite. Only

the network formation of fillers resulted in a considerable effect.

Consequently, an extension to the PvSB model (e-PvSB) was proposed to account for the
contact or networking formation of the fillers in a composite. A new parameter was defined for

this purpose, the network factor.

A method was proposed to use the e-PvSB model to obtain morphological information from
experimental data. The method was applied to estimate, on the basis of permittivity
measurements, the morphology of polymer nanocomposites with carbon nanotubes and carbon

black under different conditions of dispersion and alignment.
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Zusammenfassung

Ein Eftektiv-Medium-Modell (Polder/van Santen/Bottcher-Modell oder PvSB-Modell) wurde
verwendet, um die dielektrischen Eigenschaften von Verbundwerkstoffen in Abhangigkeit von
ihrer Fiillstoffdispersion und -orientierung zu beschreiben. Das Modell wurde experimentell
anhand von Referenzproben mit definiert eingestellter Dispersion und Orientierung der

Fillstoffe validiert.

Neben der Verwendung des PvSB-Modells, wurde zur Simulation der dielektrischen
Eigenschaften von Verbundwerkstoffen die Finite-Elemente-Methode (FEM) angewandt. Bei
geringen Fiillstoffkonzentrationen stimmen die Ergebnisse von Simulation und Modell sehr gut
iiberein. Bei hohen Konzentrationen beginnen die Ergebnisse voneinander abzuweichen. Die
vom PvSB Modell nicht beriicksichtigten Parameter, wie der relative Abstand zwischen den
Fiillstoffen oder die Netzwerkbildung von Fiillstoffen, wurden mit Hilfe der FEM simuliert. Es
wurde festgestellt, dass die meisten dieser Parameter einen vernachldssigbaren Einfluss auf die
Gesamtpermittivitdt des Komposits haben. Lediglich die Netzwerkbildung der Fiillstoffe fiihrte

zu einem erheblichen Effekt.

Eine Erweiterung des PvSB-Modells (e-PvSB) wurde folglich vorgeschlagen, um die Kontakt-
oder Netzwerkbildung der Fiillstoffe in einem Komposit zu beriicksichtigen. Zu diesem Zweck

wurde ein neuer Parameter definiert, der Netzwerkfaktor.

Darauf aufbauend wurde eine Methode zur Verwendung des e-PvSB-Modells vorgeschlagen,
um morphologische Informationen aus experimentellen Daten zu erhalten. Die Methode wurde
angewandt, um anhand von Messdaten der Permittivitit, die Morphologie von Polymer-
Nanokompositen mit Kohlenstoff-Nanordhren und Ruf3 unter verschiedenen Zustdnden von

Dispersion und Ausrichtung abzuschétzen.
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1. Introduction

1.1 Motivation and goals

The extraordinary electrical and mechanical properties of nanomaterials like carbon nanotubes
(CNTs) or graphene make them prime candidates for the development of new nanocomposite

materials with applications in a wide range of industries [1]-[5].

The use of CNTs as high strength, high conductivity, thermoplastic polymer reinforcements has
been widely reported [6]-[12]. However, the challenge of achieving a good dispersion of CNTs
in polymeric matrices (due to their tendency to agglomerate) must be overcome in order to fully

exploit their potential use in such applications.

The relationship among processing parameters, achieved nanostructure and resulting properties
of polymer nanocomposites is so far not fully understood [13], [14]. Dielectric spectroscopy is
a promising volumetric technique to characterise the nanoparticle distribution of polymer
nanocomposites in industrial environments, as it can be used in a fast and non-destructive way,
unlike high resolution characterisation techniques, like atomic force microscopy [15] or

electron microscopy [16].

In this thesis, dielectric spectroscopy is explored as a tool to characterize polymer
nanocomposites with conductive fillers. The experimental requirements and limitations of this
technique are discussed. A method based on effective medium models is proposed to obtain

information about the distribution of nanoparticles in polymer composites.

1.2 Outline

In chapter 2, the fundamentals of dielectric spectroscopy and effective medium models applied
to composites are explained. The materials, as well as the fabrication and characterization
techniques used in this thesis are described in chapter 3. Chapter 4 proposes an effective
medium model to predict the electrical properties of polymer nanocomposites with conductive
fillers and provides a method to obtain morphological information from them. In chapters 5 and
6, this method is applied to experimental data of composites with different degrees of dispersion

and alignment, respectively.
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2. State of Research

2.1 Fundamentals of Dielectric Spectroscopy

2.1.1 Polarization of Materials

Dielectric spectroscopy (also known as impedance spectroscopy) is a characterization
technique in which an alternating electric field is applied to a material. The material’s response

at different frequencies provides information of its internal structure.

When an external electric field is applied to a material, there are several mechanisms through
which it can react to it, creating an internal electric field opposing the external one. Some of

these mechanisms are [17]:

¢ Electronic displacement: The electronic orbitals around atomic nuclei are distorted, so
that atoms obtain a dipole moment.

¢ lonic displacement: The relative position of anions and cations in a crystalline structure
changes.

e Dipole orientation: Molecules or functional groups with a dipole moment get aligned
or partially aligned to the electric field.

e Charge migration: Mobile charges (ions, electrons) in the material migrate in the

direction of the electric filed.

Each of these mechanisms have a characteristic time scale, i.e., their effect on the material is
dependent on the frequency of the external electric field. Nowadays, dielectric spectroscopy
measurements can be performed between 10 and 10'2 Hz, for which it is often known as

broadband dielectric spectroscopy [18], [19].

When an internal electric field is generated opposing the external electric field, the material is
effectively storing energy. A measure of how much energy the material can store is permittivity
(also known as dielectric constant), which directly depends on the mechanisms previously
described. The frequency dependence of the permittivity of a material can be explained as
follows (see Figure 1). At low frequencies, all the mechanisms contribute to the permittivity of
the material. When the frequency is increased, the slower mechanisms can no longer follow the

electric field and they stop storing energy, thus decreasing permittivity. Eventually, at a high
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enough frequency, all mechanisms will be unable to follow the electric field and the permittivity

of empty space will remain.

electronic

I T I
10° 10° 10° 1012 1pl°
microwave | infrared VIS UV

Frequency in Hz

Figure 1. Characteristic frequency dependence of the real (red) and imaginary (blue) parts of permittivity

for different dielectric mechanisms. (Reproduced from [20]).

2.1.2 Maxwell Equations

Maxwell equations (2-1 to 2-4) must be considered to study the interaction of a material with

an electric field:

VXE = B
= ot 2-1

VXH _+6D
X = _— -
] ot 2-2
V-D=p, 2-3
V-B=0 2-4

Where E is the electric field, B the magnetic induction, H the magnetic field, j the current

density and p, the density of charges.

The dielectric displacement (D) is defined as:

D = S*SOE 2-5
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Where & is the permittivity of empty space and €” is the complex dielectric function or relative
permittivity. The relative permittivity is a frequency-dependent magnitude, as described in
section 2.1.3. In general, €* is a tensor (D and E are vectors), but in this thesis it will be

considered as a scalar magnitude for the sake of simplicity.

2.1.3 Mathematical Description

In dielectric spectroscopy, samples are typically excited with a sinusoidal signal, i.e., an

alternating voltage? is applied:

U(w,t) = Uy cos(wt) 2.6

U(w, t) is the applied voltage at time t, U, is the amplitude of the signal and w is the angular
frequency, related to frequency (f) by w = 2rf.

In some cases, considering electric field and polarization as input and output, instead of voltage

and electric current, respectively, is mathematically more convenient (see Table 1).

The response of the material produces, for linear, causal, time-invariant systems, a sinusoidal

electric current, with the same frequency but a different amplitude (I,) and phase (¢):

I(w,t) = I, cos(wt — ¢) 2.7

Most materials behave linearly, or can at least be treated as linear, when applying small

excitation signals (lower than the thermal voltage, ~25 mV at 25 °C [21]).

In Figure 2, sinusoidal input and output signals (voltage and current, respectively) are shown
versus time. The phase difference, ¢, the period or inverse of frequency, f 1, as well as the

wave amplitudes, I, and Uy, are indicated.

! From now on, we will consider an applied voltage in a single direction. Therefore, the electric field,
permittivity and other tensors will be simplified to scalars.
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U{w,t), l(w,t) [arbitrary units]

6 8

10 12 14

t [arbitrary units]

16 18 20

Figure 2. Sinusoidal input and output signals (voltage and current, respectively) versus time. The amplitudes

Uy, I), phase difference (¢p) and period or inverse of frequency (f~1) are indicated.

It must be noted how the mathematical treatment of dielectric (or impedance) spectroscopy is

analogous to those of other properties, as shown in Table 1.

Table 1. Comparison of different experimental methods in the frame of the linear response theory [22].

Type of Disturbance Response Compliance Modulus
experiment x(t) y(t) J(@) or J*(w) G(7) or G*(w)
Electric field Polarization | Dielectric susceptibility Electric modulus
Dielectric . . *
E p X(w) =((w) -1 M (w)
Mechanical | Shear tension .
Shear angle Shear compliance J (t) Shear modulus G (t)
shear o
Isotropic Pressure Volume Volume compliance Compression modulus
compression p %4 B()V K(t)
Magnetic field | Magnetization | Magnetic susceptibility
Magnetic -
H M wlw)—1
Temperature | Temperature Entropy Entropy compliance Temperature modulus
change T S Js(®) Gr(t)
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2.1.4 Complex Notation and Immitances

For linear, causal, time-invariant systems, the response to a sinusoidal input can be
characterized by two magnitudes: the change in amplitude and the change in phase of the
response with respect to the input. Therefore, it is mathematically convenient to express voltage

and electric current as complex numbers:
U*(w) = Uge ** 2-8

I'(w) = lye twt 2-9

Impedance is defined as a complex number, similar to the resistance in the Ohm’s law:

U*(w)

2O T

=Z'(w) +iZ"(w) 2-10

Where Z'(w) is the real part of the impedance or resistance and Z'"'(w) is the imaginary part of

the impedance or reactance?.

Admittance is defined as:

Y (w) = =Y'(w) +iV"(w) 211

1
Z*(w)

Where Y'(w) is the real part of the admittance or conductance and Y''(w) is the imaginary part
of the admittance or susceptance. The complex conductivity o*(w) is connected with the
admittance by the sample geometry (for a parallel plate capacitor with distance between

electrodes (d,) and area (A4):

d
o (w) = Y*(a))f 2-12

The complex dielectric function or relative permittivity, defined in section 2.1.2, is related to

impedance through the expression:

2 Reactance is sometimes defined as —Z"', so that it is positive for capacitive systems.
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e(w)=—F== ¢ —jwe" _
(w) 7 (@) J 2-13

Where u = jwC,, with C, the capacity of empty space (Cy = & difor a parallel plate capacitor,
with g, the permittivity of empty space). The complex capacitance C*(w) is connected to the

permittivity through the geometry of the sample: %.

While the real part of the complex dielectric function (") is a measure of how much energy a
material stores in form of dielectric displacement, the imaginary part ( €, dielectric loss) is a

measure of how much energy is dissipated through electric currents.
The electric modulus function (M*(w)) is defined as the inverse of the complex permittivity.

The complex functions previously defined are generically called immittances. In Table 2, the

relationship among the four basic immittance functions is shown.

Table 2. Relationship among the four basic immittance functions. u = jwC, with C, (empty dielectric cell’s

capacitance) = gyA/d,, for a parallel plate capacitor with distance between electrodes d, and area A.

Function zZ" Y* &* M*
Z* 7* y* 1 ,Ll_lé'*_l M_lM*
y* 7+ 1 v ue* uM” -1
o #—12*—1 uly o M1
M* uz” ‘uY*—l o1 M*

2.1.5 Polarization processes

Different processes contribute to the complex permittivity of a material [23]:

e Molecular dipolar fluctuations, known as relaxation processes. They take place, for
example, in polymers (the effect is measurable when dipolar functional groups are
present), at temperatures close to the glass transition temperature, when the polymer
chains have enough mobility to move in response to the electric field.

e Migration of mobile charges, such as electrons, holes or ions.

e Separation of charges in an interphase, giving rise to additional polarization. It may
happen at internal interphases (known as mesoscopic polarization or Maxwell/Wagner
polarization) or at the surface where the material contacts the electrodes (known as

macroscopic polarization). Separation of charges are especially important in
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inhomogeneous materials, like composites, phase separated polymers or crystalline

polymers [24].

Each process has different characteristic effects on the complex permittivity, which are shown

in Figure 3 and will be briefly discussed in the next sections.

g

| E" |

Relaxation process

4 Electrode polarization

log(")

/

Conductivity

log(w)

Figure 3. Real (blue) and imaginary (red) part of permittivity as a function of angular frequency for a

material featuring electrode polarization, conductivity and a relaxation process.

2.1.5.1 Dipolar Fluctuations

Relaxation processes produce a step-like function in the real part (¢') and a peak in the

imaginary part (¢'") of the complex dielectric function.

Relaxation processes can be mathematically described by the Debye model, that assumes that
rigid dipoles, which do not interact with each other, are located in a viscous media, subjected
to random forces [25]-[27]:

AY:

s(w)=6p + ———
(w) = &0 1+ iwr, 2-14

With 7, the Debye relaxation time. The dielectric strength (A¢) is defined in terms of the static
permittivity (&) and the permittivity at the high frequency limit (&,):
Ae = &5 — € 2-15

&= lim €(w
s wTp<K1l ( )
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£o = lim €'(w
@ wTp>1 ( )

Most materials do not follow a perfect Debye behaviour, in which log(e’") features a
symmetrical peak versus log(w)as shown in Figure 4. Empirical functions have been proposed
to account for the discrepancies with experimental data (Cole/Cole function [28], the
Cole/Davison [29], [30] or the Fuoss/Kirkwood [31] function). The Havriliak-Negami function
[32], [33] is one of the most broadly used and is a combination of the Cole/Cole and

Cole/Davidson functions:

4 Ag
(A + (iwtyy)B)Y 2-16

egn(w) = ¢

Where [ and y are empirical parameters that account for the symmetrical and non-symmetrical
broadening of the complex dielectric functions, respectively, and are bounded by f > 0

and fy < 1.

