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Utilisation de morphologies de mélange sur mesure pour obtenir des composites
électriquement conducteurs

Daria STRUGOVA
RESUME

Cette thése visait a concevoir des nanocomposites a base de polymeéres électriquement
conducteurs avec une concentration seuil de percolation exceptionnellement basse grice au
contréle de leur morphologie, et a évaluer comment cette morphologie, donc les propriétés
¢lectriques, seraient stables lors du post-traitement. Pour ce faire, les relations entre les
propriétés morphologiques, électriques et rhéologiques du mélange polypropyléne/polystyréne
auquel des nanotubes de carbone multiparois (PP/PS/MWCNT) furent ajoutés, préparés par un
procédé conventionnel de mélange a I'état fondu ont été étudiées.

Des composites avec une concentration seuil de percolation (PTC) de 0,3 % en poids de
MWCNT ont été obtenus en raison de l'effet de double percolation obtenu en utilisant la
morphologie co-continue de la matrice PP/PS. Le PTC a encore été réduit a 0, 06% en poids
de MWCNT lors de l'utilisation d'un traitement thermique basé sur l'effet d'exclusion de
volume des cristaux de PP. Une conductivité électrique de 10 S.m™ a alors été atteinte. Ceci
représente une augmentation de la conductivité électrique de plus del10 ordres de grandeur si
on compare a celle du mélange sans MWCNT. De plus, ce traitement thermique n’a pas affecté
la morphologie co-continue du mélange PP/PS et donc ces propriétés furent conservées.

Un mode¢le pour caractériser la morphologie co-continue des composites PP/PS/MWCNT en
utilisant leur caractérisation rhéologique a été développé. La quantification de la morphologie
effectuée par le modele corrobore celle observée par microscopie électronique a balayage. Ce
modele a été utilisé pour évaluer la morphologie des composites soumis a un recuit thermique,
utilisé pour améliorer les propriétés électriques. Le modele a également été utilisé pour sonder
I'évolution de la morphologie des composites PP/PS/MWCNT. Les résultats ont montré une
légere diminution de la taille du domaine caractéristique pour les composites avec différentes
concentrations de MWCNT, conduisant a une morphologie co-continue plus fine, en ligne avec
les propriétés électriques mesurées. Plus précisément, le PTC a été réduit de 0,28 % en poids
a 0,06 % en poids de MWCNT.

Enfin, les propriétés ¢Electriques et morphologiques des composites co-continus
PP/PS/MWCNT soumis a des déformations controlées ont ét¢ évaluées. Un équilibre délicat
entre la concentration de MWCNT, la déformation de cisaillement et les taux de cisaillement
(les parameétres d’écoulement), qui a affecté la morphologie et les propriétés €lectriques des
composites, a été observé. La stabilisation de la morphologie et de la conductivité électrique
ont été obtenus a des niveaux critiques de concentration de MWCNT.



VIII

Mots-clés: concentration seuil de percolation électrique, effet de double percolation,
conductivité électrique, composites thermoplastiques, mélange de polyméres, morphologie co-
continue



Use of tailored blend morphologies to obtain electrically conductive composites
Daria STRUGOVA
ABSTRACT

This thesis aimed at designing electrically conductive polymer-based nanocomposites with an
exceptionally low percolation threshold concentration through control of their morphology,
and to evaluate how this morphology, hence the electrical properties, would be stable during
post-processing. The relationships between morphological, electrical, and rheological
properties of polypropylene/polystyrene filled with multiwall carbon nanotubes
(PP/PS/MWCNT) composites prepared by conventional melt-mixing process were
investigated.

Composites with a percolation threshold concentration (PTC) of 0.3 wt.% MWCNT were
obtained owing to the double percolation effect achieved by using co-continuous morphology
of PP/PS matrix. The PTC was further decreased to 0.06 wt.% MWCNT upon using a thermal
treatment based on the volume exclusion effect of PP crystals. An electrical conductivity of
107 S.m™! was reached, for composites with 0.06 wt.% MWCNT, representing an increase of
over 10 orders of magnitude compared to that of the PP/PS matrix alone. The co-continuous
morphology of the PP/PS blend was not affected by the thermal treatment, indicating that other
properties of the composite were not impacted.

Furthermore, a model to characterize the co-continuous morphology of PP/PS/MWCNT
composites using their rheological characterization was developed. The quantification of the
morphology carried on by the model corroborated the one observed by scanning electron
microscopy. The model was used to assess the morphology of composites subjected to thermal
annealing, employed to enhance the electrical properties. The model was also used to probe
the morphology evolution of PP/PS/MWCNT composites. The results showed a slight decrease
in the characteristic domain size for composites with different MWCNT concentration, leading
to a more refined co-continuous morphology, in line with the measured electrical properties.
Specifically, the PTC was reduced from 0.28 wt.% to 0.06 wt.% MWCNT.

Finally, the electrical and morphological properties of co-continuous PP/PS/MWCNT
composites under deformation flow were evaluated. A delicate balance between MWCNT
concentration, shear strain, and shear rates (the parameters of the deformation flow), which
affected the morphology and electrical properties of the composites, was observed. The
stabilization of morphology and electrical conductivity was achieved at critical levels of
MWCNT concentration, and recovery was possible. The PTC and electrical conductivity were
reduced during deformation but recovered after recovery step, even increasing by one order of
magnitude.



Keywords: electrical percolation threshold concentration, double percolation effect, electrical
conductivity, thermoplastic composites, polymer blend, co-continuous morphology
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INTRODUCTION

01. Context of the research

Electrically conductive polymer-based composites hold great promise in various industrial
applications due to their advantages, which include the ability to adjust electrical conductivity
over a wide range, processability into complex geometries, flexibility, lightweight, and
corrosion resistance. They can be used for various applications, including sensors, intelligent
medical devices, energy harvesting, actuators, flexible electronics, robotics, static dissipation,

and EMI shielding [1-12].

These composites are normally obtained by dispersing electrically conductive particles such
as carbon black (CB) [13-23], carbon nanotubes (CNTs) [2-8,24-28], and graphene [12,29-37]
within thermoplastics. Once a certain concentration of electrically conductive particles, known
as percolation threshold concentration (PTC), is added to the thermoplastic matrix, the later
will start conducting electricity. Obviously, this PTC should be kept as low as possible in order
to reduce material costs and minimize any negative effects on other material properties.
However, reaching a very low PTC by dispersing of conductive fillers within the polymer
matrix can be challenging with conventional polymer processing methods, which contributed

to an extensive search of methods to reduce PTC in such composites.

One of the most effective methods for reducing the PTC is to tailor the location of the
conductive nanoparticles in a polymer blend matrix. This matrix consists of two immiscible
polymers forming a co-continuous morphology where one polymer percolates through the
matrix of the other polymer. By controlling the interfacial tension between the conductive filler
and the polymers in the blend, it is possible to tailor the location of the filler. This can be
achieved either within one continuous phase or at the interface between the two continuous
phases. Through this process, known as double percolation theory, it is possible to lower the

concentration of the conductive filler [1-9,24-28,38-58].



Although many methods to decrease the PTC in electrically conductive polymer-based
composites have been reported in the literature, there is still room for improvement of the PT
concentration, for these kinds of composites. In particular, it would be interesting to know if

through processing, it is possible to decrease this PTC even further.

During the processing of composites, they are subjected to deformation flow that may lead to
a disruption of the morphology and destruction of the electrically conductive filler network.
This can result in a decrease in electrical conductivity, even when a very low PTC has been
achieved during material preparation. Furthermore, post-processing, such as injection molding
or thermal treatments, subjects the material to flows and high temperatures, which may further
disrupt the morphology and hence, the electrical properties. Rheology which is the study of
deformation of mater can be used as a tool to investigate this morphology’ evolution during
deformation flows. Indeed, constitutive equations can be employed to characterize the
morphology of composite materials from rheological measurements performed in the linear
viscoelastic regime [24,59-63]. To assess how controlled flow affects the morphology of
composites, a series of rheological tests can be conducted. This involves a succession of steps
that includes: (1) characterizing the morphology within the linear viscoelastic regime, followed
by (2) subjecting the material to controlled flow, and finally (3) characterizing the morphology
again within the linear viscoelastic regime. By comparing the results of steps 1 and 3, it is
possible to determine how the controlled flow impacts the morphology of the composites.
Unfortunately, rheological models to characterize the morphology of blends presenting a co-

continuous morphology to which nanoparticles are added did not exist prior to this work.

02. Objectives and research steps

The aim of this research project was to design electrically conductive nanocomposites with an
exceptionally low percolation threshold concentration through control of their morphology and
to evaluate how this morphology, hence the electrical properties, would remain stable during

post-processing.



To achieve this goal, two immiscible polymers, polypropylene, and polystyrene, were selected
as a matrix to create a co-continuous morphology and multi-walled carbon nanotubes were
chosen as the electrically conductive filler. Once a co-continuous morphology was optimized
it was necessary to design a suitable post-treatment that would result in a lower percolation
threshold concentration and good electrical conductivity. The results of this study are presented
in Chapter 2 of the thesis and were published in the Nanomaterials journal. In order to evaluate
the stability of the morphology during post-processing, it was necessary to develop a tool that
would characterize and quantify it. A rheological model to do that was developed. It is
described in Chapter 3 of the thesis and was reported in Journal of Rheology. The third step
aimed to investigate the evolution and stabilization of the rheological, morphological, and
electrical properties of co-continuous PP/PS/MWCNT composites under deformation flow at
varying shear rates, the results are reported in Chapter 4 of the thesis and in a manuscript which

was submitted to the Journal of Rheology.

03. Approach and methodology

This PhD project, based on the primary aim and objectives, was divided in three main parts

that are summarized in Figure 0.1.1.

In the first step of this study, co-continuous blends of two immiscible polymers, namely
polypropylene (PP) and polystyrene (PS), were selected to create a double-percolated structure
that could effectively tailor the location of multiwall carbon nanotubes (MWCNTs) - a highly
conductive filler. PP/PS/MWCNTSs composites were prepared via melt mixing using a twin-
screw extruder, with varying amounts of MWCNTs (ranging from 0 to 5 wt.%). Furthermore,
these composites were subjected to the additional thermal treatment aimed at using the volume
exclusion effect of PP crystallites on electrical conductivity and PTC of PP/PS/MWCNT

composites.



Given the co-continuous morphology of the polymer matrix of filled composites, the second
step was to develop a rheological model for characterizing this morphology considering the
effect of the filler on the rheological properties. By using this model, the study enabled to
quantify the co-continuous morphology and establish a correlation between the morphological
properties of PP/PS/MWCNT composites and their electrical properties. Further, the
composites were subjected to thermal annealing in order to enhance their electrical properties

and to probe the morphology evolution.

In the last step, the PP/PS/MWCNT composites were subjected to steady shear flow
(simulating deformation flow) in order to investigate the evolution and stabilization of their
rheological, morphological, and electrical properties. Further, PP/PS/MWCNT composites
were subjected to a recovery step which followed steady shear flow. It was done in order to

investigate the possible recovery of the properties.