-1 E—
—_ (6)
1.6+
—B=1.0
-w --------- \.. \\. R
12 I o . “‘.\l“‘ \‘\\ \7‘-.._7“7
7777777 o Y=O4 k el . R
“ 4 2 0 2 4
o
=0.) ol /” ”/
o S
o
/ £
_4 ! ¥

log (wt,, ) - log (w1, )

Figure 4. Complex dielectric permittivity for the Havriliak-Negami function with: (a) y =1; (b) =1
(tyy = 1 [s], Ae = 1, &, = 1). Reproduced from [23].
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It has been reported that dielectric relaxation can be used to study the interphase filler/matrix
in polymer nanocomposites [34]-[37]. The amorphous phase of polymers with polar functional
groups presents a relaxation process close to its glass transition temperature [38]-[44], when
the polymer chains have enough mobility to move in response to the electric field. Some fillers
may restrict the mobility of those chains and thus suppress the relaxation process in the regions
of the amorphous phase around the filler. This would allow the quantification of the amount of
interphase between the amorphous phase and the filler through the dielectric strength (Ag) of
the relaxation process. It was a goal of this thesis to reproduce these results to develop a
technique to quantify the degree of dispersion of nanofillers in a polymer matrix. Experiments
were made with polylactide and carbon nanotubes, but the results disagreed with the
abovementioned theory, making it unhelpful for the quantification of dispersion. This approach
was therefore abandoned in favour of the effective medium approach, that allows a quantitative
description of the dielectric properties of a composite (in any matrix, not only amorphous
polymers with polar functional groups) based on its morphological characteristics (see section

2.2).

2.1.5.2 Fluctuations of Mobile Charges

The complex conductivity and the complex dielectric function are related through:

o' (w) =0 (w) +ic"(w) =iweye"(w) 2-17

And therefore:
' (w) = wegpe" (w) 2-18
0" (w) = wepe' (w) 2-19

For a pure ohmic conductor (6* = 0;), only the imaginary part is non-zero:

Opc
e"(w) =—
() = 2% 0

Therefore, the imaginary part of permittivity of a pure ohmic conductor features a straight line

(with slope -1) in the plot of log(e"") versus log(w), as represented in Figure 5.
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Real conductors feature a different behaviour, which is often described using the empirical

Jonscher function [45], [46]:

o' (w) = opc + A;0° = opc[1 + (w7)°] 2-21

Where 7 is a time constant, while A; and s are empirical parameters. For w > 1/7, a power
law is obtained, with (0 < s < 1). For w « 1/, the DC conductivity, op, remains. Jonscher

law fits relatively well experimental data [47]-[49], is not based on any physical interpretation.

It features a constant DC conductivity at low frequencies, and a frequency-increasing
conductivity at high frequencies, or alternatively, a high frequency plateau and a low frequency
constant slope for "', as shown in Figure 5. The critical frequency (w.), which separates both
regimes, is known to be proportional to the DC conductivity of the material through the

Barton/Nakajima/Namikawa relationship [50]-[52]:

W-~0pc 2-22

8
lonscher (s=1)
— — — Jonscher (s=0.8)
Ohmic
7
6
B
g
5
4
3
-2 -1 0 1 2
log(w)

Figure 5. Imaginary part of permittivity (¢') for Jonscher processes with s = 1 and s = 0.8 and an ohmic

process (equivalent to a Jonscher process with s = 0).
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2.1.5.3 Separation of Charges: Maxwell/Wagner Polarization

When mobile charges get blocked at the internal phase boundaries within a material, a
polarization (known as Maxwell/Wagner polarization or mesoscopic polarization) takes place.

This polarization produces a strong increase in permittivity at low frequencies.

The simplest case of Maxwell/Wagner polarization is one in which two layers of different
materials are in contact (see Figure 6(a)). Both materials are assumed to have frequency-
independent conductivity and permittivity. This case will provide insight into other more
complex cases and prove that the combination of two materials with frequency-independent

properties can produce a composite with frequency-dependent properties.

l I
D, €,,04  CmsAD, G=0,A/D,
D, €,, 0, T CreAD, G,=0,A/D,
(@) | (b) |

Figure 6. (a) Two layers of different materials in series, with &; and o,; their permittivity and conductivity,
respectively. (b) Equivalent circuit, with: C;, capacity; G;, conductance; 4, area of the electrodes; D;, depth

of the layer i. Reproduced from [23].

The effective properties of the composite can be determined by considering the series
connection of both materials, as depicted in the circuit in Figure 6(b). The effective permittivity

of the composite (§(w)) can be proved to be:

Ag

f(w) =+ ————— ]
(w) = & 1T oy 2-23
For D; = D, it holds:
€18
[ee] = _
E14&2 2-24
— 820T1+810T2
AE = .
(0r140r2)% (€14 €2) 2-25

The relaxation time 7, of the interfacial polarization is:
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E1t+&7

Tuw = &o 2-26

Or1+072

It must be noted how equation 2-23 has identical shape to equation 2-14 from the Debye
model, describing a relaxation process. However, the nature of the process and the physical

meaning of the terms in the equation are completely different.

According to equation 2-26, the critical frequency (1/7,y,) Will increase with the conductivity
of the materials. Or, in other words, the higher the conductivity, the higher the characteristic

frequency of the polarization process.

A more complex model of the Maxwell/Wagner polarization is the Maxwell/Wagner/Sillars
(MWS) model [53]-[55]. This model assumes spherical particles of a material embedded in a

matrix of a second material (see Figure 7).

(@)

Figure 7. (a) Spherical particle to derive Maxwell’s equations for a suspension. (b) Model to derive the

mixture equations. The small particles are the same as sketched in (a). Reproduced from [23].
The effective permittivity of the composite according to the MWS model is:

(et &) —2v(e; — &)
Fwms = &1 (2e; + &) + 2v(e; — &)

2-27

Where v is the volume fraction of the particles.

Equation 2-27 holds only for low concentrations. Moreover, it only considers the real part of

permittivity and cannot describe shapes different than perfect spheres. To overcome these
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limitations, different modifications of these models have been proposed [24], [56]-[61]. In
section 2.2.3.1, a model that is especially useful to describe the composites considered in this

thesis is presented.

2.1.5.4 Separation of Charges: Electrode Polarization

Electrode polarization is an undesired process that can hide the real properties of a material. It
may happen with moderately or highly conductive samples. A good electrode/sample contact is

critical to avoid these effects, as mentioned in section 3.3.1.1.

Electrode polarization affects the low-frequency region of the spectra. Its magnitude and
frequency dependency of this polarization depends on the conductivity of the sample. This
polarization can produce huge values of €' and &”'. The effect of the polarization is often several
orders of magnitude higher than the real permittivity of the material, making it rarely possible
to correct the measurements with any mathematical procedure, such as the model described

hereunder.

Electrode surfaces have a fractal nature [62]. The following fractal power law has been found

to describe the electrode polarization:

epp(w) — & = Aw™ 228
" -2
epp(@)~w 2-29
1
(A)>_,O<AS1 2-30
Tep

Where 4 (0 < A < 1) is a parameter describing the fractal nature of the process and & is the

static permittivity, due to the orientational polarization [23].

2.1.6 Reorientation of CNTs in an Electric Field

It has been reported [63]-[72] that applying an AC electric field to CNTs in a fluid with a
relatively low viscosity leads to a reorientation of the CNTs, as well as to the formation of new
contacts among CNTs due to electrophoretic effects. Based on this, an aligning network-
forming process (described in section 3.2.4) was applied to produce epoxy/CNT composites

with a certain degree of alignment (see chapter 6).
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2.2 Fundamentals of Effective Medium Models

Effective medium models are a type of extended mixture rule for composite materials. In the
following sections, the fundamentals of effective medium models will be presented. An
effective medium model will be proposed to predict the permittivity of composites with

conductive fillers in a non-conductive matrix.

2.2.1 Mixture Rules for Composites

Mixture rules describe the macroscopic or effective properties of a composite material as a

function of:

e The properties of each component
e The volume fraction of each component

e The geometric configuration of the composite

Theoretical and empirical mixture rules have been proposed for different properties, like
permittivity, electrical conductivity [73]-[78], thermal conductivity [79]-[82], or elastic
modulus [83]-[86]. Some of these models are specific for a property, while others are generic
and can be used for several properties, due to the analogous mathematical treatment of different

systems (see Table 1 in section 2.1.4).

2.2.2 Theoretical Bounds: Voigt and Reuss Models

Every mixture rule must predict properties between two theoretical bounds: the Voigt [87]

model and the Reuss [88] model, are upper and lower bounds, respectively.

The Voigt model or upper bound, assumes a parallel distribution of the components with respect
to the direction of the disturbance (see Figure 8). The effective property (in this case the
effective permittivity, €) is calculated as the average of the property of each component (g;),

weighted with respect to their volume fraction (v;):

E=vg 2-31
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Disturbance field

I

& &

P —

Voigt model

Figure 8. Schematic representation of a two-component composite, layered parallel to the disturbance field,

as stablished in the Voigt model.

The Reuss model or lower bound, assumes a perpendicular distribution of the components with
respect to the direction of the disturbance (see Figure 9). The inversed effective property is
calculated as the average of the inversed property of each component, weighted with respect to

their volume fraction:

- o 2-32

Ly
& &

Disturbance field

LT

&

Reuss model

Figure 9. Schematic representation of a two-component composite, layered perpendicular to the disturbance

field, as stablished in the Reuss model.
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2.2.3 Effective Medium Models

Effective medium models are a type of mixture rule in which a filler is considered to be
embedded in an effective medium, i.e., in a phase whose properties are equal to the effective
property of the composite. Embedding the filler in an effective medium allows more exact

solutions to be derived when the filler concentration is high, in comparison to other models [57].

An exact solution for the effective permittivity of a heterogeneous material is impossible to
achieve (see more details in section 2.2.4). Effective medium models and other mixture rules

are therefore approximations.

Figure 10. Schematic representation of the effective medium approach.

2.2.3.1 Polder/van Santen/Béttcher (PvSB) model

An effective medium model for dielectric properties of a composite with ellipsoidal inclusions
will be considered in this thesis. The equations were first derived by Bottcher [59] (based on
the Bruggeman approximation [58]) for spherical fillers, then by Polder and van Santen for
randomly oriented ellipsoids [60] and alternatively by Hsu [61] for the complex susceptibility.
From this point, we will refer to this model as the Polder/van Santen/Béttcher model or PvSB
model. Equations 2-33 and 2-34 represent the PvSB model for oriented and randomly oriented
ellipsoids, respectively:
3
£+ (g — &) Ay 2-33

E=en+ (& —en)v
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v 3
E=¢&, + & —¢€ —Z_ -

Where &, &, and & are the permittivities of the composite, matrix and filler, respectively; v is
the volume concentration of the filler; and Ay, is the depolarization factor of the filler in the k
direction, which is a function of the aspect ratio of the filler. The case of randomly oriented
fillers assumes that the fillers are equally aligned with respect to each of the three main

directions.
A derivation of these equations is presented in section 2.2.4.

In equations 2-33 and 2-34, € can be substituted by the complex susceptibility, y* [61]:

X
X+ O —x)Ak

X =xm+ (XF—xm)v 235

Xt = +()(f Xm)gzx +()( A, 2-36

This formulation is especially convenient when considering conductive fillers in a non-
conductive matrix. In that case, matrix and filler can be entirely described by permittivity (x,, =

iwey,") and DC conductivity ( Xf = Opc r), respectively [61].

The PvSB model was chosen as the most suitable to describe the composite materials

considered in this thesis for several reasons:

- It can model the geometry of typical conductive nanofillers like carbon nanotubes,
graphene or carbon black, as explained in section 2.2.4.

- It can predict the dielectric properties of composites with higher concentrations better
than other kind of models, like mean field models (Wagner/Sillars model [54], [55],
explained in section 2.1.5.3; Fricke model [62], [89], for conductive fillers covered by
a non-conductive surface membrane), based on the Maxwell/Garnett approximation
[90], which is only applicable for dilute composites.

- It fits well to experimental data: In [57], different methods for calculating the dielectric

properties of heterogeneous mixtures (including mean field, effective medium and
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integral methods) are discussed and compared to experimental results. The PvSB model
fits to experimental data from composites with non-spherical fillers with an error lower

than 1 % for volume concentrations below 20 %.

However, there are some known limitations to the applicability of this model. The equations of
the PvSB are only exact for composites in which the properties of the components are similar
within two orders of magnitudes and when contact resistance and electron tunnelling are
negligible [61]. In other words, for composites with conductive fillers in a non-conductive
matrix, the PvSB model may deviate from an exact solution (deviations in the prediction of the
percolation threshold are known [61], [91]) due to the lack of consideration of the network
formation of conductive fillers). Therefore, a modification of the PvSB model is proposed in

this thesis to account for the neglected effects of filler networks (see section 4.4).

2.2.4 Derivation of the PvSB Model

The equations of the PvSB model are derived in this section, as reported by Polder and van

Santen [60].

We assume that a composite material, with one or more fillers, is placed between a parallel
infinite plate capacitor. The components of the composites will be assumed to be isotropic for
simplicity. The permittivity of the composite relates the electric field and the electric

displacement (see section 2.1.2) as follow:

D=c¢E 2-37

Where E and D are the effective electric field and electric displacement, which are the average
electric field and electric displacement for an arbitrary volume in the middle of the capacitor,
whose size is much larger than an individual particle of filler, but much smaller than the distance

between the plates of the capacitor.

By multiplying equation 2-37 by the volume (V') of the material and decomposing to into filler

(f) and matrix (m) we obtain:

vﬁ:f
V;

m

smEdv+z f efEdszemE'+Z f (& — em)Edv 238
7V 7oV ]
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Equation 2-38 can be rewritten as:

_ _ 1
D=¢FE+ vf(sf—s )— Edv
m zf: ™V v, 2-39

In which v is the volume concentration of the filler f with permittivity €. It can be seen in

equation 2-39 that a mean value of the electric field in the interior of the fillers must be found.

There is no exact solution for this equation [60]. An assumption will be made to obtain an
approximate solution: the particle is surrounded by an effective medium whose permittivity is
equal to the effective permittivity of the composite, in which the effective electric field E is

homogenous at large distances from the particle.

The mean field inside the particle E; can be now set to be proportional to E:

S D@8, =125
l

2-40

Where a is a tensor depending on the effective permittivity (€), the permittivity of the fillers,

the geometry of the fillers and the orientation of the fillers.

Assuming that all fillers have the same shape and are randomly oriented, the mean field inside

the particle can be approximated by:

1
— N N UNF — 2y
Edv = §(a11 + ay, + o, )E = aV)(E 541

Due to the random orientation, only the diagonal components of & are non-zero. Introducing

2-41 into 2-39 and making use of 2-37, we obtain:

g =g+ Z v (& — em)a (&) 2-42

It must be noted that 2-42 cannot be, in general, algebraically solved for € (although in some

cases it reduces to a second or third order polynomial).
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An expression for @) can be derived for ellipsoidal® particles. For an electric field in the

direction k the ellipsoid will be polarized homogenously and 2-40 will give:

HG)

W _
ba 1+ (‘Z—f ~1) A 243

Where A, is the depolarization factor in the direction k.

Using 2-43, equation 2-42 leads to an expression for the effective permittivity of the composite:

3
N +( )v &
E=&n Ef — &)= — 2-44
Z —&)A
3k=1€+(€f ET) k

Aj, can be calculated by the elliptical integral for an ellipsoid with semi-axis a, b and c, in the

directions k = 1, k = 2, k = 3, respectively [60]. For k = 1:

2 abc J‘ du
= 2-45
U2 @+ wf@ 0w tw
For a prolate ellipsoid (a > b = c), the depolarization factor is:
A; = [-AR/(AR? — 1)3/?][e, — tanh™(e,)] 2.46

Where tanh™! is the inverse hyperbolic tangent and ep 1s the eccentricity of a prolate ellipsoid:

e, = [1— (1/AR)?]'/? 2-47

Being AR = a/b the aspect ratio of the ellipsoid, here defined as greater than one for prolate

and lower than one for oblate ellipsoids.

3 An ellipsoid can be seen as a deformed sphere with three different axes (a, b, ¢) in three orthogonal directions
2 2 2
x,v,2): x—z + y—2 + Z—Z = 1.When two of those axes are equal, the ellipsoid is called ellipsoid of revolution or
a b c
spheroid. The unequal axis can be longer (a > b = c) or shorter (a < b = ¢) than the others, in which case

we get prolate and oblate ellipsoids, respectively (see Table 4 in page 25).
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For an oblate ellipsoid (a < b = c), the depolarization factor is:

A; = [AR/(1 — AR?)3/?][e, — tan™(e,)] 2-48

Where e is the eccentricity of an oblate ellipsoid:

e, = [(1/AR)? — 1]*/2 2-49

For any ellipsoid, it applies:

Al +A2 +A3:1 2-50

The depolarization factors of some special geometries are listed in Table 3, while their

dependence on the aspect ratio of the particle is shown in Figure 11.

Table 3. Depolarization factors for specific geometries.

Depolarization
Shape Similar filler Aspect ratio
factors (44,45, A3)

Needle-like Carbon nanotube >>] (0 1 1)
272

Sphere Carbon black 1 (1 1 1)
3’3’3

Disc-shaped Graphene <<1 (1,0,0)
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1 1
0.9 Prolate ‘ 0.9
0.8 0.8
0.7 0.7
0.6 0.6
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log(AR)

Figure 11. Parallel (4) and perpendicular (4, = A3) depolarization factors of spheroids as a function of

the aspect ratio (AR). The convention for orientation described in section 2.2.5 is applied.

2.2.5 Convention for Orientation

The alignment of an ellipsoid of revolution or spheroid with respect to the electric field is
referred to its unequal axis. Following this convention, spheroids will be said to be aligned
parallel or perpendicular to the electric field as described in Table 4. The convention, which is
appropriate for the consistency of the equations, might be counterintuitive for the case of oblate

fillers.
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25

Table 4. Convention for parallel and perpendicular orientation for ellipsoids of revolution, with respect to

an electric field in the vertical direction.

Prolate Oblate
N
Parallel "i :‘ £ /\\- ;
T\L ,‘ . ’/ g /

Perpendicular
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3. Experimental

3.1 Materials

The materials used in this thesis are described hereunder. The mentioned property values were

provided by the fabricants.

3.1.1 Multi-Walled Carbon Nanotubes

Multi-walled carbon nanotubes (MWNT) were provided by Nanocyl: NC7000™. They are
produced by catalytic chemical vapour deposition. According to the technical specifications of
Nanocyl [92], NC7000™ have an average diameter of 9.5 nm and an average length of 1.5 um,
as measured through transmission electron microscopy (TEM). The carbon purity is 90 % as

measured through thermogravimetric analysis (TGA). The powder volume resistivity of

NC7000™ ijs 1 mQ-m.

3.1.2 Single-Walled Carbon Nanotubes

Single-walled carbon nanotubes (SWNT) were provided by OCSiAl: Tuball™. According to
the technical specifications [93] of OCSiAl, Tuball™ have an outer diameter of 1.6+0.4 nm and
an average length of 5 um as measured through TEM and atomic force microscopy (AFM),
respectively. They consist of a mixture of metallic and semiconductive SWNT, whose

proportions are not specified. The carbon purity as measured through TGA is 85 %.

3.1.3 Carbon Black

Carbon black (CB) was provided by Unipetrol: Chezacarb AC60. According to the technical
specifications of Unipetrol [94], Chezacarb AC60 have an powder electrical resistivity equal or

lower than 0.8 Q-m. Their carbon purity is around 97 %.

3.1.4 Polylactide

Polylactide, also known as polylactic acid (PLA), was provided by Corbion (Total): Luminy
130 (L130). With respect to chirality, L130 is a poly-L-lactide (PLLA). According to the
technical specifications [95], the glass transition and melting temperatures of L130 are 57 °C

and 175 °C, respectively. Its melting flow index (MFI) is 25 (flow, 210 °C/2.16 kg).
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3.1.5 Epoxy

The epoxy was provided by Hexion: EPIKOTE RIMR426 (resin) and RIMH433 (curing agent)
[96]. The resin/curing agent mixture has low viscosity values, 100-900 mPa-s between 15 °C
and 50 °C. The low viscosity facilitates the reorientation of fillers in it, as described in section

3.24.

3.1.6 Wax

The wax used was Rubitherm’s RT42 [97]. Due to its low melting point, 42 °C, it was
convenient to fabricate the reference samples of section 4.2. After partial melting and
solidification, a good contact with electrodes can be achieved, which is crucial for the

reproducibility of dielectric measurements.

3.2 Production

3.2.1 Compounding of Composites from PLA with MWNT or CB

Composites of MWNT or CB in PLA were compounded in a Leistritz Micro 27 mm 40 L/D
twin-screw extruder by Kevin Moser at Fraunhofer ICT within the Bio4Self project. A
masterbatch of PLA + 1 wt% MWNT and PLA + 1 wt% composites were kindly provided to

be used in this thesis.

Figure 12. Leistritz Micro 27 mm 40 L/D Extruder.

Alternatively, composites with same materials and concentrations were compounded using a
Thermo Haake™ MiniLab with conical counter-rotating screws. The compounding took place

in a continuous mode at 190 °C with a screw speed of 50 rpm.
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Figure 13. Thermo Haake™ MiniLab with conical counter-rotating screws.

The compounding with the Haake™ extruder was intentionally performed with a screw
configuration that provide a suboptimal mixing of matrix and filler. The composites produced
in this way were labelled as “bad dispersion” composites, in contrast to the ones produced with
the Leistritz extruder, which operated with optimal processing parameters to produce

composites with “good dispersion”.

Masterbatches with both good and bad dispersions were diluted in the Haake™ extruder to
produce PLA/CB composites with filler concentrations between 0.05 wt% and 0.5 wt% and
PLA/CNT composites with filler concentrations between 0.01 wt% and 0.5 wt%. Because
PLA/CNT composites have a lower percolation threshold, they were diluted to lower
concentrations so that more low-conductive samples were available for the dielectric

measurements.

The dilution with the Haake™ extruder did not alter the difference in dispersion between the

good and bad dispersion composites (see micrographs in section 5.2).

3.2.2 Sample Preparation of PLA Composites

Round disk-shaped samples with 40 mm in diameter and 0.5 mm thick were fabricated by
compression moulding in order to perform the dielectric characterization. A Collin P 200 P/M
press was used. Pellets of the composites were placed in metallic moulds between plates and

covered by Kapton® films to avoid adherence to the plates. The compression took place at
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190 °C under 2 bar for 3 minutes, followed by 10 bar for 2 minutes and 80 bar for 3 minutes.
The samples were then removed from the press and rapidly cooled down in water at room

temperature to produce amorphous phase in the polymer.

Films with a thickness of 90 um were produced in a similar way (substituting the metallic

moulds with Kapton® moulds) to characterize them with transmission optical microscopy.

3.2.3 Three-Roll Milling of Epoxy/SWNT Suspensions

Epoxy/SWNT suspensions were obtained by three-roll milling by Marco Marcellan at
Fraunhofer ICT and were kindly provided by Manuel Morais (Fraunhofer ICT). The
suspensions were made in a regressive program at a fixed roll speed of 180 rpm. A total of 8
passes were performed with decreasing roll gaps: 2 passes with gaps of 60 um and 20 pm, 2
passes with gaps of 30 um and 10 pm and finally 4 passes with gaps of 15 pm and 5 pm. Resins
were produced at different SWNT concentrations: 0.0005 wt%, 0.001 wt%, 0.005 wt% and
0.01 wt%.

3.2.4 Sample Preparation of Epoxy Composites

The epoxy/SWNT suspensions were cured for 50 minutes at 100 °C in the cell shown in Figure
14. This cell was designed to allow dielectric measurement during the curing process of the
epoxy. The suspension was poured into silicon ring mould with an internal diameter of 20 mm
and a thickness of 2 mm, within an aluminium recipient. An aluminium cover enclosed the
suspension in the ring, so that electrical contact is made at the top and bottom surfaces. Excess

suspension can flow out and can be later removed.

Silicon ring

Aluminium
electrodes

Copper
electrodes

Liquid sample

Figure 14. Profile view of the cell where the epoxy/SWNT suspensions were simultaneously cured and

characterized.

The cell was installed in a sample holder for dielectric measurements (see section 3.3.1.1) and

placed in an oven with a controlled temperature of 100 °C.
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This setup allows the monitorization of the dielectric properties of the sample during the curing
process. Moreover, some samples were subjected to a relatively strong AC electric field
(100 Vs, for a thickness of 2 mm) at a frequency of 1 MHz to influence the position of the

SWNT in the resin (as explained in section 2.1.6).

3.2.5 Reference Samples with Controlled Morphology

Reference samples were fabricated with controlled shape and orientation of fillers (see Figure
15). Wax (Rubitherm RT42) was chosen as matrix due to its mouldability. After partial melting
and solidification, a good contact with the electrodes was achieved, which is crucial for the
reproducibility of the dielectric measurements. Silver and graphite filaments were chosen as
conductive fillers. Graphite was chosen as a macroscopic “equivalent” of CNTs. Silver was
easier to handle during the fabrication process and served to test the effect of different

conductive materials.

Copper electrode
(N (N (DN (NN N = - Graphite filler
| Wax matrix

Figure 15. Schematic representation of the reference samples for the cases of parallel (left) and

perpendicular (right) alignment with respect to the electric field.

The dielectric properties of the samples were measured in a parallel-plate capacitor
configuration. The samples were disk-shaped with 20 mm diameter and 2 mm thickness. Due
to fabrication limitations, the thickness could not be lower. Although these dimensions are not
optimal for the determination of the dielectric constant (border effects are high, as explained in
section 3.3.1.2.1), the apparent dielectric constant can be used to compare the samples with the

model.

Graphite and silver fillers in form of short fibres (1.7 mm length, 0.6 mm diameter) were
manually included in the matrix vertically and horizontally, with nominal volume
concentrations of 2 % and 4 %. They were placed in the middle of the samples to avoid direct

contact with the electrodes.



32 3 | Experimental

3.3 Characterization

3.3.1 Volume versus Mass Concentrations

Mass concentrations are typically more convenient than volume concentrations for composites,
as the mass of matrix and fillers can be easily measured and do not change after the
compounding. However, volume concentrations are more relevant when considering effective
medium models. Therefore, the volume concentration was calculated for all the composites

considered in this thesis.

The density of the filler must be obtained for this purpose. The density of CNTs was calculated
as follow [98], [99]:

The average volume of CNTs (Vi pr), considering them as cylinders with hemispheres at both

bases [100], [101], is:

T

Venr = 6 DgNT + DgNTLCNT 3-1

With D¢yt and Loyr the average diameter and length of CNTs.
The average mass of CNTs myr:

Ment = StotOc 3-2

Where S;,; is the total surface of layers and o, the surface density of carbon:

Stot = TLeytN(Deny — N&) 3-3
4m,
O = —
© 7 3v3a2_, 3-4

Where N is number of layers in CNTs, §=0.335 nm is the distance between layers, m, is the

atomic mass of carbon and a._, = 0.142 nm is the distance between carbon atoms.

Finally, the average density of CNTs is:
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Ment

PcntT = 3-5

VCNT

The volume concentration (v) can be obtained as a function of the mass concentration (w):

1
1—w Pritter 3-6
w ppolymer

N

1+

Where prijjer and ppo1ymer are the densities of the filler and the polymer, respectively.

3.3.1.1 Dielectric Measurements

A setup was developed to measure dielectric properties at controlled temperatures from -100 °C

to 400 °C. The components of the setup are depicted in Figure 16.

Adapted cover—>|
Thermal isolation —
Novocontrol
BDS 1200
sample cell
( Upper electrode
'~,\, (current sense)
Pt100 | B
temperature Lower electrode
sensor (AC signal source)

Oven =—>f

Figure 16. Experimental setup for the measurement of dielectric properties at controlled temperatures.

The sample holder is a Novocontrol BDS1200. The sample cell has a parallel-plate capacitor
configuration. A metallic shielding covering the sample cell avoids electrical noise. The sample
cell is designed for temperatures between -200 °C and 400 °C and includes a Pt100 element, to

measure the temperature below the lower electrode.
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The impedance analyser is a Novocontrol Alpha Analyser (kindly provided by Dr.-Ing.
Wolfgang Menesklou, Institut fiir Angewandte Materialien - Werkstoffe der Elektrotechnik
(IAM-WET), Karlsruhe Institut fiir Technologie (KIT)), providing high precision

measurements of high resistive sample (|Z| £ 0.01 %, phase angle + 0.002°).

An oven was adapted to fit the BDS1200 sample holder, where temperatures up to 400 °C can

be reached.

Disk-shaped samples were measured in a parallel-plate configuration. Samples were sputtered
with gold on opposite surfaces to improve the contact with the electrodes of the sample holder.
In this way, electrode polarization (described in section 2.1.5.4) is avoided and measurements

are reproducible.

3.3.1.2 Optimal Sample Dimensions for Dielectric Measurements

Choosing the appropriate sample dimensions is critical for the determination of permittivity.

Two opposing effects are playing a role:

e Border effects are only negligible for thin samples.
e Too high conductivities, outside of the instrumental range for permittivity

determination, are obtained for thin samples.
3.31.21 Border Effects on Dielectric Measurements

The determination of the permittivity of a material in a parallel-plate capacitor configuration is
provided by:

A
C= 5503 3-7

However, equation 3-7 assumes that the material is placed between infinite parallel electrodes.
In practice, the finite area of the electrode give rise to border effects (Figure 17). The electric
field is therefore non-uniform close to the borders, affecting the observed permittivity

calculated with the previous equation.
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Fringing Effect

Fringing Effect

d] 4

Figure 17. Representation of an infinite parallel-plate capacitor (left) and border or fringing effects on a

real finite capacitor (right).

The border effects were theoretically analysed by Kirchhoff [102] for parallel cylindrical

electrodes:

Cedge Zde (87TDe> ]
= ] _
CO T[De n de 3 + Z(x) 3-8
te
zx)=(1+x)In(1+x) —xIn(x),x = - o
e
i
_D2
Co = g0 3-10

Where D, is the electrode diameter; d.is the distance between the electrodes; ¢, is the thickness

of the electrodes; and &, is the permittivity of empty space.