Design of electrically conductive composites with low PTC

|

Extrusion of co-continuous PP/PS/MWCNT
composites with 0-5 wt.% of MWCNT

I I 1
Step L Step 11 Step 111

| | l

Morphology characterization

Double percolation and quantification — Effect of deformation
effect on EC and PTC development of rheological flow on EC and PTC
model

l l |

Volume exclusion
effect of PP crystals on
EC and PTC — thermal

treatment

Dynamic particles diffusion
effect on EC and PTC —
thermal annealing

Recovery treatment
effect on EC and PTC

Figure 0.1.1 Main steps of the PhD project



04. Organization of the PhD thesis

This thesis is structured into four main chapters. After this introduction, a brief literature
review is presented on electrically conductive composites, based on polymer blends as a matrix
and conductive nanoparticles as a filler. In this section, the concept of tailored blend
morphologies for achieving better nanoparticle dispersion is also discussed. The subsequent
three chapters each focus on an individual article related to a specific step of the project.
Finally, following the above three steps, the conclusions drawn from the research, as well as

recommendations for future work in this area are presented.

In chapter 2, the paper entitled ‘Ultra-Low Percolation Threshold Induced by Thermal
Treatments in Co-Continuous Blend-Based PP/PS/MWCNTs Nanocomposites’ published in
Nanomaterials is presented. This article focuses on the first stage of the project, which
investigates the impact of post-processing treatments on the percolation threshold
concentration of electrically conductive composites. Specifically, the article examines the use
of these treatments to achieve a lower percolation threshold. The article also emphasizes the
influence of polymer crystallization on the electrical properties of the composites, which are

based on a polymer blend matrix containing at least one semi-crystalline polymer.

Chapter 3 presents the paper ‘Linear viscoelasticity of PP/PS/MWCNT composites with co-
continuous morphology’ published in Journal of Rheology. This article is related to the second
step of the project and focuses on the development of a rheological model for characterizing
the rheological and morphological properties of filled polymer composites presenting co-
continuous morphology of the matrix, in order to establish a correlation between the

morphological and electrical properties.

In chapter 4, the paper entitled ‘Effect of steady shear deformation on rheological,
morphological and electrical properties of PP/PS/MWCNT composites with co-continuous
morphology’ submitted to Journal of Rheology is presented. This article is related to the third



step of the project and aimed to shed light on the effect of shear deformation on the evolution
of rheological, morphological, and electrical properties and their possible stabilization, of
electrically conductive polymer composite, presenting co-continuous morphology.

In the conclusion chapter, the conclusions of the whole project are given. This section
summarizes the research findings and provides a final perspective on the significance of the
work together with the research limitations and suggestions, and on how these limitations can

be addressed in future studies.

In addition to the main chapters, three annexes are also included at the end of the thesis. They
provide supplementary information regarding the articles reported in chapters 2, 3 and 4,

respectively.



CHAPTER 1

ELECTRICALLY CONDUCTIVE COMPOSITES WITH TAILORED BLEND
MORPHOLOGIES
This literature review provides an overview of electrically conductive polymer composites,
including their matrix morphology and the types of electrically conductive particles that can
be used as a filler to achieve a low percolation threshold. The review also examines methods
to reduce the percolation threshold, such as the use of immiscible polymer blends with a co-
continuous morphology to achieve a double percolation effect, as well as post-processing
treatments. Further, the review explores the use of linear viscoelastic rheology to assess the
evolution of rheological, morphological, and electrical properties, and to identify possible

properties stabilization methods.

1.1 Electrical properties of polymer-based composites

To develop a comprehensive understanding of the mechanisms involved in achieving high
electrical conductivity and low percolation threshold concentration in electrically conductive
polymer-based composites, this study explores several theories and concepts. Section 1.1 and
its subsection cover the percolation threshold mechanism theory, as well as various methods
for reducing the percolation threshold concentration. Section 1.2 and its subsections provide
an overview of the double percolation effect and the morphology of immiscible polymer
blends, specifically the co-continuous morphology, which was chosen as the matrix to achieve
a double percolation effect. The wetting coefficient theory is presented in Section 1.2.2 to
explain how the location of the filler inside the polymer matrix can be predicted. Finally,

Section 1.3 presents the concluding remarks for Section 1.

1.1.1 Percolation threshold mechanism in electrically conductive polymer

composites



The percolation theory is the most often used theory for describing transport processes in
anisotropic systems. It is used to predict the probability of cluster formation from particles
connecting each other, as well as the magnitude of percolation thresholds and composite

characteristics (electrical, mechanical, thermal, and so on).

A schematic illustration of the percolation mechanism is shown in Figure 1.1 which presents
the electrical conductivity of a composite as a function of electrically conductive filler
concentration. Three main regions can be identified in this graph. First, at very low filler
concentrations, electrical conductivity is extremely low (almost the same as the conductivity
of the polymer matrix). The second region is a region of rapid conductivity increase with a
very little increase in the filler concentration. The filler particles begin to interconnect in this
area, which helps to create a conductive network throughout the composite’s volume. This
occurs at a concentration known as percolation threshold concentration — P.. In the third
region, the electrical conductivity reaches a plateau, because the formation of the conducting
network is completed, and the conductivity of the composite approaches the conductivity of

the filler.
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Figure 1.1 Schematic illustration of percolation mechanism



It is known that, above the percolation threshold p., a heterogeneous material consisting of a
mixture of an insulator and a conductor has a power dependence of electrical conductivity o
on the concentration of conductive fillers [64]. Equation (1.1) can be used to calculate the
percolation threshold concentration of composites.

o=k-(P—P), withP > P, (1.1)

where o is the electrical conductivity of the composite, P is the mass fraction of MWCNTs, P.
is the percolation threshold concentration, t is a fitted exponent that depends, only, on the
dimensionality of the system, and k is a scaling factor. It should be noted that this equation is

valid for P > P..

By definition, the percolation threshold concentration is the minimum concentration of
electrically conductive filler particles required to achieve a continuous conductive network in
a composite material. In polymer-based composites, as was shown in the introduction, the
addition of filler particles such as carbon nanotubes, graphene, or metal nanoparticles can
enhance their electrical properties. However, achieving a low percolation threshold
concentration in polymer composites can be challenging, as the polymer matrix typically has
low electrical conductivity, but it is not impossible, and there are various methods that can be
employed to achieve this goal. These methods will be reviewed in detail in the following

section.

1.1.1.1  Methods of percolation threshold reduction

Over the years, significant efforts have been devoted to the design of polymer-based
composites with a low percolation threshold concentration [7,25,28,42,43,47,65-68]. A low
percolation threshold concentration results in a lower quantity of filler within the polymer
matrix, which reduces the cost of the final material. Additionally, composites with low filler

concentration are easier to process and facilitate shaping of the final product.
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One of the effective approaches to achieve a low percolation threshold in polymer composites
is to use well-dispersed conductive particles with a high aspect ratio as fillers. This method has
been demonstrated, experimentally, to decrease the percolation threshold, in accordance with

theory [69,70].

However, each matrix has a solubility limit for the filler, beyond which non-connected
agglomerations may form. This limitation is especially problematic when using a single
polymer as the matrix, as a high concentration of conductive filler is required to achieve the

desired electrical conductivity for these kinds of composites [11,20,21,25,31,38,51].

Numerous alternatives have been reported in the literature to reduce the percolation threshold
concentration. One promising approach to achieve a lower percolation threshold is to use a
double percolation effect by using immiscible polymer blends with a co-continuous
morphology. This approach allows for careful control of the distribution of the conductive
filler, thus reducing the percolation threshold concentration [1,4,11,13-22,25,26,29-31,38,51].
To improve the affinity of nanoparticles towards the interface, recent studies have focused on
both covalent and noncovalent modifications of either nanoparticles or matrices, in order to
increase  nanoparticles  trapping  ability at  the  interface [6,7,9,11,24-
26,28,40,42,43,47,48,52,56]. Optimizing the mixing parameters such as temperature, time,
mixing intensity, and flow, can have a significant impact on electrical properties of conductive
polymer composites [19,28,42,57,71]. However, controlling processing parameters in order to
achieve desirable electrical properties, in electrically conductive filled polymer composites,
can be challenging. This is because the electrical properties of these composites are influenced
by a complex interplay between various factors, as was explained above, such as the nature
and distribution of conductive fillers, polymer matrix, processing conditions, and the interface

between the conductive fillers and the polymer matrix.

Further reduction of the PT can be achieved by using different post-mixing thermal treatments.

Thermal annealing treatment, which is done above the melting or softening temperature, is a
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common method to improve the electrical properties of polymer/filler or PB/filler composites
[11,14,18,29-31,35,38,40,68,72-74]. During the annealing process, the polymer matrix
softens, and the filler particles diffuse, leading to the formation of a more stable filler network.

However, the matrix morphology can evolve and affect the filler network formation.

It is important to consider the parameters for post-processing treatments of polymer
composites. Typically, these treatments involve maintaining quiescent conditions at high
temperatures, such as polymers melting or softening temperatures, for a specified period of
time. However, another crucial factor to consider is the nature of the matrix. If the matrix is
composed of at least one semi-crystalline polymer, then the post-processing treatment can be
optimized based on the crystallization kinetics of the semi-crystalline polymer. Despite the
importance of understanding the effect of crystallization on the electrical percolation threshold
of polymer/filler conductive composites, there are still limited studies that have conducted a
comprehensive evaluation of this relationship [75-82]. This highlights the need for further
research in this area to deepen our understanding of the impact of crystallization on the

electrical properties of these types of composites.

Figure 1.2 provides an overview of all approaches employed for the reduction of the
percolation threshold concentration. This research project primarily focuses on two methods:
the matrix effect and the post-processing effect. The former involves the use of a polymer

blend with co-continuous morphology to achieve a double percolation effect.

In order to consider all factors associated with the matrix's impact (double percolation effect
in polymer blends with co-continuous morphology) it is essential to investigate the
fundamental principles of polymer blend morphology, and the underlying mechanisms that

govern the distribution of a conductive filler within the blend.
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Figure 1.2 Summary of methods for PTC reduction

1.1.2 Double percolation effect — generalities

It has been extensively reported that by using the immiscible polymer blends with a co-
continuous morphologys, it is possible to tailor the location of the electrically conductive filler
inside the matrix, which can lead to the double percolation effect. This is achieved by
controlling the interfacial tension between the filler and the polymers forming the blend
[1,4,11,13-22,25,26,29-31,38,51]. This concept is illustrated in Figure 1.3, where two
immiscible polymers are mixed together, with one of them being pre-mixed with the
conductive filler. In two cases the filler location can lead to reaching the double percolation
effect. In the first case, the polymer premixed with the conductive filler will percolate into the
other polymer, resulting in the filler being uniformly distributed within one phase, creating an

electrically conductive network within this phase. In the second case, the filler will diffuse to
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the interface of the two polymers and create the conductive network at the interface. In this

scenario, significantly low electrical PT can be achieved.

Co-continuous Co-continuous
Polymer 1 + filler Polymer 2 morphology morphology
7 ( [
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Double percolation effect

Figure 1.3 Schematic illustration of double percolation effect

The co-continuous morphology of immiscible polymer blends, as well as tailoring the location
of the conductive filler play a crucial role in the reduction of PT concentration. In the upcoming
sections, we will discuss the methods used to achieve this morphology and ways of prediction

of filler location.