The influence of the border effects was simulated in Comsol Multiphysics® (more details on
simulations in section 4.3) for a 40 mm diameter electrode (dimensions of the electrodes used
for the samples in chapter 5) with different thickness. The results of the simulations, as well as
the predictions of Kirchhoff’s equation, are shown in Figure 18 in terms of the deviation of the
apparent permittivity with respect to the real permittivity of the material, i.e., the ratio of the

observed permittivity to the actual material’s permittivity.
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Figure 18. Relative influence of the border effects for a 40 mm diameter electrode for different thicknesses.

Comparison of theoretical values with FEM (finite element method) simulations in Comsol Multiphysics®

It can be observed that, for samples with thickness over Imm, the deviation of the apparent
permittivity with respect to the real permittivity of the material is over 10 %. Therefore,
thicknesses lower than 1 mm are advisable. These border effects can be quantified and used to
correct the measurement results. However, if the border effects are in the same order of
magnitude or higher than the material’s permittivity (deviation in Figure 18 equal or greater

than 100 %), the precision of the measurement will be considerable reduced.

3.3.1.2.2 Instrumental Accuracy for Conductive Samples

In the case of conductive samples, the instrumental accuracy of the impedance analyser might
be considerable reduced. In Figure 19, the accuracy specification of Novocontrol’s Alpha

impedance analyser is shown.
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Figure 19. Novocontrol's Alpha impedance analyzer accuracy specification [103].

Samples with impedances lower than 10 Q at 1 kHz provide phase errors higher than 0.6°,

which provides unacceptable values of capacitance.

For the PLA composites of chapter 5, the optimal thickness was found to be 0.5 mm. The
thickness of the epoxy composites of chapter 6 is 2 mm, implying relatively high errors in the

determination of the absolute value of permittivity.

3.3.2 Scanning Electron Microscopy (SEM)

The PLA composites of chapter 5 were characterised using SEM. Pellets of different composites
were fractured at cryogenic conditions, in order to expose internal sections of the composites
without incurring in plastic deformation of the sample, which might alter the position of the

fillers.

Secondary electrons were collected with the in-lense detector, using an EHT (extra high tension
or accelerating tension) of 3 kV. With this configuration, electrons do not penetrate deep into

the material, i.e., SEM images show features on the surface or very close to it.

3.3.3 Transmission Optical Microscopy (TOM)

TOM images were taken of composite films of 90 um thickness using a Leica DFC295. All

images were taken with the same conditions of illumination, augmentation and exposure time.
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The TOM images were analysed using the software ImagelJ, in order to quantify the area of
observable agglomerates in the composite. Pictures were converted to 8-bit images. The area of

agglomerates was discriminated using the so-called Minimum Method [104].

A total of 10 images were taken per material and the average fraction area of agglomerate was

calculated.
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4.  Modelling and Simulation of Dielectric Properties

The PvSB model can only be applied to ideal composites, as described in section 2.2.3.1. The
PvSB model was experimentally validated using composites fabricated with controlled
morphologies (section 4.2). Additionally, the PvSB model was compared with simulations of

ideal composites (section 4.3.2).

In section 4.3.3, simulations of composites with different non-ideal features, typical in real
composite, are presented. An extended PvSB model is derived from the results of these
simulations (section 4.4). However, the extended PvSB model could not be experimentally

validated, due to the complexity of producing real composites with controlled morphologies.

A methodology is proposed in section 4.5 to obtain morphological information from

experimental data using the extended PvSB model.

4.1  PvSB Model for Composites with Conductive Fillers

4.1.1 Reformulation of the PvSB Model

The PvSB model (equations 2-33 and 2-34) can be reformulated into a more convenient form

for the purpose of this thesis:

3 3
E=¢,+ (& — ¢ Ve — + Ve — _
m+ (& = em) et (g —0Apy " T e+ (- DApy +1

Where the fillers have been divided into parallel (II) and perpendicular (1) to the electric field.
It must be noted that every filler whose main axis is within a plane perpendicular to the electric

field, has the same depolarization factor, whatever its orientation within that plane.

It is therefore possible to define an alignment parameter (a) as follows:

Vil Vi

a=
vitve vy 4-2

Which represents the volume fraction of the fillers that are parallel to the electric field. When

all the fillers are aligned parallel to the electric field, a = 1; when all fillers are perpendicular
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to the electric field, a = 0; when the fillers are randomly oriented, a = 1/3 (in a random
configuration, the average orientation of the fillers contribute to the three orthogonal directions

in the same amount).

Vi
a = —_ ~1/3
V) + V)

Figure 20. Definition of the alignment parameter, a, and schematic representation of composites for different

values of a: 1, 1/3 and 0.

Introducing the alignment parameter from 4-2 into 4-1, it remains:

3 3
- +(1—a)= -
£+ (g — £)Ap E+ (g — E)Af, 4-3

E=¢gu + (sf - sm)vf a

Equation 4-3 can be further extended to include the dispersion of the filler in the composite.
Fillers may form agglomerates with a different shape (aspect ratio) and in general different

dielectric properties. Agglomerates will be considered as a second kind of filler:

e = e+ (67 — &m) l : +(1-a) : l
£ Em TAE T Em)Vy afs‘+(8f_3_)Afu N £+ (g~ E)An

4-4

£
+(1-aq) §+(sa—§)AaJ_]

&
(e = em)va | a e+ (Fa=2)Aa)

Where v, , &, Ag and A, are the volume concentration, the permittivity and the
depolarization factors of the agglomerates parallel and perpendicular to the electric field. af

and a, are the alignment parameters for fillers and agglomerates, respectively.

Dispersion (d) is defined as the volume fraction of fillers that are isolated in the matrix:
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Figure 21. Definition of the dispersion parameter, d, and schematic representation of composites for

different values of d: 1, 1/2 and 0.

Introducing the dispersion parameter from 4-5 into 4-4, it remains:

e = g+ ( )dl - +-g) - l
E=&n gf Em)V af §+(gf—§)Af|| af §+(€f_§)AfJ-

4-6

(1 - d) [aq:

E+(q—E)Aq +(1-aq) E+(£a—E)AaL]

The permittivity of the composite (€) cannot be solved algebraically, as a fourth order

polynomial is obtained. Numerical methods must therefore be used to solve it.

Equation 4-6 assumes that an agglomerate is a solid mass, with equal dielectric properties to
individual fillers but a different aspect ratio. As it will be shown in section 4.4, this assumption
does not predict correctly the permittivity of composites with agglomerates and a reformulation

of the PvSB model will be provided to account for it.

4.1.2 PvSB Model Simplification

In the special case of conductive fillers in non-conductive matrices at concentrations below the
percolation threshold, the PvSB can be simplified, so that the permittivity of the composite can

be solved algebraically.
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At concentrations below the percolation threshold, we can assume the permittivity of the matrix

and the composites to be much smaller than the permittivity of the filler:

& D Ep, & D 3 4-7
Equation 4-3 simplifies thus into:
3 + d + (1 ) d
E=c¢ &Vr|la———— -a)———— 4-8
mn s &+ ngfll £+ ngfJ_

Assuming & Ar; > €, (which is true unless Af; gets close to 0, or AR close to infinity) & is

cancelled out of the equation and the permittivity of the composite can be solved algebraically:

— gm
£ =

a  (1—-a) 4-9

1—ve|7+

! Af|| AfJ.
Analogously, equation 4-6 leads to:

— gm

°T (1—af) (1 ) 4-10
a - a —a -
1-va |+ S - e+ 22
IAf" Ap ( ) Aan A,

4.2  Experimental Validation of the PvSB Model

In order to validate the PvSB model, different reference samples were fabricated with controlled

shape and orientation of fillers (see Figure 22).

Copper electrode
Graphite filler
Wax matrix

Figure 22. Schematic representation of the reference samples for the cases of: parallel (left) and

perpendicular (right) alignment with respect to the electric field.

Details about the fabrication of the reference samples are presented in section 3.2.5.
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421 Effect of Orientation

In Figure 23, the calculated and measured real permittivity of wax/silver reference samples is
shown. The fillers were aligned vertically (electric field parallel to the fillers’ longest axis) and
horizontally (electric field perpendicular to the fillers’ longest axis) to check the effect of the
alignment. As the dielectric spectra of the samples were frequency-independent, the average

real part of permittivity between 10 Hz and 1 MHz was considered.

4.5
4.0
3.5
3.0
25
2.0

1.5

1.0 _— _—
Parallel (2.41 vol%) Random (2.34 vol%) Perpendicular (2.34 vol%)

B PvSB model OReference sample

Figure 23. Modelled and measured permittivity for wax/silver reference samples with different orientations.

The measurements agree both quantitatively and qualitatively with the PvSB model. It is
therefore confirmed the effect of increasing permittivity of needle-like conductive fillers when

they are parallel to the electric field.

According to the PvSB model, the random orientation is equivalent to the case in which one
third of the fillers are placed vertically, while two thirds are placed horizontally. The reference

sample with random orientation was fabricated following this pattern.

The error bars are calculated from the instrumental error of each variable according to a first

order propagation of errors. In the case of the simplified PvSB model (equation 4-9), it holds:

pe= 2 per 4 22+ et 2 nagy+ 2 aa
R P R A P e ) P L YV P 411

Analogously, the error of the measured permittivity is:
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ne=ZEpc 1 % pn 1 % g
ST 94 ad 4-12

. . A . . .
Given the relation C = ¢g, o where C is the measured capacitance; € and ¢, are the relative

permittivity of the sample and the permittivity of the empty space, respectively; A is the area of

the electrodes; and d is the separation between the electrodes.

4.2.2 Effect of Concentration

In Figure 24, the calculated and measured real permittivity of wax/silver reference samples with

different filler concentration is shown.

The agreement between model and measurements is again within the limits of the experimental
errors. The fabrication process was considerably improved (lower variability of fillers’ length)
after the samples with 4 % concentration were fabricated. This explains the larger error bars for
these samples, especially for the one with vertically aligned fillers, for which the permittivity

is more sensible to variations in the aspect ratio of the filler.

5.5
5.0
4.5
4.0
3.5
3.0
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1.0
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(4.26 vol%) (4.19 vol%) (2.41 vol%) (2.34 vol%)

B PvSB model OReference sample

Figure 24. Modelled and measured permittivity for wax/silver reference samples with different filler

concentrations.

4.2.3 Effect of Material

In Figure 25, the calculated and measured real permittivity of wax/silver and wax/graphite

reference samples is shown.
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No differences are observed between the silver and the graphite fillers. This supports the idea

of the effect of the filler being equal for any conductive filler.

4.5
4.0
3.5
3.0
2.5
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1.0
Parallel, Silver Perpendicular, Silver Parallel, Graphite  Perpendicular, Graphite
(2.41 vol%) (2.34 vol%) (2.01 vol%) (2.00 vol%)

| B PvSB model OReference sample

Figure 25. Modelled and measured permittivity for wax/silver and wax/graphite reference samples.

4.3 Simulations

The model proposed in this thesis for the dielectric properties of composites was derived
following certain assumptions (see section 2.2.4). Some features of real composites (like the
inhomogeneous distribution of fillers or the contact between fillers) are not taken into account
in the model, giving rise to errors in the predicted permittivity. The permittivity of composites
with different configurations was simulated using Comsol Multiphysics®, in order to quantify

the relative error due to such features.

4.3.1 The Finite Element Method

The finite element method was used to perform the simulations. The Maxwell equations were

numerically solved for a three-dimensional representation of the composites.

The composite was represented as a right rectangular prism, setting the matrix as a non-
conductive polymeric material (¢ = 4, similar to the epoxy analysed in chapter 6) and a

conductive material (¢ = 107 S/m) as ellipsoidal fillers.

A frequency-dependent electric potential difference was set between parallel faces of the

prismatic structure. The frequency was set to 1 kHz, well below the characteristic frequency of
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the polarization process (see section 2.1.5.3), which was found (through simulations) to be

above 10 GHz for all the systems simulated here.

A tetrahedral mesh was set in and around the fillers, in order to better account for the curved
geometry of the ellipsoids. Smaller tetrahedra were set in the proximity of edges, so that sharper
changes in the electric field could be simulated with more accuracy. A cubic mesh was set away

from the filler, where the electric field is mainly homogeneous.

Figure 26. Simulated geometry: Prismatic composite with an ellipsoidal filler (left) and its corresponding

mesh (right).

Periodical boundary conditions were set at the faces of the prismatic structure, perpendicular to
the applied electric field. In this way, the structure was treated as unit cell that repeats itself
infinitely in the two directions perpendicular to the applied electric field, so that the ideal case
of an infinite parallel plate capacitor can be considered to calculate the permittivity of the

system.

4.3.2 Simulating Ideal Conditions

In this section, composite with the ideal configuration assumed by the model are simulated. The
case of ellipsoidal fillers with aspect ratios 1 (sphere) and 5 (prolate ellipsoid) are considered.
Higher aspect ratios (CNTs can reach aspect ratios greater than 100) are computationally too
expensive to simulate. However, an aspect ratio of 5 is enough to reach conclusions on the effect

of filler alignment and the congruence of the model with the simulations.

4.3.2.1 Spherical fillers

The relative permittivity of a composite with spherical fillers was simulated and compared with

the prediction of the model (see Figure 27). The different volume concentrations were set by
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changing the relative size of the filler with respect to the size of the unit cell. The filler was

always centred in the rectangular prism.

At volume concentrations below 7 %, model and simulation agree. At higher concentrations,
where the composite approaches percolation and the value of permittivity increases, model and

simulation start to disagree.
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Figure 27. Relative permittivity of composites with different volume concentrations of conductive spherical

fillers.

4.3.2.2 Ellipsoidal fillers

To test the effect of filler alignment on the permittivity of the composite, ellipsoidal fillers with
an aspect ratio of 5 were simulated. Three different alignments of the fillers were simulated:

parallel, perpendicular and at an angle @ =63.43° with respect to the electric field*.

In Figure 28, the simulated permittivity is compared to the one predicted by the model at
different concentrations. At low concentrations, model and simulation agree. At concentrations

close to the percolation threshold, model and simulation start to disagree. It must be noted that

“For a composite with randomly oriented fillers, the fillers have the same probability to be oriented in each of the

o . . 1
three orthogonal directions. The alignment parameter is a = - = ==

—————— The angle is therefore a =
3 cosa+sina
tan~1(2) = 63.43°.
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the percolation threshold with ellipsoids of aspect ratio 5 happens at lower concentrations than

with spheres, as expected.
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Figure 28. Relative permittivity of composites with different volume concentrations of conductive prolate
ellipsoidal fillers oriented: parallel (top), randomly (middle) and perpendicular (bottom) with respect to the

electric field.
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4.3.3 Simulating Non-Ideal Features

The following features, that might be present in real composites but are not considered in the

model, were simulated:

e Gap between fillers

e Distance to electrodes
e Number of layers

e Curvature

e Network of fillers

When appropriate, the features were simulated in composites with equal concentration (1 %),
filler aspect ratio (5) and filler alignment (parallel to electric field). The formation of networks,
which happens to be the feature with the highest influence, was studied both for ellipsoidal and

spherical fillers.