1.1.2.1  Morphology of immiscible polymer blends

The study of immiscible polymer blends is of significant interest due to their ability to exhibit
unique properties that a combination of those of the individual polymers, resulting in potential
applications in a wide range of fields. The mixing of immiscible polymer blends leads to the
formation of a two-phase system, where each phase consists of a separate polymer. This two-
phase system can be used to obtain electrically conductive nanocomposites by tailoring the
location of the conductive particles, because particles can be selectively distributed within the

blend.

The final properties of polymer blends are influenced by a variety of factors, with morphology
being a critical component. The morphology of polymer blends is influenced by interfacial

tension between the polymers, the rheological properties of the polymers, the composition of
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the blend, and the processing parameters. By altering these parameters, it is possible to create
polymer blends with various morphologies, such as spherical droplets, fibers/rods, lamellae,
and co-continuous structures, as shown in Figure 1.4 [83]. These morphologies can be
exploited for various applications. For example, the droplet-dispersed morphology can
improve toughness, while the rod morphology can enhance strength. The lamellae morphology

is useful for barrier properties, and the co-continuous morphology can provide good electrical

conductivity.
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Figure 1.4 Schematic of useful morphologies of polymer blends [83]

1.1.2.2  Co-continuous morphology of immiscible polymer blends

In the context of electrically conductive composites, co-continuous morphology is highly
desirable because it can lead to improved electrical conductivity. This morphology is attractive

as it not only helps to control the electrical properties by tailoring the location of conductive
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fillers and reducing the percolation threshold [11,20,25,26,31,42], but it also offers numerous
advantages such as increased stiffness, strength, dimensional stability, and improved heat
resistance. These benefits make the co-continuous morphology a highly desirable outcome for

those seeking to optimize the properties of electrically conductive polymer blend systems.

Co-continuous morphology is normally achieved when the following relation is fulfilled

[84,85]:

Q1 M (12)

¥ N2

where ¢, and ¢, — volume fraction of polymer 1 and polymer 2, respectively; n; and 1, —
viscosity of polymer 1 and polymer 2, respectively. It should be noted that it's important to
consider the viscosity, used in Equation (1.2), of each individual polymer at the shear rate at
which the blend will be processed. Furthermore, the volume fraction should take into account

the density of the polymer in the molten state.

1.1.2.3  Characterization of co-continuous morphology of immiscible polymer blends

In order to effectively analyze and understand the co-continuous morphology, as well as be
able to correlate morphological properties with electrical one, it is necessary to quantify co-
continuous morphology. One approach to quantify the co-continuous morphology is
calculating the characteristic domain size ¢ of the morphology. This is accomplished by
determining the total area of the SEM (scanning electron microscopy) image and dividing it

by the total interfacial length between polymer 1 and polymer 2 [30,31]:

£ = Asgm (1.3)

Lint



16

where Aggy, 1s the total area of the SEM image and L;,,; is the interface length between the two

phases.

While SEM can be a valuable tool for determining the characteristic domain size in co-
continuous morphology of polymer blends, this approach has several limitations. These
limitations include image resolution, sample preparation, sample orientation, and material
contrast. Additionally, statistical analysis is of great importance in obtaining accurate results.
It is necessary to measure the characteristic domain size on a statistically significant number

of images to ensure accurate measurements.

The other approach for quantification of co-continuous morphology is to use rheology as a tool
to probe the morphology. The advantages and limitations of this approach are shown in Section

2.1.

1.1.3 Prediction of filler location inside polymer blend matrix

To accurately predict the distribution of conductive fillers within a co-continuous polymer
blend (PB) matrix, one can calculate the wetting coefficient. The calculation of the wetting
coefficient can be performed by utilizing thermodynamic models, which are based on
determining the most energetically favorable states of the polymer-filler system. Young's

equation can be used to estimate the wetting coefficient (w,) [26,44,51]:

__ Yriler—polymerB — Vfiller—polymera (1.4)
S

YpolymerA—polymerB

where  Vriner—potymers — the interfacial energy between the filler and polymer B;
Yritler—polymera — the interfacial energy between the filler and polymer A and

Ypolymera—polymerp — the interfacial energy between polymer A and polymer B.
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In order to determine the wetting coefficient, the interfacial properties of each component
should be known. Two methods for determining the interfacial tension from the surface tension
of each component [86,87] were developed. The harmonic-mean correlation function
(Equation 1.5) and the geometric mean correlation function (Equation 1.6) are both based on
the surface tension of the individual components.
vivs | Wv (1.5)

d at 7 P

i ¥v2 vty

V12=71+Y2—4(

(1.6)
Vi2 =V1+tV2— 2\/)/1dyzd - ZJVfVZP

where, y; and y, are the surface tensions of component 1 and component 2, respectively;
v vd,vr, v} are the dispersive and polar parts of the surface tensions of component 1 and

component 2, respectively.

The value of w,, calculated by using Equations (1.4-1.6) defines the location of the filler in
the blend system. There are three cases of location of the filler in the polymer blend: 1) when
w, > 1, the filler will have more affinity to polymer A; 2) when —1 < w, < 1, the filler will
be located at the interface of the two polymers; 3) when w, < —1, the filler will have more

affinity to polymer B.

1.14 Conclusion remarks

After achieving the double percolation effect by controlling the morphology of the polymer
blend and the location of the conductive filler, it is important to study the stability of the
morphology and the filler network during subsequent processing steps. These may involve
greater strains and strain rates, such as, for example, those encountered during injection

molding when forming the final product.
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To investigate these effects, it is essential to establish appropriate tools monitoring the
evolution of morphology and filler network stability. This requires the development of suitable
techniques for quantifying the morphology and probing its evolution, which will be discussed

in the following sections.

1.2 Linear shear rheology

As shown above, developing electrically conductive polymer-based composites with a low
percolation threshold concentration can be achieved using a double percolation effect. For that
a polymer blend with a co-continuous morphology as a matrix should be used. The
quantification of co-continuous morphology is crucial for its characterization and correlation
with electrical properties, and it can be accomplished by two ways, using SEM images in

conjunction with Equation (1.3), or using rheology.

Once the desired morphology is obtained, it is vital to ensure its stability during post-
processing and deformation. Fortunately, rheological tests in the linear viscoelastic region can
provide valuable insights into the microstructural properties of polymer blend composites.
These tests can be employed to quantify co-continuous morphology and study its evolution, as

well as monitor the development and evolution of the filler network.

In section 2.1, the model used to analyze the rheological behavior of polymer blends with co-
continuous morphology is explained. This model is used to quantify the morphology and
provide a detailed understanding of the microstructural properties of polymer blends. Section
2.2 presents the model that explains the effect of the filler network on rheological properties
of filled polymer composites. In section 2.3, a strategy to study the evolution of morphology
is proposed. This strategy involves monitoring the rheological and electrical properties during,

as well as after the application of deformation to the composites.
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1.2.1 Co-continuous morphology modelling

Several models have been developed to analyze the linear viscoelastic rheological behavior in
small amplitude oscillatory shear (SAOS) of polymer blends with dispersed droplets type
morphology, whether filled or not. It should be noted that SAOS tests are a common technique
in polymer blend rheology, to assess the morphology of polymer blends. The results of SAOS
tests, fitted to constitutive equations, are used to determine the rheological properties of the
material and its morphology [24,59-63]. Performing SAOS tests on polymer blends, it is
possible to characterize the morphology of both pure polymer blends and filled polymer blends
with droplet-dispersed morphology.

Examples of models to characterize this morphology include the Palierne model [59],
Gramespacher and Meissner model [60], and Bousmina model [61]. However, there is a lack
of models available for characterizing more complex morphologies of polymer blends, such as
a co-continuous morphology, particularly when fillers are added. To address this issue,
researchers have developed several models aimed at predicting the rheological behavior of
polymer blends with a co-continuous morphology [29,88-92]. Only a few of these models,
however, provide a quantitative analysis of the co-continuous morphology through rheological

analysis [29,88,89].

One such model is that developed by Yu et al. [89,93], referred to as the YZZ model. For a
polymer blend with co-continuous morphology, there are two components that contribute to
the storage modulus of the blend [94]. The basic idea came from Palierne [59], and

Gramespacher and Meissner [60] models, for PBs with dispersed droplets type morphology:

Gllalend (w) = Géomponents (w) + Gi,nterface (w) (1'7)
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where Gpjonq(w) is the storage modulus of a PB matrix with co-continuous morphology,
Géomponents(@) is the PB components contribution, and Giyserrqace(w) is an PB interface

contribution.

The contribution from the components was developed by Veenstra et al., where Yu et al. [89]

replaced the Young’s moduli in the original model by the dynamic moduli [95]:

éomponents = (1.8)
a2b' G2 () + (a + 2a'b + b"3)GL(w)Gh(w) + a'b2G(w)
DGl (@) + @' Gl(w)

where G1(w) is the storage modulus of component 1 in PB; G;(w) is the storage modulus of
component 2 in PB, and a’ can be found from the volume fraction of phase 1: ¢, = 3a’? —

2a'"3

Here, an elementary cell of a co-continuous morphology was assumed to consist of three
connected parallelepiped shape elements of length I, = a’ + b" = 1, square section of edge

a’,and b’ = 1 — a’ as shown on Figure 1.5(a) what is 1/8 of the primary microstructure.

%—!’c=l%| |% [, —> y
a’ b’ a b
= Fluid I

Fluid II
-

b ||, <] D~ D»

i L : B ﬁ
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& *67

Figure 1.5 Schematics of an ideal co-continuous morphology for (a) the components

a b

contribution, (b) the interfacial contribution and (c) deformation of interfaces
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Taken from Yu et al. [89]

To take into account the interface contribution, Yu et al. [89] made a modification of the
schematic of an ideal co-continuous morphology for the components’ contribution proposed
by Veenstra et al. [95] (see Figure 1.5(a)) by considering the parallelepiped shape elements to
be cylinders instead (see Figure 1.5(b)). It was done in order to consider a critical aspect of
blend rheology — the contribution of the interface between two polymers. These cylinders are
assumed to have a radius a and a characteristic length [, with a’ = a/l. and b’ = b/I..
Interface contribution of each cylinder can be found from the stress contribution caused by the
deformation of each cylinder at the interface (see Figure 1.5(c)). The total interface

contribution for the storage modulus can be expressed as:

G’interface = GA’interface + GBlinterface + GC,interface (1'9)

where G'interfaces GB'interfaces Gc'interface are the elastic moduli due to interface

deformation of the cylinder type A, type B and type C, respectively.

By performing the calculations for the interface contribution of each cylinder, Yu et al. derived

an expression for the storage modulus of the interface contribution:

, ke (ks 3 fo’t? (1.10)
G interface = zaSV (k_c + 1+

where «a is the interfacial tension, w is the frequency, Sy is the specific area, inversely

proportional to the characteristic domain size ¢, given by:

_3mab 1 (1.11)

S, =—=
R TER
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with

and

2,2

B _f12 + w272 Yo

__ fifawt y
flz+a)2‘r2 0

40(p + 1)

fi= (2p + 3)(19p + 16)

5
2p+3

fo=

(1.12)

(1.13)

(1.14)

(1.15)

(1.16)

where p is the viscosity ratio of fluid 1 over fluid 2, and y, is the strain amplitude. kg and k.

are constants that relate to a random orientation and possible distortion of a co-continuous

element, respectively, and the ratio kg /k, < 1.

Using Equations (1.7-1.16) the storage modulus of the blend with a co-continuous morphology

can be written as:

GI,)lend (w) =

a?b'G*(w) + (a” + 2a'b' + D)6} ()G (@) +a'b6(w) |

b'G{(w) + a'G,(w)

(1.17)
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where G, is the storage modulus of component 1; G; is the storage modulus of component 2;

More details can be found in Yu et al. [89].

As demonstrated by Yu et al., the developed model effectively fits the experimental data of
pure PB with a co-continuous morphology (polystyrene/poly(ethyleneco-1-octene) (PS/POE)
co-continuous blends), as illustrated in Figure 1.6. The authors also showed that the model can
be used for quantifying the co-continuous morphology of PB by calculating the characteristic
length (l.), which can then be used in Equation (1.11) to determine the characteristic domain

size (§) of the co-continuous structure.

PEPOE SIS0 8 1T
O Experiments

PEIPOE 860 8 180°C

L aL i .
a1 ol 1 10 100 0.01 [3]
Angular freguency (rdish Angular froguency (md's) Angular froquency (rad's)

Figure 1.6 Storage modulus of PS/POE co-continuous blends as a function of frequency. (a)
PS/POE 40/60; (b) PS/POE 50/50; (¢) PS/POE 60/40. Insets are the corresponding SEM
pictures

Taken from Yu et al. [89]

It should be noted that Yu et al. [89,93] rheological model was developed only for unfilled
polymer blends with co-continuous morphology. Therefore, it is important to consider the
effect of the filler network on rheological properties of the polymer blends with co-continuous

morphology.
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1.2.2 Two-phase model and the elasticity of the filler network

It is widely accepted that the rigid filler network plays a crucial role in enhancing the elasticity
of the matrix, as evidenced by the observed increase in storage modulus for different polymer
blend/filler systems [2,29,31]. Figure 1.7 shows a representative illustration of this
phenomenon, where the storage modulus is plotted as a function of frequency in SAOS for
filled composites of linear low density polyethylene/ethyl vinyl acetate containing graphene

(GN) co-continuous composites [31].
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Figure 1.7 SAOS tests performed at 160 °C for LLDPE/EVA/GN composites
Extracted from Helal et al. [31]

The results indicate that the storage modulus increases as the concentration of GN increases,
and it eventually reaches a plateau at low frequencies. This increase in G’ is a result of the
interactions between the filler and the matrix, as well as between particles. The two-phase
model, which uses SAOS tests data, has been successfully used to differentiate the elastic
response of the filler network from that of the polymer matrix [96,97]. According to this model,
the viscous response of the composite is primarily influenced by the polymer matrix at high

frequencies, while the elastic response is primarily influenced by the networks formed by
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particle clusters at low frequencies (as illustrated in Figure 1.8). To confirm the applicability
of this model to a specific polymer nanocomposite system, a master curve is constructed using
all the samples with the filler concentration that are above the percolation threshold
concentration. The process for building the master curve, and the significance of the scaling
parameters are explained in detail elsewhere [96,97]. It is important to note that this model
provides an understanding that the elasticity of the filler network dominates that of the matrix
at low frequencies. Moreover, the elasticity of the filler network can be studied separately from

the matrix and independently of its complexity.

cluster network
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Figure 1.8 Schematic representation of the origin of viscoelasticity in polymer
nanocomposites above the percolation threshold

Extracted from [97]

By using the two-phase model, it is possible to predict the rheological percolation threshold.
Since the elasticity of the network Gj is growing with particles’ concentration — p, the
rheological percolation threshold can be defined as the minimum particle concentration needed

for the formation of a filler network as [97]:

G,=k-(P=P)’ (1.18)
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where Gy is frequency-independent elastic modulus, P is the mass fraction of MWCNTSs, P, is
the percolation threshold, v is a fitted exponent that depends, only, on the dimensionality of

the system, and k is a scaling factor.

1.2.3 Design of experiments

In order to investigate the evolution of the morphology and filler behavior of the composites,
it is necessary to subject the material to a deformation flow. In this case, SAOS-deformation-
SAOS tests can be used to assess the evolution of the material's properties during deformation,

by comparing the results of the first and second SAOS tests [63,98].

Figure 1.9 depicts a typical shear deformation test performed to study the droplet disperse
morphology in a polymer blend. The first step involves subjecting the blend to intense shear at
a high shear rate, creating a uniform droplet disperse morphology. The subsequent step
involves investigating the impact of flow-induced coalescence on the properties of the polymer
blend. This method enables the investigation of the behavior of droplets under shear

deformation [99].
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Figure 1.9 Shear protocols to a) investigate the effect of shear rate and b) investigate induced
droplets coalescence process

Extracted from [99]

The deformation step in the SAOS-deformation-SAOS sequence is typically carried out at a
constant shear rate for a certain period of time or shear strain to induce droplet break-up
[100,101] or coalescence [63,98,99,102-108], in both filled and unfilled polymer blends
exhibiting droplet disperse morphology.

In the case of electrically conductive composites with a co-continuous morphology, it is crucial
to assess the morphology and filler network evolution during shear to investigate its possible
stabilization. Shear tests presented in Figure 1.9 can aid in this assessment. This is particularly
important because the processing of these composites can significantly impact their resulting
properties. High strains and shear rates that are typically associated with melt processing
techniques can lead to the destruction of the conductive filler network, which can have a

negative impact on the electrical conductivity of the composite. Therefore, understanding the
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filler network evolution during shear can help to optimize the processing conditions to maintain

the desired electrical properties of the composite.

To replicate coalescence and break-up phenomena during the deformation step, steady shear
rates should be selected to induce these phenomena based on established theories. Specifically,
Taylor theory [109] and Grace plot [110] were used to determine these values. In the case of
droplet disperse morphology, the deformation of a droplet under uniform flow is dependent on
the capillary number (Ca) - the ratio of the viscous force (F,;s5-0us) OVer the interfacial force

(Finterfaciar) (Equation (1.19)) - as well as the viscosity ratio (p) (Equation (1.20)) [109].

Ca = Fviscous — nm]}Rv (1-19)
Finterfacial a
_Na (1.20)
m

where 1,, is the viscosity of the matrix, 1, is the viscosity of the dispersed phase, y is the shear

rate, R, is the volume average radius of the drops, a is the interfacial tension.

Droplet break-up and coalescence occur when a flow is applied above or below a certain
critical value of the capillary number (Ca.). Grace [110], experimentally, determined the
critical capillary number as a function of the viscosity ratio for both rotational (simple shear)
and irrotational (extensional) shear, and this data is presented in Figure 1.10. The critical
capillary number can be calculated using Equation (1.21) [111], which is an empirical fit to

Grace's data provided by Tucker et al. [111].

log(Ca,) = —0.506 — 0.0995 log(p) + 0.124(log(p)) * — (1.21)
0.115
log(p) — log (4.08)
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Figure 1.10 Ca, as a function of p in rotational and irrotational shears together with

illustrations of droplets break-up and coalescence (adapted from Grace [110])

Finally, using the Equation (1.21) to obtain the critical capillary number (Ca.) along with
Equation (1.19) it is possible to find the critical shear rate (y,), above which break-up happens
and below which coalescence takes place. While this theory was originally developed for
droplet dispersions, the critical shear rate can also provide an indication of the shear rates

required to induce significant changes in composites that exhibit a co-continuous morphology.
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Abstract

The effect of the crystallization of polypropylene (PP) forming an immiscible polymer blend
with polystyrene (PS) containing conductive multi-wall carbon nanotubes (MWCNTs) on its
electrical conductivity and electrical percolation threshold (PT) was investigated in this work.
PP/PS/MWCNTs composites with a co-continuous morphology and a concentration of
MWCNTs ranging from 0 to 2 wt.% were obtained. The PT was greatly reduced by a two-step
approach. First, a 50% reduction in the PT was achieved by using the effect of double
percolation in the blend system compared to PP/MWCNTs. Second, with the additional
thermal treatments, referred to as slow-cooling treatment (with the cooling rate 0.5 °C/min),
and isothermal treatment (at 135 °C for 15 min), ultra-low PT values were achieved for the
PP/PS/MWCNTs system. A 0.06 wt.% of MWCNTs was attained upon the use of the slow-
cooling treatment and 0.08 wt.% of MWCNTs upon the isothermal treatment. This reduction

is attributed to PP crystals’ volume exclusion, with no alteration in the blend morphology.

Keywords: electrical percolation threshold; electrical conductivity; thermoplastic composites;

polymer blend; multi-wall carbon nanotubes; polymer crystallization
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2.1 Introduction

Conductive thermoplastic composites have gained a lot of attention in different research fields
since they are used in a variety of industrial applications. Among their many applications, these
materials are used in sensors, intelligent medical devices, energy harvesting, actuators, flexible
electronics, robotics, static dissipation and electromagnetic interference (EMI) shielding. The
interest in these composite materials stems from their advantages, namely the ability to achieve
the electrical conductivity in a wide range, processability into products of complex shapes, as

well as flexibility, lightweight, and corrosion resistance [1-12].

Conductive nanocomposites are obtained by dispersing electrically conductive nanoparticles
(particles with at least one of their dimensions ranging from 1 to 100 nm) within a matrix. The
most used nanoparticles to obtain electrically conductive polymers are carbon black (CB) [13-
23], carbon nanotubes (CNTs) [2-8,24-28], and graphene [12,29-37]. Due to the advantages
conductive thermoplastic composites present, significant research has been conducted towards
achieving certain desired properties at low filler concentrations, primarily by reducing the
percolation threshold (PT). The PT is defined as the concentration of particles at which the

composite starts to be conductive.

Several methods to reduce the PT concentration have been reported in the literature. One of
the simplest methods is to use well-dispersed conductive particles with the highest possible
aspect ratio as a filler. This has been experimentally found to lower the PT as was predicted by
Bruggeman, V.D., and Béttcher, C. in the 1940s [69,70]. In order to further reduce the PT,
more recent studies have dealt with the modification of nanoparticles, whilst others have made
use of the controlled matrix morphology to tailor the location of nanoparticles. In particular,
the use of immiscible polymer blends (PBs), presenting a co-continuous morphology, has been
suggested. By controlling the interfacial tension between the filler and the polymers forming

the blend, one can tailor the location of the conductive filler at the interface, thus lowering the
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PT. Depending on the used binary blend, the nanoparticles were added alone or with a
compatibilizer [6,9,24-26,40,42,47,52]. For example, Chen, J. et al. have shown that
introducing 5 wt.% of SEBSg-MA in PP/PS (70/30 wt.%) co-continuous matrix reduces PT
from 1.22 wt.% for PP/PS/MWCNTs to 0.66 wt.% for PP+SEBS-g-MA/PS/MWCNTs [44].
Other additives like graphene, graphene oxide (GO), organoclay, CB, noncovalent and
covalent modifiers were also reported in the literature to reduce the PT of PB/CNTs co-

continuous systems [9,11,24,28,43,47,48,56].