4.3.3.1 Gap between Fillers

An inhomogeneous distribution of particles is not considered in the PvSB model. In this section,
the permittivity of composites with different relative distances between fillers is simulated. Four
fillers particles are distributed in a unit cell. Two limiting cases, which are equivalent due to the
periodical boundary conditions, are considered: all particles are evenly distributed; particles are

united in bundles of four units (Figure 29).

Figure 29. Simulated composites with different filler distances. Cases in left and right are equivalent.

In Figure 30, the simulated permittivity of the composite is plotted versus the relative closeness
among fillers. The relative closeness is defined to be 0 when the fillers are evenly distributed,

and +1 when the fillers make contact, varying linearly between both limits.
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Figure 30. Permittivity of the composites described in Figure 29. The fillers are evenly distributed when the

relative closeness is 0, and make contact when its value is 1. The line is a visual guidance.

It is to be noted that, due to the periodic conditions of the simulations, the case in which the
particles are united at the centre of the unit cell (relative closeness = -1) is equivalent to the case
in which the particles are placed at the edges of the unit cell (relative closeness = +1). The
deviation of permittivity with respect to the ideal case (fillers uniformly distributed, considered
by the PvSB model and represented by the configuration in the middle in Figure 29, relative
closeness = 0) due to the relative distance between fillers is, at most, 9 % for the simulated

conditions.
The effect of network formation is analysed in section 4.3.3.5.

4.3.3.2 Distance to Electrodes

In previous simulations, the fillers were placed in a parallel layer evenly placed between the
two electrodes. In this section, the permittivity of the composite is simulated for different
distances between four equally distributed filler particles and the electrodes. Two limiting cases
are considered: the fillers are placed equidistant to both electrodes; the fillers make contact with

one electrode. (Figure 31).
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Figure 31. Simulated composites with different distances between fillers and electrodes.

In Figure 32, the simulated permittivity of the composite is plotted versus the relative distance
to the electrodes. The relative distance is defined to be 0 when the fillers make contact with an
electrode and 1 when the fillers are equidistant to both electrodes, varying linearly between

both limits.

Contact with electrode Equidistant to electrodes

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Relative distance to electrode

Figure 32. Permittivity of the composites showed in Figure 31. The line is a visual guidance.

For the simulated conditions, the deviation of permittivity due to the distance to the electrode
is negligible when the fillers are away from the electrodes. When the relative distance to the
electrodes is 0.5 %, the deviation with respect to the ideal case (fillers equidistant to both
electrodes, considered by the PvSB model and represented by the configuration in the left in

Figure 31, relative distance to electrode = 1) is 7 %. When the fillers make contact with the
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electrode, the deviation is 27 %. That means that this feature is only significant when the filler
is very close to the electrode. Moreover, in a macroscopic nanocomposite (in which the
thickness of the sample is much larger than the size of the fillers) the number of fillers in contact
— or close to contact — with the electrodes is small with respect to the number of fillers in the

bulk, thus reducing the overall effect of this feature in a composite.

The conductive fillers behave as internal electrodes. Fillers and electrode behave as a capacitor
whose dielectric is the polymer. Only when the distance filler/electrode is small, the capacitance
is high enough to be significant. When the conductive filler makes contact with the electrode,
both stay at the same voltage, making the filler a prolongation of the original electrode into the

composite.

4.3.3.3 Number of Layers

So far, all the fillers were placed in a single layer between the electrodes. In this section, the
fillers are located in a varying number of layers. The number of layers is changed from 1, as in
previous sections, to 15. (Figure 33). The concentration is the same for every number of layers.
Simulating additional layers is computationally more and more expensive and would have a

lower and lower effect on the permittivity of the composite.

\
o e e G

=

Figure 33. Simulated composites with different number of layers of fillers. The filler concentration remains

constant.

In Figure 34, the simulated permittivity of the composite is plotted versus the number of layers.
The permittivity increases asymptotically with the number of layers, reaching a maximum value

which represent an increase of 8 % with respect to the one-layer composite.
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Figure 34. Permittivity of the composites described in Figure 33. The line is a visual guidance.

4.3.3.4 Curvature

Carbon nanotubes are ideally assumed to be straight tubes. However, CNTs do bend in
nanocomposites (see the SEM images in section 5.2.1). To account for the effect of CNT
curvature, composites with curved tubes (portions of a torus) with different curvature angles
(@max) Were simulated (see Figure 35). The angle of curvature is defined as the ratio of the
tube’s length to its radius of curvature, in radians. All fillers have the same length and diameter
(and hence the same volume). The angle of curvature was set to values between 0° and 90°,

being the filler with 0° straight and parallel to the electric field, with an aspect ratio of 5.

Figure 35. Simulated fillers with different curvature angles (a,,,.), for an electric field in the vertical

direction.

The curved tubes can be considered in the PvSB model as a linear combination of ellipsoids
(with equal aspect ratio and volume as the straight tubes) parallel and perpendicular to the

electric field.
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In order to calculate the v and v, parameters of the PvSB model (see definition in section
4.1.1), the curved filler was decomposed (as done with straight fillers) in two components:

parallel and perpendicular to the electric field. as follows.

Given the geometry described in Figure 35, the vertical component of the tangent of an arbitrary

point along the tube axis, is:

v, = cos(a) 4-13

The differential form of equation 4-16 is:

dv, = d(cos(a)) = —sin(a)da 4-14

And therefore, the average vertical component of the tube (V) is:

1

Amax
V= f —sin(a)da = [cos(@max) — 1] 4-15
0

amax max

In Figure 36, the permittivity of the composites with curved fillers as obtained from simulations
and the PvSB model are shown. Both values agree within a 1 % error. The discrepancies,
especially for the straight filler (a,,,4,, = 0) can be explained in terms of the different geometries

assumed for the fillers by simulation (cylinder) and model (ellipsoid).
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Figure 36. Simulated and modelled permittivity of the composites with curved fillers described in Figure 35

for different values of the curve angle (a,;,4x)-

Therefore, we can conclude that the curvature of CNTs is already accounted for in the PvSB

model through the v, and v, parameters.

4.3.3.5 Network of Fillers
In this section, the effect of the formation of networks of fillers on the effective permittivity of
the composite is simulated.

The connection of spherical or ellipsoidal fillers was considered for different kinds of networks:

e Spherical fillers are aggregated in spheroidal or elongated agglomerates.
e FEllipsoidal fillers are connected forming unidirectional chains parallel or perpendicular

to the electric field.
43.35.1 Agglomerates of Spherical Particles

Spherical fillers were simulated to be aggregated into spheroidal agglomerates (see Figure 37
(left)) and elongated agglomerates (see Figure 37 (right)). Both agglomerates have the same

number of equally sized spheres.
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Figure 37. Simulated composites with spherical fillers forming spheroidal (left) and elongated (right)

agglomerates. Both agglomerates have the same number of equally sized spheres.

In Figure 38, the permittivity of composites with volume concentration of 1 % of spherical filler
in different configurations (isolated fillers, spheroidal agglomerates and elongated
agglomerates) is shown. It can be observed how the permittivity of the composites with

agglomerates is higher than the one with the isolated filler.

5.0
45
4.0

3.5

2.5
2.0

1.5

1.0

Comsol simulation

B Isolated filler =~ @Spheroidal agglomerate  EElongated agglomerate

Figure 38. Permittivity of composites with volume concentration of 1 % of spherical filler in different

configurations: isolated fillers, spheroidal agglomerates and elongated agglomerates.
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The spheroidal agglomerate, with an aspect ratio close to one, produces a smaller increase in
permittivity with respect to the isolated filler than the elongated agglomerate, whose aspect

ratio is much higher.

The permittivity of the composites with spheroidal and elongated agglomerates were equivalent
to the permittivity predicted by the PvSB model for ellipsoidal fillers, parallel to the electric
field, with aspect ratios 1.55 and 3.00, respectively. This result suggests that the increase of
permittivity due to agglomeration (also observed in section 4.3.3.1) is influenced by the aspect
ratio of the agglomerate. Thus, agglomerates can be considered in the PvSB model as ellipsoids

with an apparent aspect ratio, as it will be discussed later in this chapter.
43352 Chains of Ellipsoidal Fillers

The formation of unidirectional chains of ellipsoidal fillers, parallel or perpendicular to the
electric field, was also simulated (see Figure 39). All simulations were performed for a 0.1 %

volume concentration of fillers, with chains including between one and twenty fillers.

o
L

Figure 39. Chains of ellipsoidal fillers arranged parallel (left) and perpendicular (right) to the electric field.

In Figure 40, the permittivity of composites with different unidirectional chains of fillers is
shown as a function of the number of fillers per chain. It can be observed how the permittivity
of vertical chain increases with the number of fillers in the chain (which increases the aspect
ratio of the chain). For the horizontal chain, the value of permittivity remains almost constant.
These results agree with the behaviour observed (experimentally (section 4.2.1) and in
simulations (section 4.3.2.2) for isolated ellipsoids, suggesting that agglomerates follow a
similar pattern: elongated shapes give rise to a major increase in permittivity when parallel to

the electric field, and a lower increases in permittivity when perpendicular to it.
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Figure 40. Permittivity of composites with different unidirectional chains of fillers as a function of the

number of fillers per chain for a given volumetric concentration of 0.1 %.

44  Extended PvSB Model (e-PvSB)

Attending to the results of the simulations in the previous section, most non-ideal features
produce negligible effects on the permittivity of composites. Only the formation of conductive
networks through contact between fillers give rise to relevant effects that must be incorporated

into the model.

To account for the networking features of composites, a modification of the PvSB model is

proposed, which will be described in this section.
The following hypothesis will be verified:

The contribution of a given network of fillers to the permittivity of a composite equals the
contribution of an isolated ellipsoid (with equal volume concentration and aspect ratio),

which is a function of the geometry® of the network.

® The number of contacts among fillers, the aspect ratio and orientation of individual fillers, as well as the
effective aspect ratio and orientation of the network as a whole, are key elements of the geometry of the
networks. It is therefore hard to provide a detailed equation to accounts for those elements.
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In other words, a network of fillers can be substituted by a so-called equivalent ellipsoid.

Figure 41 shows two different networks (already simulated in section 4.3.3.5.1) and their
equivalent ellipsoids, as calculated from the results of simulations. The equivalent ellipsoid was
considered to be parallel to the electric field. The network on the left (with spheroidal shape) is
equivalent to an ellipsoid with aspect ratio 1.4, while the network on the right (elongated shape)

has a higher aspect ratio, 2.7.

Spheroidal agglomerate Elongated agglomerate

ARee" = 14’ ARee" == 27

Figure 41. Spheroidal (left) and elongated (right) agglomerates. The aspect ratio of their equivalent
ellipsoids parallel to the electric field (AR,), as calculated with the PvSB model, are indicated.

In order to incorporate this idea into de PvSB model, a new parameter is included, the network
factor (F,). It is defined as the ratio between the aspect ratio of the equivalent ellipsoid (parallel

to the electric field) and the aspect ratio of the original filler:

ARgey
F, = W 4-16

Where AR, and ARy are the aspect ratios of the equivalent ellipsoid and the isolated filler,

respectively.

It is important to note that the equivalent ellipsoid has been defined to be parallel to the electric
field. Therefore, values of network factor (F,) greater than one represent equivalent prolate
ellipsoids parallel to the electric field, while values lower than one represent equivalent oblate
ellipsoids parallel to the electric field (an oblate is said to be parallel to the electric field when
its shorter axis is parallel to the electric field, i.e., when its plane is perpendicular to the electric

field, as established in section 2.2.5).
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The extended Polder/van Santen/Bo6ttcher model (it would be referred to as e-PvSB) can be thus

expressed as follows:

&

cC = - d 1-
g £m+(£f Em)V as §+(€f_§)Af|| +( af)§+(8f_§)AfJ_
4-17
e —em)v(1—d) m
An = f(ARSE,) +18

Where A, is introduced as the depolarization factor of the equivalent ellipsoid, parallel to the

electric field.

For conductive fillers in a non-conductive matrix below the percolation threshold, the e-PvSB

can be simplified (see section 4.1.2) and the permittivity of the composite can be solved:

Em

ar  (1—ay)
1—vd|+L !
Y [Af||+ Af

&=
+ v(l—d) 4-19

n

The equivalent ellipsoid that represents the network has been defined as parallel to the electric
field, in order to minimize the number of parameters of the model. Otherwise, a new parameter
must have been included: the alignment of the network. The model would then have been

overparameterized.

In Table 5, different networks made of prolate ellipsoids are shown. Their respective equivalent
ellipsoids and values of the network factor, as obtained from the results of simulations through

the e-PvSB model, are included in Table 5 and plotted in Figure 42.
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Table 5. Representation of the equivalent ellipsoid and their respective value of the network factor for
different networks of prolate ellipsoids (AR = 5): (a) 8 vertical fillers in a vertical arrangement (b) 8
horizontal fillers in a vertical arrangement (c) an isolated vertical filler (d) 8 vertical fillers in a horizontal
arrangement (e) 8 horizontal fillers in a horizontal arrangement. The equivalent ellipsoid of (a) is not to

scale due its large aspect ratio.

Network

Equivalent ellipsoid

8.1 1.1 1.0 0.64 0.16
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Figure 42. Network factor, in logarithmic scale, of the networks shown in Table 5.

It must be noted that the network factor F,, does not only include information about the global

aspect ratio of the network, but also from its orientation. A same network has different values
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of F, when rotated, as it is the case of networks (a) and (e), as well as networks (b) and (d),

from Table 5.

It is also important to note that, although a given network has only one equivalent ellipsoid, a
given equivalent ellipsoid does represent an infinite number of possible networks. A value of
F, can therefore not be associated to a specific network, but provides insights about its
morphology: larger values of F, imply networks elongated along the direction of the electric

field.

In Table 6 different networks made of spheres are shown. Their respective equivalent ellipsoids
and values of the network factor, as obtained from the results of simulations through the e-PvSB

model, are included in Table 6 and plotted in Figure 43.

Table 6. Representation of the equivalent ellipsoid and their respective value of the network factor for
different networks of spheres: (a) 9 fillers in a vertical chain (b) 9 fillers in a vertical plane (c) an isolated

filler (d) 9 fillers in a horizontal plane (e) 9 fillers in a horizontal chain.

a b c d e

Network

Equivalent ellipsoid

2.8 1.0 0.62 0.48

Fn = ARee"
O
O
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Figure 43. Network factor of the networks represented in Table 6.

When the spheres associate themselves in structures that grow in the direction of the electric
field, a value of the network factor F,, greater than one is obtained. On the contrary, when the
spheres associate themselves in structures that grow in a direction perpendicular to the electric

field, a value of F, less than one than one is obtained.