Furthermore, other researchers suggested that the thermal annealing of polymer/filler or
PB/filler composites above the melting or softening temperature could further decrease the PT
and improve the electrical conductivity of a system [11,14,18,29-31,35,38,40,68,72-74]. In
polymer blend-based composites, this effect is usually accompanied by changes in the blend
morphology. First, the morphology coarsens (the domain size becomes larger) and then it is
stabilized by increasing the annealing time of the filled composites. This leads to the easier
creation of the conductive filler network due to the reduction in the interphase area where the
filler is distributed. One of the most dramatic effects was, for example, achieved by Chen, Y.
et al. who showed that annealing at 200 °C for 2 h decreased PT from 0.48 wt.% to 0.09 wt.%
for a PP/PMMA (30/70 wt.%) co-continuous blend containing MWNTs [68]. All these
strategies have been used for polymer pairs containing both amorphous and semi-crystalline
polymers. However, the influence of crystallization on PT and electrical conductivity for
immiscible polymer blends, containing at least one semi-crystalline polymer, has to date not

been adequately evaluated.

To our knowledge, there are few studies that have evaluated the effect of crystallization on the
PT of polymer/filler conductive composites [80-82]. Wang, J. et al. have investigated the effect
of the cooling rate on the electrical conductivity of PP/MWCNTSs composites containing a
sorbitol-based external nucleating agent (NA). They showed that the PT was reduced for both
PP/MWCNTs and PP/MWCNTSs/NA from 0.75 wt.% at a fast-cooling rate of 150 °C/min to
0.36 wt.% at a slow-cooling rate of 1.5 °C/min [80]. Huang, C. et al. have shown the effect of
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matrix crystallinity on the PT of PLLA/MWCNTs composites containing 0.15 wt.% of a NA.
The PT was reduced from 0.96 wt.% to 0.75 wt.% for the samples which were treated for 0.1
and 6 min, respectively, at 130 °C [82]. Other researchers have reported the effect of
stereocomplex (SC) crystallization on the PT and electrical conductivity of miscible
PLLA/PDLA blend composites, containing a conductive filler [75-79]. In these cases, the

change in PT happens due to the volume exclusion effect of stereocomplex crystals.

The present study aimed to shed light on the effect of the semi-crystalline polymer’s
crystallization within the PB on the reduction in the percolation threshold. In particular, for
this we chose PP and PP/PS blend-based composites containing MWCNTs obtained by the
melt-mixing process. It will be shown that two types of treatments aiming to affect PP crystal
growth can significantly improve the electrical conductivity and reduce the PT to ultra-low
values. These treatments are proposed to achieve lower PTs for other semi-crystalline-based
PB co-continuous systems. In addition, it will be shown that the proposed treatments do not
significantly change the PB morphology compared to thermal annealing above the melting or

softening temperature.

2.2 Materials and Methods
2.2.1 Materials

Commercial polypropylene (PP)—PP4712E1 grade from Exxon Mobile with a density 0.9
g-cm>—and polystyrene (PS)—MC3650 from PolyOne with a density 1.04 g-cm>—were
used in this work. Multi-walled carbon nanotubes (MWCNTSs) grade NC7000™ from Nanocyl
with an average diameter and a length of 9.5 nm and 1.5 um, respectively (aspect ratio ~ 160),
and with a nominal electrical conductivity of 10° S-m™!, were used as the conductive filler in

the composites.

2.2.2 Processing
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2.2.2.1 Extrusion

The materials were prepared by a melt-mixing process using a Haake Rheomix OS PTW16
twin-screw extruder (Thermo Fisher Scientific Inc., Waltham, MA, USA). The temperature
was fixed at 220 °C in all zones, and the screw speed was adjusted to 100 rpm for all
compositions. First, a masterbatch of PP with 10 wt.% of MWCNTs was prepared. Second, PP
composites witha MWCNTSs concentration varying from 0 to 2 wt.%, as well as co-continuous
morphology 50/50 PP/PS blends with MWCNTs concentration, also varying from 0 to 2 wt.%,
were prepared by dilution of the PP/MWCNTSs masterbatch.

To achieve a co-continuous morphology for PP/PS/MWCNTSs composites, the calculation of a
co-continuous range based on viscosity measurements both PP and PS should be done. The
viscosity of both PP and PS was measured using a capillary rheometer at a temperature of 200
°C. For the effective shear rate of 100 s™! experienced in the twin-screw extruder, both
polymers manifested similar viscosities (as can be seen in Figure-A I-1 in the Supplementary
Materials) [112,113]. A 50/50 wt.% PP/PS concentration was, therefore, chosen following the
analysis of Jordhamo, G. et al. [85].

2.2.2.2 Thermal Treatments

Three thermal treatments were performed by compression molding and were designated here
as: (1) fast cooling; (2) slow cooling; and (3) isothermal. Figure 2.1 shows a schematic of the

temperature vs. time profile for all thermal treatments.

The three treatments consisted of three steps each, with the first two steps being the same and
a third one differing for each treatment. The first step was at a temperature of 200 °C under
constant pressure of 0.8 MPa for 10 min. The second one was at a temperature of 200 °C under

a pressure of 10 MPa for an additional 10 min.
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For the fast-cooling treatment, the third step was fast cooling to room temperature, which
was performed at a rate of 50 °C/min under a pressure of 10 MPa. The whole treatment,

all three steps, took 22 min (Figure 2.1).

For the slow-cooling treatment, the third step was fast cooling to 160 °C and a slow
cooling from 160 °C to 135°C at a rate of 0.5 °C/min, followed by fast cooling from 135
°C to room temperature under a pressure of 10 MPa. The whole treatment took 1 h 10
min (Figure 2.1). The starting temperature of the treatment (160 °C) was chosen to
prevent the so-called annealing effect [11,14,29-31,68] which could involve the
coarsening of blend morphology. The temperature of 135 °C at the end of the treatment
corresponds to the highest onset temperature of crystallization, evaluated by the DSC

analysis.

For the isothermal treatment, the third step was fast cooling to 135 °C which was
maintained for 15 min. Then, the sample was fast cooled to room temperature under a

pressure of 10 MPa. The whole treatment took 36 min (Figure 2.1).

Fast- and slow-cooling treatments were carried out to study how the cooling rate, which has a

direct effect on the crystallization kinetics and crystals morphology, affects electrical

conductivity due to the volume exclusion effect. Slow cooling was performed at 0.5 °C/min to

allow the growth of larger crystals.



37

220 T T T T T T T
Fast cooling treatment
200 — — Isothermal treatment | |
—-—-Slow cooling treatment
%) 180 +
o
-
E
® 160 o
7] .-"""'-
= ""'--.,_____
5 140 | el
= -——- ==
\ !
120 | ! i
! i
! i
100 1 L 1 | I 1 1 H
0 10 20 30 40 50 60 70 80
Time, min

Figure 2.1 Temperature vs. time for fast-cooling treatment, isothermal treatment, and slow-

cooling treatment

2.2.3 Characterization
2.2.3.1 Crystallization Studies

Differential scanning calorimetry (DSC) was performed using a Pyris 1 Differential Scanning
Calorimeter (PerkinElmer, Waltham, MA, USA). The nitrogen gas flow rate was set to 20
mL/min. The samples were encapsulated in standard aluminum pans and covers. The DSC was

calibrated using indium and zinc standards.

Two different cycles were used to determine the crystallinity of the composites as well as the

crystallization kinetics.

Non-isothermal crystallization
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The samples were heated from 50 °C to 200 °C at 10 °C/min and then cooled down from 200
°C to 50 °C at 10 °C/min under nitrogen atmosphere. This thermal cycle was performed twice
for all samples to erase the thermo-mechanical history of the samples. The data from the second
heating and cooling cycle were used for calculations. Prior to that, the same thermal cycle was

run with empty pans for getting a baseline.
The crystallinity for all compositions was calculated using Equation (2.1):

_ AH (2.1
~ (1—-w)AH,,

XC
where X, is the weight fraction of the crystalline phase, AH is the heat of fusion of the sample,
AH,, is the heat of fusion of 100% crystalline PP (207 J/g) [114], and w is the MWCNTSs’
weight fraction for PP/MWCNTs composites and (MWCNTs + PS) weight fraction for
PP/PS/MWCNTSs composites.

Isothermal crystallization

The samples were heated from 50 °C to 200 °C at 50 °C/min and kept at this temperature for
5 min to eliminate any previous thermal history; then, they were cooled to 135 °C at 50 °C/min
and kept at 135 °C for 30 min for isothermal crystallization. Again, in this case, prior to testing

the sample, the same thermal cycle was run with empty pans to obtain a baseline.

2.2.3.2 Polarized Optical Microscopy

The crystals’ growth and their morphology were studied using polarized optical microscopy
(POM)—OLYMPUS BX51 microscope (Olympus Co., Tokyo, Japan) equipped with a hot
stage. The morphology evolution (crystal growth) at 135 °C was observed. In this case, the

heat treatment was performed without any applied pressure. Furthermore, the morphology of
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the crystals of pure PP and PP/MWCNTs composites at room temperature obtained by fast-

cooling, isothermal, and slow-cooling treatments as described above was also observed.

2.2.3.3 Electrical Conductivity

The electrical properties as a function of frequency for all compositions were evaluated using
a broadband dielectric spectrometer (BDS) (Novocontrol Technologies GmbH & Co. KG,
Montabaur, Germany) in the frequency range from 107> to 3 x 10° Hz under an excitation

voltage of 3 VRMS applied across the sample.

The electrical conductivity was evaluated from the measurement of the AC complex

conductivity as a function of frequency—a* (w), which is related to the complex permittivity

by

0" (w) = jweye™ (w) (2.2)

where w is the frequency, &, is the vacuum permittivity and £*(w) is the complex permittivity
which includes the contributions of the electrical conductivity and can be expressed as

(@) = & () — et (©) = &' (@) = j(&F (@) +——) @3)

where &' (w) is the real part of the complex permittivity, &,;(w) the total imaginary part, &5

represents the imaginary part of the permittivity due to the polarization phenomena, and o is

an electrical conductivity. By combining these two equations, we can obtain:

o (2.4)
0" (W) = jwege™ (w) = jwe (6'(0)) —J (s;'a'(co) + —)) -

we

0+ wepep (w) + jweye' (w)

where the real part of the complex conductivity is:
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o'(w) =0+ weyep (w) (2.5)

The equipment measures the total imaginary part—e{,; (w) since the device cannot distinguish
between the two contributions. Accordingly, the electrical conductivity cannot be formally
isolated. However, since it does not increase with frequency unlike the contribution from
ep (w), the occurrence of a low frequency plateau in the plot of ¢'(w) as a function of
frequency indicates that the value of the electrical conductivity dominates the real part of the
complex conductivity that then becomes very close to the true DC conductivity at low
frequencies. The electrical conductivity values presented in this work refer to the value of
o' (w) at the lowest frequency (1 x 1072 Hz). Consequently, this value is always higher than
the true conductivity, particularly below the percolation threshold, however, once the
percolation threshold is reached, it gives a very good approximation of the conductivity. Disks
of 25 mm in diameter and 1 mm in thickness, covered on both sides with 20 nm of gold, were

used for the measurements.

2.2.3.4 Scanning Electron Microscopy

The morphology of PP/PS/MWCNTSs composites for all treatments was observed by scanning
electron microscopy (SEM) using a S3600 Hitachi microscope (Hitachi, Ltd., Tokyo, Japan)
in the secondary electrons’ mode. The samples were fractured in liquid nitrogen and then
polystyrene phase was extracted by using butanone at room temperature, under continuous
stirring for two hours. Then, the samples were dried under vacuum at room temperature during
12 h. After drying, the samples were covered with gold by using a gold sputter coater, model
K550X. All porous samples after PS extraction were imaged at an accelerating voltage of 5

kV.
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2.3 Results

2.3.1 Effect of the Treatments on Electrical Conductivity and Morphology of
PP/PS/MWCNTSs Composites

Figure 2.2 shows the electrical conductivity as a function of MWCNTSs mass fraction for

PP/PS/MWCNTs composites after fast-cooling, isothermal, and slow-cooling treatments.

Equation (2.6) was used to calculate the percolation threshold of composites that underwent

the different thermal treatments:

c=k-(P—P), withP > P, (2.6)

where o is the electrical conductivity of the composite, P is the mass fraction of MWCNTs, P,
is the percolation threshold (PT), t is a fitted exponent that depends, only, on the

dimensionality of the system, and k is a scaling factor. It should be noted that this equation is

valid for P > P..
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Figure 2.2 Effect of treatments on the electrical conductivity of PP/PS/MWCNTs composites

as a function of MWCNTSs concentration
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A linear regression fit was employed to determine the percolation threshold, log(a) vs.
log(P — P,). The results of these fits for each treatment of PP/PS/MWCNTSs composites are
presented in Table 2.1.

Table 2.1 Percolation threshold and fitting values of experimental data according to Equation

(2.6) for PP/PS/MWCNTSs composites after each treatment

Fast-Cooling Isothermal Slow-Cooling
Parameters
Treatment Treatment Treatment
P, wt.% 0.28 0.08 0.06
k, S/m 8.5x 107 0.12 0.15
t 1.60 2.20 2.00
R? 0.97 0.89 0.99

The results presented in Figure 2.2 and Table 2.1 show that the isothermal and slow-cooling
treatments resulted in a much lower percolation threshold. The percolation threshold was
drastically reduced from 0.28 wt.% to 0.08 wt.% and 0.06 wt.% of MWCNTs for the isothermal
treatment and slow-cooling treatment, respectively, where an increase of 10 orders of
magnitude in electrical conductivity was observed. Here, a double effect on reducing the PT
of PP/PS/MWCNTs composites was achieved. On the one hand, the PT was reduced due to
the effect of the double percolation using the co-continuous morphology of PP/PS/MWCNTs
composites. Indeed, the PT was reduced from 0.6 wt.% for PP/MWCNTSs composites (as can
be seen in Figure-A I-2 and Table-A I-1 in the Supplementary Materials) to 0.28 wt.% for
PP/PS/MWCNTs composites for the fast-cooling treatment. On the other hand, the ultra-low
PT was achieved for PP/PS/MWCNTSs composites after the isothermal and slow-cooling
treatments. These results can be explained by the exclusion of the MWCNTs by the PP

crystalline structure, as was observed by Wang, J. et al. [80].

PP/PS/MWCNTs composites formed a co-continuous structure, where the quantification of

morphology can be done by calculating the characteristic domain size é—total area of the SEM
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image per total interfacial length between PP and PS phase. The evolution of the morphology
of the blends for all composites for different treatments was investigated using SEM images.
The characteristic domain size—¢ was studied by averaging at least five different SEM images
for the same treatment and the same concentration of MWCNTs by using the following

equation [30,31]:

A
¢ = Astm 2.7)

Lint

where Aggy, is the total area of the SEM image and L;,; is the interface length between two
phases estimated using a homemade image analysis script (as can be seen in Figure-A I-3 in

Supplementary Materials, which shows how L;,,; was estimated).

Figure 2.3 and Figure 2.4 show SEM images and the plot of characteristic domain size of
PP/PS/MWCNTs composites for which the PS phase was extracted with different filler
concentrations after the fast-cooling treatment. It can be seen that upon the addition of
MWCNTs the characteristic domain size drastically decreases from 11.3 um to 1.3 pm for neat
PP/PS blend and PP/PS/MWCNTs composite with 0.5 wt.% of MWCNTs, respectively.
Indeed, the composites were prepared by adding PP/MWCNTs to PS. PPPMWCNTs presents
a higher viscosity than pure PP and transfers, therefore, more stress to the PS phase, and
resulting in a finer morphology. Furthermore, the better affinity of MWCNTs to PS favors its
migration to the PS phase, preventing its coalescence and coarsening, which is leading to
drastic decrease for the characteristic domain size [29,30]. This decrease indicates that
MWCNTs refined the morphology and that the number of viable electrical paths is increased,

explaining the increase in electrical conductivity shown Figure 2.2.
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(a) (b) (©)

Figure 2.3 Morphology evolution of selected PP/PS/MWCNTSs composites after fast-cooling
treatment for: (a) 0 wt.% of MWCNTs; (b) 0.1 wt.% of MWCNTs; and (c) 0.5 wt.% of
MWCNTs
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Figure 2.4 Characteristic domain size of PP/PS/MWCNTs composites after fast cooling as a

function of MWCNTSs concentration

The SEM micrographs for PP/PS/MWCNTs composites with 0.3 wt.% of MWCNTs for each
treatment are reported in Figure 2.5(a—c). Figure 2.6 shows the characteristic domain size (&)
of the PP/PS blends as a function of MWCNTs concentration for different treatments. It can
be seen that, for the composites with the same amount of MWCNTs—but for different
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treatments—the morphology of the blends did not change, although a larger electrical
conductivity was observed upon the slow-cooling and isothermal treatments. For example, the
characteristic domain size is 2.8 um, 2.7 um, and 2.7 um for the PP/PS/MWCNTSs composite
with 0.1 wt.% of MWCNTs subjected to fast-cooling, isothermal, and slow-cooling treatments,
respectively. However, the electrical conductivity is 3.4 x 107'* S/m, 2.0 x 10~* S/m, and 1.7
x 107* S/m for the PP/PS/MWCNTSs composite with 0.1 wt.% of MWCNTs subjected to fast-
cooling, isothermal, and slow-cooling treatments, respectively. These observations indicate
that the increase in electrical conductivity upon thermal treatments, in the case of the blends
studied here, may not originate from an evolution of the blend morphology as suggested by
several researchers [11,14,18,29-31,38,40,72]. Rather, this stems from an evolution of the
crystalline morphology of the semi-crystalline polymer. The next section will present an

analysis of the crystallization of PP that will help to understand the obtained results.

(@) (b) (©

Figure 2.5 Morphology of the selected PP/PS/MWCNTSs composites with 0.3 wt.% of

MWCNTs for (a) fast-cooling treatment; (b) isothermal treatment; and (c) slow-cooling

treatment
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Figure 2.6 Characteristic domain size of { vs. MWCNTSs concentration for different

treatments for PP/PS/MWCNTs composites

2.3.2 Crystallization Behavior and Electrical Conductivity of PP/MWCNTSs and
PP/PS/MWCNTSs Nanocomposites

DSC thermograms of non-isothermal and isothermal crystallization were used to investigate
the crystallization state as well as the isothermal crystallization behavior of PP/MWCNTs and
PP/PS/MWCNTSs nanocomposites.

Figure 2.7 shows typical thermograms obtained by DSC during cooling scans at 10 °C/min for
PP and the PP/MWCNTs composite containing 0.1 wt.% of MWCNTs. Similar results were
obtained for all composites. These curves were used to infer the peak crystallization
temperature, the onset, and end of crystallization, as well as the crystallinity rate for all
composites. Melting temperatures for all compositions were also determined by DSC during
heating scans at 10 °C/min. The data for peak crystallization temperature (Tc), as well as the
degree of crystallinity as a function of MWCNTSs concentration for both PP’/MWCNTs and
PP/PS/MWCNTs, are presented in Figure 2.8(a-b). The data for melting temperatures, the
onset, and end of crystallization temperatures can be found in Table-A I-2 in the

Supplementary Materials.
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Figure 2.7 Typical non-isothermal crystallization of PP and PP/MWCNTs curves with
different MWCNTs wt.%

Figure 2.8(a-b) present the crystallization behavior of PP/MWCNTs and PP/PS/MWCNTs
nanocomposites. The peak crystallization temperature (Tc) increases from 112 °C to 126 °C
for PPPMWCNTs composites and from 117 to 122 °C for PP/PS/MWCNTs composites as the
MWCNTs concentration is increased from 0 to 1 wt.% (Figure 2.8(a)). This increase in
crystallization temperature originates from the nucleating effect of the MWCNTs. The effect
is more pronounced for PP/MWCNTs composites as opposed to that of PP/PS/MWCNTs
composites. This could be due to a favored location of the MWCNTs at the interface between

both phases of the blends.

Finally, the addition of MWCNTs and the blending of polymers do not change the degree of
crystallinity of PP in the case of PP/MWCNTs composites, as well as in the case of
PP/PS/MWCNTs composites (Figure 2.8(b)).
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Figure 2.8 Effect of MWCNTSs on non-isothermal crystallization of PP for both
PP/MWCNTs and PP/PS/MWCNTs composites: (a) influence of MWCNTSs concentration on
crystallization temperature (peak); and (b) the effect of MWCNTs amount on degree of
crystallinity during non-isothermal cooling from 200 °C to 50 °C at 10 °C/min

Figure 2.9(a-b) show typical heat flow curves and the relative crystallinity curves as a function
of time during isothermal crystallization tests at a temperature of 135 °C, for the composites
studied here to which MWCNTs were added. Similar curves were obtained for all composites.
The heat flow curves (Figure 2.9(a)) were used to infer relative crystallinity—X(t) as a
function of time, which can be obtained from the area under the exothermic peak up to time t,

divided by the total exothermic peak area as expressed in Equation (2.8) [115]:

(2.8)

tdH,
X() = —fo dr <4

odH
Js g7 X dt

dH. is the heat flow required for crystallization for a certain time dt.

Figure 2.9(b) shows the relative crystallinity curves as a function of time (obtained using

Equation (2.8) from Figure 2.9(a) data) for the composites studied here at different MWCNTs
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concentrations and at 135 °C. Similar curves were obtained for all composites and were used
to infer the crystallization half time (ti12) which is the time required to complete 50% of the
crystallization and the induction time which is the time at which the nuclei start to form. The
data for t12 and induction time as a function of MWCNTs concentration are shown in Figure

2.10(a-b).
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Figure 2.9 (a) Heat flow as a function of time for PP/MWCNTSs composites with different
MWCNTs wt.% at 135 °C; (b) relative crystallinity of PP/MWCNTs composites with
different MWCNTSs wt.% at 135 °C

Figure 2.10(a-b) present crystallization half time (a) and induction time (b) for PP/MWCNTs
and PP/PS/MWCNTs composites with different MWCNTSs concentrations at 135 °C.