Networks with values of F,, greater than one provide a larger increase of permittivity than
networks with values of F, less than one, as can be deduced from the depolarization factors of

their equivalent ellipsoids.

45  Method to Obtain Morphological Information from Experimental Data

The method to obtain morphological information of real composites using the e-PvSB model

will be described in this section.

The e-PvSB model computes the dielectric properties of a composite as a function of the
dielectric properties of filler and matrix, as well as the concentration, geometry, alignment and

dispersion of the filler.
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Figure 44. Visual representation of the e-PvSB model (equations 4-17 and 4-18), featuring examples of fillers.

In typical experimental conditions, the dielectric properties of each material, as well as the
concentration and geometry of the filler, are known. We will assume that experimental data of
the permittivity of the composites at different concentrations of the filler are available. The
permittivity of the composite and the filler concentration are therefore variables. Dispersion,

alignment and network factor are unknown parameters, while other magnitudes are known

constants (see Figure 45).

VARIABLES
v Concentration of filler
g Permittivity of composite
PARAMETERS
NON -LINEAR REGRESSION ¢ Alignment
d Dispersion
CONSTANTS I Network factor
T Permittivity of matrix
&f Permittivity of filler
AR Aspect ratio of filler

Figure 45. Method to obtain morphological information from experimental data using the e-PvSB model.

Dispersion, alignment and network factor will be determined by fitting the measured data to the
model. We are considering a nonlinear regression problem with 2 variables, 3 unknown
parameters and 3 constants. The generalized reduced gradient method [105] was used to

minimize the coefficient of determination, R?:

Y —9)°

RE=1-T—= 4-20
Yi—¥)?
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Where y; represents the experimentally observed values (observed permittivity), y; represents
the predictions of the model (permittivity given by the e-PvSB model), and y = %Z’;l y; is the

average of the n observed values. The closer the coefficient of determination is to 1, the better

the model reproduces the experimental values.

An assumption must be made in order to do the regression analysis: the values of dispersion,
alignment and network factor do not change with concentration. It is assumed that, because all
composites are compounded and processed with the same parameters, the obtained alignment

and dispersion will be at least similar.

It must also be noted that the values of some magnitudes, like filler aspect ratio, alignment or
dispersion, may be different for different regions of the composites or for individual units of
filler. We always consider average or effective values of these magnitudes. The lower the

standard deviation of these average values, the more exact the predictions of these analysis will

be.

45.1 Method Applied to Simulated Composites

The e-PvSB model will be tested with data obtained from simulations. A nonlinear regression
analysis will be performed as previously mentioned, using the values typically known from
experimental conditions: the permittivity of the composite is measured for different values of
filler concentration, while the dielectric properties of the materials and the aspect ratio of the

filler are known constants.

4.5.1.1 Spherical Fillers with Varying Degrees of Dispersion

In the first example, we will apply the model to spherical fillers (similar to the PLA/CB
composites in chapter 4). Due to the meaninglessness of the alignment of spherical fillers, only
dispersion and network factor are unknown variables. We will simulate the case in which the
spherical fillers aggregate to form chains of six spheres that align parallel to the electric field

(see Figure 46). Composites with different degrees of dispersion (0, 0.5, 1) were simulated.
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Figure 46. Spherical fillers: isolated (grey) and forming chains (blue). Simulated composites with different

degrees of dispersion: 0, 0.5 and 1.

In Figure 47, the simulated permittivity for different values of dispersion is plotted versus the
filler concentration. The simulated data were fitted to the e-PvSB model by nonlinear
regression, considering the dispersion as a known input (which is typically not the case in
experimental conditions). In all three cases the model reproduces the simulated data within a
4 % error. A value of the network factor of 5.1+0.3 was found (through non-linear regression)

to describe the simulated network.

7
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5
w 4
3
@ Simulation(d=0) = p-PVSB (F,=4.8)
2 @ Simulation(d=0.5) ==———g-PVSB (F,=5.4)
@ Simulation(d=1) — o-PVSB
1
0.0% 05% 1.0% 15% 20%
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Figure 47. Simulated and modelled permittivity for the composite represented in Figure 46. The values of
dispersion (shown in this figure) were inputs to the e-PvSB model. A value of F,, = 5.1 + 0.3 was found for

the network (for d = 1 there is no network and F,, is therefore not defined).

However, the value of dispersion is typically unknown in experimental conditions, so that two
parameters, dispersion and network factor, are to be found through the nonlinear regression.

Unfortunately, different combinations of the values of dispersion and network factor can
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provide the same permittivity versus concentration curve (as proved in Appendix A). This
means that it is impossible to determine the real values of dispersion and network factor from

experimental data. Instead, only the set of all the possible solutions can be found.

In order to find the different solutions to the fitting problem, the coefficient of determination
(R?) of the e-PvSB model with respect to the simulated data was calculated for different
combinations of dispersion and network factor (see Figure 48), for composite simulated with a
degree of dispersion of 0.5). Each square represents a combination of values for dispersion
(vertical axis) and network factor (horizontal axis), while its colour represents the value of the
coefficient of determination, ranging from red (R?< 0.7, insufficient fitting) to green (R%*= 1,
perfect fitting), going through yellow (R?= 0.9, acceptable fitting). Thus, hybrid colours
between yellow and green represent values of the coefficient of determination between 0.9 and

1.

7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

Fn

Figure 48. Matrix of coefficients of determination (R?) of the e-PvSB model with respect to a simulated
composite (with d = 0.5) for different combinations of dispersion (d) and network factor (F,). Colours
represent the value of the coefficient of determination, ranging from red (R? < 0.7, insufficient fitting) to

green (R? = 1, perfect fitting), going through yellow (R? = 0.9, acceptable fitting).

The green line that emerges in Figure 48 represents the combination of possible solutions to the

regression problem. In Figure 49, the line of possible solutions of the three simulated
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composites of Figure 46 is shown. The line was obtained by selecting the value of dispersion
that provides the greatest value of R? for each considered value of FE,.The matrices of
coefficients of determination for the composites with dispersion 0 and 1 can be found in

Appendix B.

1 - -ooooocCcCcCcoO0o0o00000000000000000000000000000

0.9

[=]
[s.4]

[=]
~l

[=]
[=)]

Dispersion (d)
_O (=]
=Y u
I
|

o
w
|
(=]
|
w
=]

-8 d-0

=]
[o¥]

Fho=4.8 == =05

== d=1

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
F,=48V¥ VF,=54 Network factor (F,)

Observed network factor: F, = 5.1+ 0.3

Figure 49. Different possible combinations of dispersion and network factor that fit the simulated
composites of Figure 46 (with d = 0, d = 0.5 and d = 1) according to the e-PvSB model. The real solutions

are indicated (dashed lines). The value of F,, (network factor for d = 0) is also indicated.

In the next section, the reference network factor (F,,,) will be introduced and its potential to

provide information from composites with unknown morphology will be discussed.

4.5.1.2 Reference Network Factor

In the previous case (Figure 49), the real values of dispersion cannot be determined, but the
locus of solutions are clearly different for the three composites. Each curve can be
unequivocally described by the value of the network factor when the dispersion is 0 (proof in

Appendix A), i.e., when no isolated fillers are present in the composite:
Fro = Fo(d = 0)

The reference network factor (F,,¢) of a composite is defined as the network factor of a fictitious
composite with null dispersion and identical properties to the original composite. In other

words, if the network factor (F,) represents an equivalent ellipsoid that describes the average
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effect of all the networks in a composite, F,,, represents an equivalent ellipsoid that describes

the average effect of both the networks and the isolated fillers in a composite.

The method previously proposed (Figure 45) to obtain morphological information from
experimental data using the e-PvSB model can thus be updated by introducing the reference

network factor.

VARIABLES
v Concentration of filler
g Permittivity of composite
PARAMETER

NON -LINEAR REGRESSION Fno Reference network factor
CONSTANTS
Ex Permittivity of matrix
&f Permittivity of filler
AR Aspect ratio of filler

Figure 50. Updated method to obtain morphological information from experimental data using the e-PvSB
model. The reference network factor (F,) includes the effects of alignment (a), dispersion (d) and network

factor (F,).

4.5.1.3 Ellipsoidal Fillers with VVarying Degrees of Alignment

In this case, we will apply the model to prolate ellipsoidal fillers (similar to the composites with
CNTs in chapters 5 and 6). Unlike the case of spherical fillers, the orientation of the fillers is a
relevant factor in this case. We will assume that the ellipsoidal fillers do not aggregate (d = 1).
Different values of the alignment parameter (a) will be considered (see Figure 51): 1 (parallel
to electric field), 1/3 (random orientation) and O (perpendicular to electric field). The case of

random orientation is equivalent to an angle of 63.43° (as derived in footnote 4 in page 47).

Figure 51. Simulated composites with ellipsoidal fillers with different values of the alignment parameter
(a): 1, parallel to electric field (left); 1/3, random orientation (middle); and 0, perpendicular to electric field

(right).
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In Figure 52, the simulated permittivity for different values of alignment is plotted versus the
filler concentration. The simulated data were fitted to the e-PvSB model by nonlinear
regression, considering the alignment as a known input and assuming a perfect dispersion. In

all three cases the model reproduces the simulated data within a 0.4 % error.
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Figure 52. Simulated and modelled permittivity for the composite represented in Figure 51. The values of

alignment (shown in the figure) and dispersion (d = 1) were inputs to the e-PvSB model.

However, analogously to the example in the previous section, the values of alignment and
dispersion are typically unknown in experimental conditions, so that three parameters
(dispersion, alignment and network factor), are to be found through the nonlinear regression. In
this case, different triplets of values of (dispersion, alignment, network factor) are solutions to

the regression problem, i.e., the real values of these parameters cannot be determined.

In order to obtain useful information from the measured (in this case simulated) data of
permittivity, the F,, will be calculated. Thus, the different degrees of alignment of the

simulated composites will be described in terms of equivalent ellipsoids.

In Figure 53, the locus of the possible solutions (with a = 1) for the three simulated composites
is shown. Using any other value of a (alignment of the dispersed fillers) would have no effect
in the determination of F,,, as it is defined for a null dispersion, i.e., it is defined for a fictitious

composite in which there are no dispersed fillers.
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Figure S53. Different possible combinations of dispersion and network factor that fit the simulated

composites of Figure 51 (with a = 1, a = 1/3 and a = 0) according to the e-PvSB model. The value of F,,,

(reference network factor) is also indicated.

It must be noted how lower values of F,, are associated perpendicular alignment, while higher

values of F,,( are associated with parallel alignment.

In Table 7, the values of F,,; are related to their corresponding effective ellipsoids.

Table 7. Effective ellipsoids corresponding to each degree of alignment.

L

J

Real filler a=0 a=1/3 a=1
Effective ellipsoid | Fp,p = 0.30 (AR = 1.5) | Fo = 0.54 (AR = 2.7) Fho=1(AR =5)

\

The relation between F,,; and a observed in Figure 53 is derived in Appendix A (equation A-4).
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4.6 Discussion

An effective medium model — Polder/van Santen/Boéttcher (PvSB) model [59], [60] — has been
considered to predict the dielectric properties of composites as a function of filler dispersion

and orientation.

The PvSB model can incorporate the geometry of typical conductive nanofillers like carbon
nanotubes, graphene or carbon black. It can predict the dielectric properties of composites with
higher concentrations better than other kind of models, like mean field models (Wagner/Sillars
model [54], [55]; Fricke model [62], [89]), based on the Maxwell/Garnett approximation [90],

which is only applicable for dilute composites.

The model was reformulated and two parameters, alignment and dispersion, were defined in

terms of the components of the model.

The PvSB model was experimentally validated. Macroscopic composite materials, in which
conductive fillers were deliberately placed to obtain controlled values of concentration,
orientation and dispersion, were fabricated. Their measured dielectric properties agree
accurately with the prediction of the PvSB model. These results complement previous findings
[57], where the PvSB model agree with experimental data from composites with non-

conductive fillers.

The PvSB model was compared to simulations. Composites with the ideal dispersion
characteristics assumed by the PvSB model were simulated using Comsol Multiphysics®. The
results of simulations with different filler concentrations, shapes and orientations agree
accurately with the predictions of the PvSB model, except for high concentrations, where the

results of model and simulations start to deviate.

The observed deviations at high concentrations is a known limitation of the PvSB model [106].
The PvSB model only considers the ideal condition in which the fillers are evenly distributed
in a matrix, with no contact among them. These contacts become more and more probably as

the concentration of fillers rises.

Several non-ideal features (see section 4.3.3), which are ignored in the PvSB model, were
simulated. Most of the considered features resulted in negligible effects on the dielectric

properties of the composites. Only the connection between conductive fillers to form networks
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produced relevant effects that must be incorporated into the model. These conductive networks
produce a strong alteration in the electric field inside composites with respect to the electric

field considered by the PvSB model.

An extension of the PvSB is proposed in this thesis to include the effect of network formation
of fillers. Based on the simulations of non-ideal composites, a mathematical representation of
conductive networks is introduced: networks are represented as equivalent ellipsoidal fillers
that have the same effect on the permittivity of the composite (see section 4.4). A new parameter
is introduced, namely the network factor. The network factor is determined by the geometry of
the network and relates it to an equivalent ellipsoidal filler. The so modified PvSB model will

be referred to as the extended Polder/van Santen/Béttcher (e-PvSB) model.

Percolation and fractal theories are alternative theories that can accurately describe the
properties of composites with conductive fillers. However, their applicability to infer
morphological information from experimental data is limited (this is extensively analysed by
Nan in [107]). Percolation theories assumes that fillers are randomly distributed, while fractal
theories imply that filler form self-similar networks, which is not always the case. McLachlan
[76] proposed an empirical equation combining percolation theories with effective medium
theories (thus overcoming the random nature of percolation theories). However, this equation

applied only to the resistivity of composites.

In this chapter, a methodology is proposed to use the e-PvSB model to obtain morphological
information from experimental data. The concept of reference network factor is introduced, in
order to synthesize the information of orientation, alignment and network factor in a single
parameter. The reference network factor can be obtained by a nonlinear regression analysis of

experimental data and can be used to compare the morphology of similar composites.

Difterent filler morphologies result in the same values of permittivity versus concentration. This
implies that the real morphology of a composite cannot be unequivocally deduced from
experimental data. However, the method proposed is this chapter has practical applications in

analysing composites with conductive fillers, as discussed in section 7.

The method was successfully tested on data obtained from simulations to study composites with
different degrees of dispersion and orientation. In the next sections, the method is applied to
experimental data of composites with different degrees of dispersion (section 5) and alignment

(section 6).
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5.  Analysis of dispersion

In this chapter, the e-PvSB model will be applied to obtain morphological information from

composites with different degrees of filler dispersion.

51 Nanocomposites

PLA/MWNT and PLA/CB composites were produced with good and bad dispersion (see
chapter 3) and the e-PvSB model was applied to detect the difference in dispersion. MWNTs
and CB, which can be modelled as prolate ellipsoids and spheres, respectively, were chosen in

order to study the effect of different aspect ratios on the permittivity of composites.

5.2 Microscopy

Scanning electron microscopy (SEM) and transmission optical microscopy (TOM) were used

in order to obtain information on the morphology of the fillers in the composites.

5.2.1 Scanning Electron Microscopy

The composites were characterized using SEM. The sample preparation and the microscope

settings are specified in section 3.3.

5.2.1.1 PLA/IMWNT Composites

In Figure 54 and Figure 55, SEM images of PLA composites with mass concentration of 1 %
on MWNTs with good and bad dispersion are shown at different magnifications. Agglomerates
with sizes in the order of tens of micrometres can be observed as bright (conductive) regions.
Individual bright tubular structures can be observed within and outside agglomerates. The
tubular structures feature an apparent diameter that was measured to be in the order of 80 nm.
The diameter of MWNT according to the provider lies around 9.5 nm. Hence, the observed

structures are arguably bundles of MWNTs, rather than individual MWNTs.
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Figure 55. SEM images of PLA composites with a MWNT mass concentration of 1 % and bad dispersion.
The long tubular structures observed on the bottom left corner of the image on the left are polymer

structures produced during the sample fracturing.

In the composite with bad dispersion, larger agglomerates are observed. A mesh of MWNT
bundles are observed within these agglomerates. In comparison, agglomerates in the composite
with good dispersion feature better dispersed MWNTs. No alignment of the filler is observed

in both composites.

5.2.1.2 PLA/CB Composites

In Figure 56 and Figure 57, SEM images of PLA composites with mass concentration of 1 %
on CB with good and bad dispersion are shown at different magnifications. Agglomerates with
sizes in the order of tens of micrometres can be observed as bright (conductive) regions.
Individual bright spherical structures can be observed within and outside agglomerates,

corresponding to individual particles of carbon black.
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Figure 57. SEM images of PLA composites with a CB mass concentration of 1 % and bad dispersion.

In the composite with bad dispersion, larger agglomerates are observed. A mesh of CB particles
is observed within these agglomerates. In comparison, agglomerates in the composite with good
dispersion show better dispersed CB particles. In some cases, small networks of tens of CB

particles are observed.

5.2.2 Transmission Optical Microscopy

The composites were characterized using TOM. The sample preparation and the microscope

settings are specified in section 3.3.

5.2.2.1 PLA/IMWNT Composites

In Figure 58 and Figure 59, TOM images of PLA composites with mass concentration of 1 %
on MWNTs with good and bad dispersion are shown. Black regions represent agglomerates.

Individual filler particles are too small to be detected. Light regions represent zones where no
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agglomerates of detectable size are present, i.e., they may contain isolated particles or non-

observable agglomerates.

Figure 58. TOM images of PLA composites with a MWNT mass concentration of 1 % and good dispersion:

(left) original image and (right) image after computer analysis to detect agglomerates.

Figure 59. TOM images of PLA composites with a MWNT mass concentration of 1 % and bad dispersion:

(left) original image and (right) image after computer analysis to detect agglomerates.

For each composite, ten images where computationally analysed according to the method
described in section 3.3.3 to detect agglomerates (see right images of Figure 58 and Figure 59).
The fraction of observable agglomerate area was found to be 0.5£0.3 % and 7£2 % for the
composites with good and bad dispersion, respectively. Although the fraction of agglomerate
area cannot be directly translated into a volume fraction, it is safe to state that the sample with
bad dispersion has more agglomerates, or at least larger agglomerates. The results agree with

the morphology expected for the fabrication process of each composite.

5.2.2.2 PLA/CB Composites

In Figure 60 and Figure 61, TOM images of PLA composites with mass concentration of 1 %

on CB with good and bad dispersion are shown. Black regions represent agglomerates.
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Individual filler particles are too small to be detected. Light regions represent zones where no
agglomerates of detectable size are present, i.e., they may contain isolated particles or non-

observable agglomerates.

Figure 60. TOM images of PLA composites with a CB mass concentration of 1 % and good dispersion: (left)

original image and (right) image after computer analysis to detect agglomerates.

Figure 61. TOM images of PLA composites with a CB mass concentration of 1 % and bad dispersion: (left)

original image and (right) image after computer analysis to detect agglomerates.

For each composite, ten images where computationally analysed according to the method
described in section 3.3.3 to detect agglomerates (see right images of Figure 60 and Figure 61).
The fraction of observable agglomerate area was found to be 3+1 % and 14+1 % for the
composites with good and bad dispersion, respectively. The results agree with the morphology

expected for the fabrication process of each composite.

5.3 Dielectric Spectroscopy

In this section, the results of dielectric spectroscopy are presented and discussed. The dielectric

spectra were measured as described in section 3.3.1.1, between 1 Hz and 1 MHz.
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5.3.1 Dielectric Spectra

In Figure 62, the dielectric spectra of PLA and PLA composites with 0.1 % MWNT and 0.1 %
CB mass concentrations and good dispersion are plotted versus frequency. It can be observed
how the values of relative permittivity are almost flat, with a slightly decreasing slope with
respect to frequency and are parallel for the three materials. The composites have a higher value
of relative permittivity than the unfilled polymer, which can be explained in terms
Maxwell/Wagner polarization processes (see section 2.1.5.3 for more details). The magnitude
of the increase in permittivity of the composite with respect to the pure polymer can be
accounted for by the e-PvSB model. This increase is a function of the filler’s dielectric

properties, geometry and concentration, as discussed in chapter 4.
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Figure 62. Dielectric spectra of PLA and PLA composites with 0.1 % MWNT and 0.1 % CB mass

concentrations and good dispersion.

5.3.2 Permittivity versus Concentration

In Figure 63, the permittivity of PLA composites with MWNT and CB is shown as a function
of concentration, for good and bad dispersion. The values of permittivity were considered at an
arbitrary frequency (10 kHz) for convenience. Due to the parallel and almost flat dielectric
spectra shown in Figure 62, choosing other frequencies does not alter the conclusions of this

chapter.
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PLA/MWNT composites were measured for volume concentrations between 0.01 % and
0.15 %, while PLA/CB composites were measured for volume concentrations between 0.03 %
and 0.69 %. The volume concentrations were calculated as described in section 3.3.1. The

highest measurable concentration is determined by the percolation threshold of each composite,

as discussed in section 3.3.1.1.
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Figure 63. Measured permittivity of PLA composites with MWNT and CB, with good and bad dispersion,

for different volume concentrations. Error bars are the standard deviation of 4 samples and are visible when

the error is larger than the marker size. Lines are a visual guidance.

It can be observed how the permittivity increases with concentration, especially when
approaching the percolation threshold, where the measuring errors increase until the

determination of the permittivity is no longer possible. The shape of the curve is compatible
with the e-PvSB model, as shown in the next section.

It must be noted that the percolation threshold is higher for the PLA/CB than for the PLA/CNT,

as expected by for CB’s lower aspect ratio [12], [108]-[111].

The composites with bad dispersion show higher values of permittivity than the composites

with good dispersion. This effect will be explained in the next section by fitting the measured

data to the e-PvSB model.
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5.3.3 Analysis with e-PvSB Model

In this section, the e-PvSB model will be applied to obtain morphological information from the

measured dielectric values, using the method described in section 4.5.

5.3.3.1 PLA/IMWNT Composites

The reference network factor (F,,) for the PLA/MWNT composites was calculated by fitting
the experimental data from Figure 63 to the e-PvSB model. In Figure 64, the set of combinations
of dispersion and network factor that reproduces the experimental data, for both good and bad
dispersion, is represented (the corresponding matrices of coefficients of determination are
shown in Appendix B.) As discussed in section 4.5, it is not possible to discern which of all the
possible solutions most accurately describe the real morphology of the composites. Instead, the
Fy 1s calculated. For the elaboration of Figure 64, it was assumed that isolated MWNTs were
randomly oriented. However, it has no influence on the value of F,,, (as previously defined, F,o
is the equivalent network factor of a fictitious composite with null dispersion, i.e., when no

individual MWNT is isolated in the matrix).
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Figure 64. Different possible combinations of dispersion d (vertical axis) and network factor F, (horizontal

axis) that describe the measured permittivity of the PLA/MWNT composites of Figure 63.

The observed values of F,,; were 2.44+0.01 and 2.99+0.01, for the composites with good and

bad dispersion, respectively. As expected, the F,,, of the composite with bad dispersion is larger
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than the F,, of the composite good dispersion. It must be remembered that any possible
orientation of the fillers or agglomerates is included in the observed value of F,,. However, due
to the fabrication process, the orientation in both composites is expected to be similar and

probably close to a random orientation.

In Figure 65, the experimental data and the corresponding values provided by the e-PvSB model
are represented. The coefficients of correlation are 0.99 and 0.82 for the composite with good

and bad dispersion, respectively.
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Figure 65. Measured (squares) and modelled (lines) permittivity of PLA/MWNT composites, with good and
bad dispersion, for different volume fractions. Error bars are the standard deviation of 4 samples and are

visible when the error is larger than the marker size.

5.3.3.2 PLA/CB Composites

The reference network factor (F,,) for the PLA/CB composites was calculated by fitting the
experimental data from Figure 63 to the e-PvSB model. In Figure 66, the set of combinations
of dispersion and network factor that reproduces the experimental data, for both good and bad
dispersion, is represented (the corresponding matrices of coefficients of determination are
shown in Appendix B). As discussed in section 4.5, it is not possible to discern which of all the
possible solutions most accurately describe the real morphology of the composites. Instead, the

F,o is calculated. Due to the sphericity of individual CB particles, their orientation is
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meaningless, and the alignment parameter has no influence on the permittivity of the

composites.

B Good dispersion

o
=

B Bad dispersion

ot
o

Dispersion (d)
© © © o o o
%] w Ry (%] [=a] ~J
]
[ ]
mm
]
m
= =]
= =]
m
0]
]
mm
mm
= =]

&
=

i«

10 125 15 17.5 20 22.5 25 27.5 30 325 35
Network factor (F,)

Figure 66. Different possible combinations of dispersion (vertical axis) and network factor (horizontal axis)

that describe the measured permittivity of the PLA/CB composites of Figure 63.

The observed values of F,,; were 17.4 +0.1 and 18.0+0.1, for the composites with good and bad
dispersion, respectively. As expected, the F,, of the composite with bad dispersion is larger

than the F,,y of the composite good dispersion.

In Figure 67, the experimental data and the corresponding values provided by the e-PvSB model
are represented. The coefficients of correlation are 0.99 and 1.00 for the composite with good

and bad dispersion, respectively.
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Figure 67. Measured (circles) and modelled (lines) permittivity of PLA/CB composites, with good and bad
dispersion, for different volume concentrations. Error bars are the standard deviation of 4 samples and are

visible when the error is larger than the marker size.

54 Discussion

The dielectric properties of composites of PLA with MWNT or CB with good or bad dispersion
at different concentrations were measured. Results agree with previous observations: Potschke
et al. [112] have reported a decrease in electrical conductivity and permittivity of
MWNT/polymer composites with increasing dispersion. Alig et al. [113] use percolation theory
to quantitatively describe this effect. However, percolation theories lack of any direct relation
between dielectric properties and morphological characteristics of the composites like filler
aspect ratio, dispersion or alignment. The quantitative description proposed in this thesis takes

into account all of these factors.

The method described in section 4.5 to obtain morphological information of a composite using
the e-PVSB model was successfully applied to experimental data. The observed values of
reference network factor (F,y) qualitatively agree with the results of optical transmission
microscopy and scanning electron microscopy: composites with bad dispersion show a greater

value of F,,5 than composites with good dispersion, as expected.
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The reference network factor (F,,,) can therefore be used as a parameter to compare similar

composites with different expected degrees of dispersion.

In a fabrication process where no filler alignment is expected or detected by other techniques,
the reference network factor can be used as a parameter representing the quality of the filler
dispersion in the composite. The reference network factor could be used, e.g., to compare the
quality of the dispersion obtained with different combinations of process parameters during

extrusion.
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6.  Analysis of Alignment

In this chapter, the e-PvSB model will be applied to obtain morphological information from

composites with different degrees of alignment and network factor.

6.1 Nanocomposites

Epoxy/SWNT composites were produced with an electric field treatment (see section 3.2.4) that
is expected to induce alignment and the formation of networks of SWNT. The e-PvSB model

is applied in this chapter to detect those features.

6.2 In-situ Characterization

The dielectric properties of epoxy/SWNT composites were measured before and during curing

with the setup described in chapter 3.

6.2.1 Monitorization of the Electric Treatment

A dispersion of SWNT in epoxy resin (without curing agent) was characterized under electric
fields of different magnitudes to observe the change in electric properties due to the
reorientation and/or migration of SWNTs. In Figure 68, the change over time in permittivity
and conductivity in response to electric fields of different magnitudes (0 V, 20 mV, 10 V, 100 V
over a distance of 2 mm) is shown. The voltage was applied at I MHz (it has been reported that
the electric field treatment is more efficient at higher frequencies [63]) and was used to induce
alignment and measure the electric properties at the same time (for this reason, no measured
values of conductivity and permittivity are available when the voltage is 0). The magnitude of
the electric field was changed in steps of approximately 5 minutes in a continuous

measurement.
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Figure 68. Time evolution of permittivity and conductivity at 1 MHz of an epoxy resin with a SWNT mass

concentration of 0.005 %. Different voltages were applied over a distance of 2 mm.

It can be observed how the lowest voltage (20 mV) induces only a slight increase in permittivity
and conductivity, while the higher voltages (10 V and 100 V) make them almost double and
increase one order of magnitude, respectively. The DC conductivity may have increased more
than the measured conductivity at 1 MHz (see conductivity spectra in Appendix C). For values

of permittivity over 70, the measurements become noisy when measured with low voltages

(20 mV).

Each time the voltage is increased, the conductivity increases to what seems to be an
equilibrium value. Once this value is achieved, the conductivity does not decrease after
reducing or even removing the electric field. This might be due to the formation of percolating

networks of SWNTs, which are relatively stable [67], [113], [114].

6.2.2 Monitorization of the curing process

The curing of the epoxy composites was monitorized by dielectric measurements. An electric
field was applied in order to perform the measurements and induce alignment, at the same time.
In Figure 69, the change over time in permittivity and conductivity at 1 MHz during the curing

of an epoxy composite with a SWNT mass concentration of 0.005 % is shown.
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Figure 69. Time evolution of permittivity and conductivity at 1 MHz during the curing of epoxy composites

with a SWNT mass concentration of 0.005 % under 100 V (electric field treatment) and 20 mV.