The results presented in Figure 2.10(a) show that upon the addition of MWCNTs for
PP/MWCNTs composites, the crystallization half time drastically decreases, indicating that
MWCNTs act as a nucleating agent. The crystallization half time was found to be equal to 62,
6, 3, and 2.6 min for composites with 0, 0.1, 0.3, and 0.5 wt.%, respectively. For
PP/PS/MWCNTs composites, not only the effect of MWCNTSs amount on relative crystallinity
should be taken into account, but also the matrix composition. The crystallization half time did

not significantly change with the increase in the MWCNTSs concentration. The crystallization
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half time was determined to be 12, 7, and 5 min for composites with 0.1, 0.3, and 0.5 wt.%,
respectively, which is approximately two times more than that for PP/MWCNTSs composites,
with the same MWCNTs amount. This could be caused by the selective localization of
MWCNTs at the interface inside the PP/PS matrix, which weakens the nucleation effect since
nucleation is not a factor for PS. However, ti,2 for the pure PP/PS blend, it is three times smaller
than for pure PP. The presence of PS in the mixture could have changed the energy needed for
the ultimate crystallization of PP. The same behaviour was observed for the induction time of

crystallization for both PP’/MWCNTs and PP/PS/MWCNTs (Figure 2.10(b)).
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Figure 2.10 (a) Crystallization half time and (b) induction time for PP/MWCNTs and
PP/PS/MWCNTs composites at 135 °C

The crystallization of pure PP and PP/MWCNTs with 0.1 wt.% of MWCNTs after the fast-
cooling, isothermal, and slow-cooling treatments was investigated by polarized optical
microscopy, and the crystal morphology is shown in Figure 2.11(a—f). A concentration of 0.1
wt.% was chosen as it is not possible to visualize by optical microscopy, the spherulites for
higher concentrations of MWCNTs. The treatment temperature of 135 °C was chosen for
isothermal and slow-cooling treatment to obtain larger crystals as mentioned previously. It can
be clearly seen that the cooling rate affects the crystal size when fast cooling is compared to

the other two treatments. The crystals of pure PP—which was fast cooled—are so small that
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they cannot be easily identified compared to the crystals obtained from isothermal and slow-
cooling treatments, where the size is around 100 um for both treatments. The crystals size for
the PP/MWCNTs composite with 0.1 wt.% of MWCNTs decreased compared to neat PP.
Nevertheless, there is a big difference in the crystal size for the samples, which were treated
by fast-cooling treatment compared to isothermal and slow-cooling treatments, although

crystal sizes for composites are difficult to identify by POM.

(b) (d) (H

Figure 2.11 Microscopic observations of PP pure and PP/MWCNTs with 0.1 wt.% of

MWCNTs for fast-cooling treatment (a-b); isothermal treatment (c-d); and slow-cooling
treatment (e-f)
Figure 2.12(a-b) show the dynamic process of filler conductive network formation, which was
observed by measuring the electrical conductivity as a function of time for the
PP/PS/MWCNTs composite at 135 °C. It can be seen that, at a very low concentration of
MWCNTs, the electrical conductivity was constant for around 11.5 min of treatment and then

drastically increases by five orders of magnitudes (Figure 2.12(a)). The electrical conductivity



52

of composites with 0.1 wt.% of MWCNTs is low at the start of the treatment due to the poor
connection of nanoparticles inside the polymer matrix, but when the critical point of particle’s
connections is achieved, they create an electric pathway and the electrical conductivity rapidly
increases. Figure 2.12(b) shows the electrical conductivity as a function of time for the
PP/PS/MWCNTs composite with 0.3—1 wt.% of MWCNTs. It can be seen that the electrical
conductivity starts to increase from the first seconds of treatment and approaches a plateau
after 5 min. In this case, the concentration of nanoparticles was sufficient for the creation of a

conductive network from the start of the treatment.
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Figure 2.12 Electrical conductivity as a function of time for PP/PS/MWCNTSs composite with
different concentrations of MWCNTs measured every 10 s at 1 Hz of frequency and 135 °C
for: (a) 0-0.1 wt.% of MWCNTs; and (b) 0.3—1 wt.% of MWCNTs

Similar behavior was observed for the electrical conductivity of PP/MWCNTs as a function of
time (as can be seen in Figure-A I-4 and Figure-A I-5 in the Supplementary Materials). At very
low concentrations of MWCNTs (0.1-0.3 wt.% of MWCNTs—below the percolation
threshold), electrical conductivity did not change during the isothermal treatment, and its
values were close to those of unfilled PP. However, at MWCNTSs concentrations close to the
PT and higher (0.5-1 wt.% of MWCNTs), electrical conductivity monotonically increased

with time.
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2.4 Discussion

There are several ways to reduce the PT of CNT-based thermoplastic composites prepared by
melt mixing. One of these ways is to use immiscible polymer blends with a co-continuous
morphology as a matrix. In this case, the reduction in PT can be achieved thanks to a double
percolation effect, resulting from the co-continuous morphology of the used PB [6,9,24-26].
Furthermore, the reduction in PT can be achieved through both covalent and noncovalent
modifications of either CNTs or matrices of CNTs-based thermoplastic composites with co-
continuous morphology [7,25,28]. Some researchers suggested adding different nanoparticles
to help trap CNTs at the interface [43,47]. Another way is to optimize the mixing parameters
(time, mixing speed, ...), as well as use varied post-mixing thermal treatments, as was
discussed in the introduction [11,35,49,51]. Table 2.2 summarizes some literature studies in
which the ultra-low PT of PB/CNTs composites was achieved along with the employed
modifications and treatments. The PT reached in the present work for PP/PS/MWCNTs
composites was comparable or even lower than those reported in the literature. The electrical
conductivity values, achieved in this study, for several PT concentrations as well as 1 wt.% of
CNTs, were greater than those reported in other studies. These values were obtained primarily
due to the induced crystallization of PP during the post-mixing thermal treatments. As a result,

ultra-low PTs for PP/PS/CNTs composites have been achieved.

The results reported in this work also showed that the thermal treatments did not influence the
blend morphology as is the case after an annealing treatment performed above the melting or
softening temperature, during which the coarsening of the PB matrix morphology is happening

[11,29-31,68].
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The dynamic percolation threshold for the system studied in the present work was also
investigated using electrical conductivity measurements. It was found that the electrical
conductivity of PP/PS/MWCNTs composites with the lower concentration of 0.1 wt.% of
MWCNTs (close to PT concentration) drastically increased after 11.5 min of thermal treatment
at 135 °C, as can be observed in Figure 2.12(a). For the samples with a larger MWCNTs
concentration, the electrical conductivity monotonically increased with time, depending on the

MWCNTs concentration.

Figure 2.13 shows the time which corresponds to the complete crystallization of PP as a
function of MWCNTs concentration, as well as the time which the electrical conductivity takes
to reach plateau values as a function of the MWCNTs concentration for PP/PS/MWCNTs
composites. It can be seen that the electrical conductivity reached plateau values before the
crystallization was complete. This is an indication, we believe, of an improvement of
MWCNTs particle connections at the PP/PS interface. In this case, MWCNTs were pushed to
PP crystals’ borders where they stopped by the PS phase which does not crystalize. Generally,
the PS phase is more favorable for MWCNTs, but their diffusion into it is significantly
impeded upon because the treatment temperature does not provide enough energy to promote
MWCNTs diffusion. As a result, due to the accumulation of MWCNTSs connections at the

PP/PS interface and in the PP phase, the electrical conductivity increases.
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Figure 2.13 Time for complete crystallization of PP (Time 2) and time when electrical
conductivity levels off (Time 1) as a function of MWCNTs concentration for

PP/PS/MWCNTSs composites

2.5 Conclusions

PP/PS/MWCNTs blend composites with co-continuous morphology have been prepared by
melt-mixing, using a twin-screw extruder through the dilution of a masterbatch of
PP/MWCNTs with PP and PS. Due to the effect of double percolation, the PT of
PP/PS/MWCNTs was reduced by over 50% compared to PP/MWCNTSs composites.
Furthermore, thermal annealing treatments, aimed at enhancing the effect of PP crystal growth
on electrical conductivity and PT of PP/PS/MWCNTs composites have been done. It was
shown that extremely low PTs of 0.06 wt.% and 0.08 wt.% MWCNTSs were obtained after
slow-cooling and isothermal treatments, respectively. These treatments promoted the selective
localization of MWCNTs due to the PP crystal volume exclusion effect of MWCNTs.
Moreover, microscopy observations (SEM) and the characteristic domain sizes calculation of
PP/PS/MWCNTs co-continuous morphology confirmed that these treatments have not
changed PB morphology in contrast to thermal annealing above the melting or softening

temperature.
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Supplementary Materials:

The following are available online at www.mdpi.com/xxx/s1, Figure-A I-1: Viscosity as a
function of shear rate measured by capillary rheometer for pure PP and PS. Figure-A I-2: Effect
of treatments on electrical conductivity as a function of MWCNTs concentration for
PP/MWCNTSs composites. Figure-A I-3: Image treatment analysis for distinguishing between
two phases: (a) original SEM picture for PP/PS/MWCNTs composite with 0.3 wt.% of
MWCNTs; (b) image phase separation; (c) final treated image which was used for the
estimation of L;,,,—interface length between two phases, which in this case is the perimeter of
the white phase (PS phase). Table-A I-1: Percolation threshold and fitting values of
experimental data according to Equation (2.6) for PP/MWCNTs composites after each
treatment. Figure-A I1-4: Electrical conductivity as a function of time for PP/MWCNTs
composite with 0—0.3 wt.% of MWCNTs measured every 10 s at 1 Hz of frequency and 135
°C. Figure-A I-5: Electrical conductivity as a function of time for a PP/MWCNTs composite
with 1 wt.% of MWCNTs measured every 10 s at 1 Hz of frequency and 135 °C.
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Abstract

In this work, a study of the Ilinear viscoelastic properties of co-continuous
polypropylene/polystyrene blends filled with multiwall carbon nanotubes (MWCNTs) is
presented. The YZZ rheological model [89] is employed to correlate the rheological behavior
of the blends with their microstructure and electrical properties. A test design involving a
sequence of small amplitude oscillatory shear and a time sweep (simulating thermal annealing)
is used to evaluate the morphology and evolution of electrical properties. It was shown that the
YZZ rheological model could be successfully modified to be able to quantify a co-continuous
morphology of filled composites. The calculated characteristic domain size was found to be in
good agreement with the experimental data obtained via scanning electron microscopy.
Furthermore, it is shown that the characteristic domain size slightly decreased after 30 min of
thermal annealing. It was shown, as well, that thermal annealing promoted a reduction in the

electrical percolation threshold (wt.% MWCNT) from 0.28 to 0.06.

3.1 Introduction

Over the last few years, it has been shown that through proper processing, the morphology of
a blend to which nanoparticles are added can be manipulated to achieve satisfactory

engineering properties. For example, it has been shown that the use of nanostructured blends
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[26,116-118] or block copolymers [10,29,119] can help in tailoring the location and orientation
of nanoparticles affecting properties such as electrical conductivity [11,31,120],
electromagnetic interference shielding [26,116], dielectric properties [118], and thermal
properties, among others. In particular, it has been shown that the electrical percolation
threshold of carbonaceous nanoparticles composites could be greatly reduced by using the so-
called double percolation technique that consists of tailoring the location of a conductive filler
in one of the components or the interface between both polymers, forming a blend with a co-

continuous morphology [11,42,68,120].