In view of the results in Figure 68 (with 20 mV changes in permittivity and conductivity are
negligible), the voltage of the dielectric measurement was set to 100 V or 20 mV, to induce or
avoid alignment of the SWNT, respectively. The time scale at which the alignment takes places
(tens of seconds, see Figure 68), is much lower than the time scale of the curing (hundreds of
seconds). Therefore, the alignment process is expected to happen to a sufficient extent before

the epoxy becomes too viscous due to the curing.

It must be noted that the value of conductivity is measured at IMHz and is not proportional to
the DC conductivity, making it less significant (see Appendix C, where the conductivity spectra
of epoxy/SWNT composites are shown; samples with different DC conductivity have similar

values of conductivity at 1 MHz).

When curing epoxy without SWNTs, a decrease in permittivity is observed (Figure 70), due to

the decrease of viscosity, and hence, the decrease of mobility of polar groups.
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Figure 70. Time evolution of permittivity and conductivity at 1 MHz during the curing of epoxy without

SWNTs.

6.3 Ex-situ characterization

In this section, the results of dielectric spectroscopy are presented and discussed. The dielectric

spectra were measured as described in section 3.3.1.1, between 1 Hz and 1 MHz

In Figure 71 and Figure 72, the dielectric spectra of composites cured without and with electric
field treatment (which will be called aligned and non-aligned composites for the sake of
simplicity, although it may not represent the real morphology of the composites), respectively,
are shown. A reference sample of unfilled epoxy (black, Figure 71), as well as aligned samples
with multi-walled carbon nanotubes (blue, Figure 72) and carbon black (purple, Figure 71) are

shown for comparison.
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Figure 71. Dielectric spectra of non-aligned composites for SWNT mass concentrations between 0.0005 %
and 0.01 %. The spectra of unfilled epoxy (white) and an aligned epoxy/CB composite are also included.
Data are split in two plots to visualize the different magnitudes of £'(a logarithm scale would hide important

features).

It must be noted how the dielectric spectra of the non-aligned composites are mostly flat,
especially for low concentrations. Only the composites at higher concentrations features
dielectric steps, similar to the aligned composites of Figure 72. At frequencies lower than 10 Hz
the measurement was noisy for the samples with higher permittivity, which might be an effect

of electrode polarization, characteristic of conductive samples (see section 2.1.5.4).
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Figure 72. Dielectric spectra of aligned composites for SWNT mass concentrations between 0.0005 % and

0.01 %. The spectrum of a composite of epoxy/ MWNT (purple) after electrical treatment is also included.
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The aligned 0.1 % MWNT composite in Figure 72 shows a much smaller increase in
permittivity with respect to the unfilled epoxy than the aligned composites with up to
0.01 % SWNT. This suggest that the SWNT are much more influenced by the electric field
treatment than the MWNT [115].

The aligned 0.1 % CB composite shows an even smaller increase permittivity with respect to
the unfilled epoxy (Figure 71). This suggest that the low aspect ratio of CB (around 1) greatly

hinders the effect of the electric field treatment in forming networks.

The dielectric spectra of the aligned composites feature two dielectric steps (one around
100 Hz-1 kHz and one around 100 kHz-1 MHz), which represent two Maxwell/Wagner
polarization processes (see section 2.1.5.3). Two dielectric steps imply the presence of two
different interphases, i.e., two fillers with different conductivity. SWNTs are typically produced

as a mix of semiconductive and metallic SWNTs [116], [117].

The mechanism of both Maxwell/Wagner dielectric steps is therefore hypothesized as coming
from a metallic SWNT/epoxy interphase (for the step at high frequencies) and a semiconductive
SWNT/epoxy interphase. The presence of a single dielectric step in the spectrum of the
composite with MWNTs supports this hypothesis, but its demonstration goes beyond the scope
of this thesis. A quantification of the ratio metallic SWNT / semiconductive SWNT from the
dielectric spectra would be challenging, due to the number of factors influencing the size of the
dielectric step, including possible different degrees of alignment of metallic and semiconductive

SWNTs.

6.4  Analysis with e-PvSB Model

In Figure 73, the permittivity of the cured composites is shown as a function of concentration.
The values of permittivity were considered at an arbitrary frequency (10 kHz) for convenience.
Choosing other frequencies higher than 100 Hz (at 10 Hz or lower frequencies the measurement

was noisy for the samples with higher permittivity) does not alter the conclusions of this chapter.
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Figure 73. Permittivity at 10 kHz for aligned (squares) and non-aligned (circles) epoxy/SWNT composites.

Error bars are the standard deviation of 4 samples and are visible when the error is larger than the marker

size. Lines are a visual guidance.

A huge increase in permittivity is observed for the aligned composites with respect to the non-

aligned composites.

In Figure 74 the conductivity of the cured composites is shown as a function of concentration.
The values of conductivity were considered at the lowest available frequency (1 Hz), for which
the conductivity corresponds to the DC conductivity (except for the samples with conductivity

lower than 1071% S/m at 1 Hz (see the conductivity spectra in Appendix C for more details)).



94 6 | Analysis of Alignment

e -

log(o”) 1 y, [S/m]
|—.—|

-10 o
i — B - Aligned composites
-11

-+ @--- Non-aligned composites

-12
0.000 % 0.001 % 0.002 % 0.003 % 0.004 % 0.005 % 0.006 % 0.007 % 0.008 %

Volume fraction

Figure 74. Conductivity at 1 Hz for aligned (squares) and non-aligned (circles) epoxy/SWNT composites.
Error bars are the standard deviation of 4 samples and are visible when the error is larger than the marker

size. Lines are a visual guidance.

It must be noted the huge effect of the electric field treatment on conductivity, making the
conductivity apparently independent of concentration. This suggest that during the electric field
treatment, SWNTs make new contacts and create thus percolating networks (this effect has been
reported before [63], [64]). Composites without the electric field treatment do not create this
percolating network until the concentration exceed the percolation threshold, which in this case

happens at volume concentrations between 0.001 % and 0.005 %.

The electric field treatment can therefore be considered as a method to induce percolation in

composites at low concentrations.

It must be noted that, unlike in previous chapters, some values of permittivity are measured
above the percolation threshold. However, when applied above the percolation threshold, the
e-PvSB model cannot be simplified (as in section 4.1.2) and hence the permittivity of the
composites must be solved numerically. The matrix of possible solutions is therefore
computationally expensive to calculate and is not provided in this thesis. The value of reference

network factor (F,,y) can be however calculated by a single nonlinear regression.

The values of (F,,) were found (by non-linear regression) to be 5.5 and 2.1 (Figure 75) with

coefficients of regression of 0.82 and 0.89, for the aligned and non-aligned composites,
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respectively. The coefficients of regression indicate a rather inaccurate fitting to the
experimental data. The inaccuracy stems, on one hand, from the higher deviations in the
observed values. But on the other hand, the process of alignment and formation of new networks
is chaotic and cannot be assumed to provide the same values of F,,, for every concentration of

SWNT.
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Figure 75. Measured (squares and circles) and modelled (lines) permittivity of aligned and non-aligned

composites for different volume concentrations.

The value of F,y increases highly with the electric treatment: it increases more than a 150 %,
when it increases only around a 20 % for the PLA/MWNT composites of chapter 5. This high
increase suggests that the SWNT are forming new networks along the direction of the electric

field treatment. The e-PvSB model therefore describes the expected behaviour.

The morphology suggested by this analysis is compatible with the hypothesis of alignment and

network formation due to the electric field treatment.

6.5 Discussion

The e-PvSB was used to compare composites with different degrees of alignment and network

formation.
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The dielectric properties of composites of epoxy with SWNTs were measured at different
concentrations. The samples were prepared with and without an electric treatment that is
thought to induce some degree of alignment and/or form new contacts between SWNTs. The
inducement of alignment by an electric field is theoretically based on the dielectrophoretic
effects experimented by carbon nanotubes [63] and other particles [118] in an electric field, and

experimentally supported in [64], [71], [119], [120].

For this purpose, a setup was developed that allowed the dielectric monitorization of the curing

process of the composite.

The dielectric spectra of the composites feature two relaxation processes that might originate
from the presence of a mixture of metallic and semiconductive SWNTs. However, quantifying

the ratio of this mixture is challenging and goes beyond the scope of this thesis.

The method described in section 4.5 to obtain morphological information of a composite using
the e-PVSB model was successfully applied to the experimental data. The observed values of
reference network factor (F,,y) support the idea of the electric treatment inducing SWNTs to
form new connections and/or aligning along the electric field. Moreover, networks are expected

to be more aligned and/or larger in the direction of the electric field.

The reference network factor (F,,o) can therefore be used as a parameter to compare similar
composites with different expected degrees of alignment. It could therefore be used as a

parameter representing the degree of filler alignment.
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1. Conclusions

An effective medium model (PvSB) has been considered to predict the dielectric properties of
composites of conductive fillers in a non-conductive matrix as a function of their filler
dispersion and orientation. Two parameters, alignment and dispersion, were defined in terms of
the components of the model. The model was experimentally validated using reference samples

with controlled conditions of dispersion and orientation.

An extension to the PvSB model (e-PvSB) has been proposed to account for the contact or
networking formation of the fillers in a composite. A methodology is proposed to use the
e-PvSB model to obtain morphological information from experimental data. A parameter, the
reference network factor, was introduced to account for the effects of the network formation

and orientation.

Percolation theories have been widely used to describe the electrical properties of
nanocomposites. However, percolation theories lack of any direct relation between dielectric
properties and morphological characteristics of the composites like filler aspect ratio, dispersion
or alignment. The quantitative description proposed in this thesis takes into account all of these

factors.

The method was applied to experimental data of polymer composites with carbon nanotubes
and carbon black. The values of the reference network factor predicted by the e-PvSB model
qualitatively agree with the results of microscopic techniques and the expected morphology of

the composites.

Due to the volumetric nature of the dielectric measurements, this method provides a general or
averaging picture of the morphology of a composite. That is, the method considers effective
properties that describe the behaviour of the sample as a whole and provides no direct

information of local effects.

Due to the simple sample preparation and the short measurement times of dielectric
measurements, relative to existing characterization techniques, this method constitutes a tool

for a fast estimation of the morphological properties of composites.

The characterization method proposed in this thesis can be used to complement other
characterization techniques, like scanning electron microscopy, that can provide detailed

information about the morphology of a composite, but typically in a small region of a
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macroscopic sample. Once the morphology of a composite, produced with a given fabrication
process, is analysed with the assistance of other characterization techniques, the value of the
reference network factor can be used as a quality control parameter for mass production.
Potentially, the method could be used in in-line measurements during the fabrication of a
composite, so that the reference network factor could be used in a Shewhart chart or control

chart as a quality control tool.

The reference network factor can therefore be used as a parameter to compare similar

composites with different expected degrees of dispersion or alignment.

In a fabrication process where no filler alignment is expected or detected by other techniques,
the reference network factor can be used as a parameter representing the quality of the filler
dispersion in the composite. The reference network factor could be used, e.g., to compare the
quality of the dispersion obtained with different combinations of process parameters during

extrusion.

When a process is expected to induce filler alignment, the reference network factor can be used
as a parameter representing the degree of filler alignment. The reference network factor could
be used, e.g., to compare the degree of filler alignment induced by flow effects in injection

moulding or the filler alignment induced by an electrical field, as described in Chapter 6.
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Appendix A: Proof of the Multiplicity of Solutions in the
Regression Analysis on the e-PvSB Model

Given a composite with a dispersion d and agglomerates described by the network factor F,
(with corresponding depolarization factor A,, = f(F,)), it can be proved that there are infinite
other composites, dispersion d, and agglomerates described by the network factor F,,, (with
corresponding depolarization factor A,, = f(F,,)), that feature an identical experimental

curve of composite permittivity (€) versus filler volume concentration (v).

Given the e-PvSB model (equation 4-19), assuming that both composites share the same matrix
(&n) and filler (ays, Agy, Af, ), and imposing identical values of composite permittivity (£) and

filler volume concentration (v), we obtain:

Em Em

Llfu (1‘;‘?‘)] V(lAn 1-ve; la_ 4 af)l ¥ o e
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Il
|

1-

The denominators in the second and third members of previous equality are equal:

(1 —a ) v(l—d) (1 — af) v(l —d,)
1—Vd[ fl =1-—vd [ A-2
App Ay Ay “14
Solving for A,,, we obtain:
1-d,
A =
" (d—d) af +(1_af) —d A-3
22\ Agy Af An

Equation A-3 provides an infinite number of combinations of A,, and d, that provides

composites with identical permittivity to the original composite if 4, and d (Q.E.D.).

The value of reference network factor (F,(d = 0) = F,,o) and the corresponding depolarization
factor (A,,) can unequivocally describe a set of equivalent composites. It can be proved by

imposing d, = 0 in equation A-4:
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_d<ﬁ+(1_af)>+1—d A4

Equation A-4 provides the curves that emerge in the matrices of coefficients of determination

of Appendix B.
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Appendix B: Matrices of Coefficients of Determination

Matrices of coefficients of determination (R?) of the e-PvSB model with respect to data of
experimental or simulated composites. Colours represent the value of the coefficient of
determination, ranging from red (R? < 0.7, insufficient fitting) to green (R? = 1, perfect

fitting), going through yellow (R? = 0.9, acceptable fitting).

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

Fn

Figure 76. Matrix of coefficients of determination (R?) of the e-PvSB model with respect to a simulated

composite (Figure 46, d = 0) for different combinations of dispersion (d) and network factor (F,).
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Fn

Figure 77. Matrix of coefficients of determination (R?) of the e-PvSB model with respect to a simulated

composite (Figure 46, d = 1) for different combinations of dispersion (d) and network factor (F,).

2 3 4 5 6

Fn

Figure 78. Matrix of coefficients of determination (R?) of the e-PvSB model with respect to PLA/MWNT
composites with good dispersion for different combinations of dispersion (d) and network factor (F,,).
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Figure 79. Matrix of coefficients of determination (R?) of the e-PvSB model with respect to PLA/MWNT

composites with bad dispersion for different combinations of dispersion (d) and network factor (F,,).

Fn

Figure 80. Matrix of coefficients of determination (R?) of the e-PvSB model with respect to PLA/CB

composites with good dispersion for different combinations of dispersion (d) and network factor (F,,).
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Fn

Figure 81. Matrix of coefficients of determination (R?) of the e-PvSB model with respect to PLA/CB

composites with bad dispersion for different combinations of dispersion (d) and network factor (F,,).
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Appendix C: Conductivity Spectra of Epoxy Composites
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Figure 82. Conductivity spectra of two aligned composites with a significant different in DC conductivity

(low-frequency limit). The values of conductivity at 1 MHz do not represent that different.
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Figure 83. Conductivity spectra of non-aligned composites for SWNT mass concentrations between
0.0005 % and 0.01 %. The spectra of unfilled epoxy (black) and an aligned epoxy/CB composite are also

included. The DC conductivity cannot be determined for the samples without a low-frequency plateau.
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