However, during processing, such composites are subjected to further deformation, which
could result in a change of their morphology. Rheological tests may be used to probe such an
evolution [63,98]. Indeed, small amplitude oscillatory shear (SAOS) tests carried out in the
linear viscoelastic region can be used to characterize the equilibrium morphology of binary
blends [16,24,59-62,121]. Therefore, if a blend is subjected to SAOS—deformation—SAQOS, a
second SAOS test after deformation will indicate, to some extent, whether the morphology of
the blend would have evolved during that deformation. Rigorously, SAOS can only be used to
access equilibrium morphology, and whether or not a highly nonlinear deformation, the
morphology would not have reached the equilibrium. A more accurate test would be SAOS—
deformation—recovery—-SAOS. SAOS—deformation—-SAOS has been extensively used for
dispersed droplet-type polymer blends [99,102,105,108,122] as their rheological behavior in
SAOS is well described by the well-known Palierne [59], Gramespacher and Meissner [60], or
Bousmina [61] models. However, to our knowledge, such an analysis is scarce in the case of
co-continuous morphology-type blends. Proper models relating the rheological behavior of the
blend to its co-continuous morphology, quantitatively, are still being developed [29,88,89].
Indeed, several models have been developed to predict the rheological behavior of polymer
blends with a co-continuous morphology [29,88-92]; however, only a few allow a quantitative

evaluation of morphology from the rheological analysis.
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One such model is that developed by Yu et al. [89], referred to as the YZZ model in the present
article as well as in their later article [93]. It is based on the basic idea that the complex
modulus of a blend G};,,4(w) with a co-continuous morphology can be evaluated as the sum

of both components’ contribution symbolized by G¢omponents (@) and an interface contribution

symbolized by Gy terface (@) Tesulting in [59,60]

Gprena(w) = Ggomponents (w) + Gi*nterface (w) (3.1)

To calculate the contribution of the components, Yu et al. [89] adapted the expression,
developed by Veenstra et al. [95], to evaluate the complex and/or storage moduli of a blend
with co-continuous morphology. In the present article, both components and interface
contributions are used for the storage modulus of a blend with a co-continuous morphology.
In their model, Veenstra et al. [95] assumed that the microstructure of the blend with a co-
continuous morphology is schematically shown in Figure 3.1. An elementary cell of a co-
continuous microstructure is 1/8 of the primary microstructure and is assumed to consist of
three connected parallelepiped shape elements of length I; = a’ + b’ = 1, square section of
edgea’,and b’ = 1 — a’ as shown in in Figure 3.1(b). If the length of the cell is normalized to

1 and ¢, is the volume fraction of fluid 1, as shown in in Figure 3.1(c), then ¢; amounts to:

¢, =3a"? —2a"” (3.2)

Using these geometrical assumptions, the storage modulus of the blend can then be written as

Géomponents = (3.3)
a2b G2 () + (@ + 2a'b’ + b6 (0)Gh(w) + a'b2G)(w)
b'G{(w) + a'G,(w)

where G;(w) is the storage modulus of component 1 and G;(w) is the storage modulus of

component 2.
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To evaluate the contribution of the interface, Yu et al. [§9] modified the scheme of Veenstra

et al. [95] by considering that the parallelepiped shape elements should be, in fact, cylinders to

take into account the minimization of the surface area (see in Figure 3.1(c)). These cylinders

are assumed to have radius a and characteristic length [, with a’ = a/l, and b’ = b/l.. Then,

they calculated the stress contribution induced by the interfacial deformation of each cylinder.

This results in expression (4) for the storage modulus of the interface contribution as

] _ ] ! !
G interface — GA interface + GB interface + GC interface

(3.4)

where G4'interface> GB'interface> aMd G¢'interface are the elastic moduli due to interface

deformation of the cylinder type A, type B, and type C, respectively.

Fluid 2

B

Figure 3.1 A schematic of an ideal co-continuous morphology (redrawn from refs. [89,95])

In doing so, they were able to derive an expression for G’ ipterface as

!
G interface

k ke 3 w?7?
g (fe3 )

6 ke ' 4 fE+ w?T?

(3.5)
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where «a is the interfacial tension, w is the frequency, and Sy, is the specific area, inversely

proportional to the characteristic domain size ¢, given by

G = 3mab =l (3.6)
VT3 ¢
_ m@ (3.7)
a
. = fow?T? (3.8)
T Ttz
fifowt (3.9
Ko =y o
with
f = 40(p + 1) (3.10)
17 @2p +3)(19p + 16)
and

5 (3.11)
2p+3

fo=

where p is the viscosity ratio of fluid 1 over fluid 2 and y, is the strain amplitude. kp and k.

are constants that relate to a random orientation and possible distortion of a co-continuous

element, and the ratio kg /k. < 1.

Using Equations (3.1-3.11), the storage modulus of the blend with a co-continuous morphology

can be written as:
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Ghrena (@) = (3.12)
a’?b'G*(w) + (@’ + 2a’b’ + b"3)G;(w)Gy(w) + a'b?G1% (w) N
b'G{(w) + a'G,(w)
ko kp 3 f,w?t?

where G is the storage modulus of component 1, G is the storage modulus of component 2,

and more details can be found in the work Yu et al. [89].

However, in the case of the YZZ model, the linear viscoelastic properties are well described
just for neat polymer blends with a co-continuous morphology. In the case of blends to which
nanoparticles are added, the elastic contribution from the filler network has a significant effect
on the elastic modulus of the composite, which was widely observed for different polymer
blend/filler systems [2,29,31]. As a result, it can be concluded that the influence of a rigid filler
network in the modeling of viscoelastic properties of a co-continuous morphology of polymer
blends requires further investigation. Such a tool would enable the study of the stability of a
co-continuous blend morphology to which nanoparticles are added as well as of the stability
of their electrical properties. Indeed, with such a model, it would be possible to use the response
of co-continuous filled nanocomposites subjected to SAOS—deformation—SAOS to evaluate

the effect of deformation on their morphology.

In particular, it was shown, in our previous work [120], that it is possible to achieve an
electrical percolation threshold using ultralow values of multiwall carbon nanotube (MWCNT)
concentrations in polypropylene/polystyrene (PP/PS)/MWCNT composites. This ultralow
percolation threshold concentration is achieved by applying a thermal treatment that affect PP
crystal growth. However, it is very important to study the stability of the obtained
morphologies to avoid loss of properties (in particular, electrical conductivity) during further

processing.
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In the present article, the YZZ model was modified for systems containing nanoparticles and
used to evaluate the effect of thermal annealing on the morphology of the PP/PS/MWCNT

composites studied in our previous work.

3.2 Materials and Methods
3.2.1 Materials

PP, grade PP4712E1, from Exxon Mobile and PS, grade MC3650, from PolyOne were used in
this work. The characteristics of these polymers are reported in Table 3.1. MWCNTs, grade
NC7000™, were purchased from Nanocyl. The nanotubes have an average diameter of 9.5 nm

and a length of 1.5 um with a nominal electrical conductivity of 10® S-m™".

Table 3.1 Properties of the polymers

Polymers Melt index 1o (Pa-s) at 200 °C Density (g-cm™)

2.8 g/10 min

PP 7800 0.9

(230°C/2.16kg)

13 g/10 min

PS 4080 1.04
(200°C/5kg)

3.2.2 Composites’ preparation

All composites were prepared by a melt-mixing process using a Haake Rheomix OS PTW16
twin-screw extruder (Thermo Fisher Scientific Inc., Waltham, MA, USA). The temperature
was fixed at 220 °C in all zones, and the screw speed was adjusted to 100 rpm for all

compositions. First, a masterbatch of PP with 10 wt.% of MWCNT was prepared. Second,
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PP/PS/MWCNT composites with a MWCNT concentration varying from 0 to 2 wt.% were
prepared by diluting the PP/MWCNT masterbatch with PP and PS to the concentration of
PP/PS of 50/50 wt.% where a co-continuous morphology was obtained.

A 50/50 wt.% PP/PS concentration was chosen as it would yield a co-continuous morphology

based on the analysis of Jordhamo et al. [85], as was explained in our previous work [120].

Samples for rheological, electrical, and morphological analyses were obtained by compression
molding. Disks with 25 mm diameter and 1 mm thickness were molded at 200 °C under 0.8
MPa for 10 min, and after that, the pressure was increased to 10 MPa, and samples were molded

for additional 10 min at the reached pressure.

3.2.3 Characterizations

3.2.3.1 Rheology

The rheological characterization of all composites was performed using a controlled-stress
MCR 501 rotational rheometer (Anton Paar, Graz, Austria). Measurements were carried out
under a dry nitrogen atmosphere. A parallel-plate geometry was used with a gap size of 1 mm
and a plate diameter of 25 mm. All tests were carried out at 200 °C. First, dynamic strain sweep
tests were performed for all composites at three different angular frequencies, 1, 10, and 100
rad/s, in a strain range from 0.01% to 10 % in order to determine the linear viscoelastic region.
A strain of 0.3% was chosen as it was found to correspond to the LVE region for all composites
in the studied range. Second, time sweep tests were performed for pure PP and PS at 0.05 rad/s
for 6 h at the fixed strain of 0.3 % in order to check the thermal stability of the samples. Then,
SAOS tests were performed with frequencies ranging from 300 to 0.01 1/s at a fixed strain of
0.3 % for all composites. For each composite, a sequence of SAOS, followed by a time sweep
(simulating thermal annealing), followed by another SAOS, as shown in Figure 3.2, was
carried out to evaluate the evolution of morphology during thermal annealing. This sequence

can be used whether or not an equilibrium morphology is reached after annealing.
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Figure 3.2 Experimental protocol

3.2.3.2 Electrical conductivity

Combined rheological and electrical characterization of the PP/PS/MWCNT composites was
carried out during the middle time step using the MCR501 rheometer equipped with a
dielectro-rheological device (DRD with ST2826/A high-frequency LCR meter). The time
sweep was carried out at an angular frequency equal to 0.05 rad/s. Measurements of electrical

properties were performed by applying 20 Hz AC of 1 Vrwms across the sample.

The electrical conductivity at 200 °C (see Figure 3.7 in Results and Discussion section) was

evaluated from the complex impedance using

o 1d (3.13)

where Z' is the real part of the complex impedance, A is the plate area, and d is the distance

between the plates.

At room temperature, the electrical conductivity of the obtained composites was rather
characterized using a broadband dielectric spectrometer (Novocontrol Technologies GmbH &
Co. KG, Montabaur, Germany). The measurements were conducted in a frequency range from

1072 to 3 x 10° Hz under an excitation voltage of 1 Vrwms applied across the sample. The
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calculation of the electrical conductivity from the complex capacitance has been explained in
detail in our previous work [120]. The electrical conductivity values, presented in the Results
and Discussion section using this device, refer to the value of ¢’ (w) at a frequency of 102 Hz.
Disks of 25 mm in diameter and 1 mm in thickness, covered on both sides with 20 nm of gold,

serving as electrodes, were used for measurements.

3.2.3.3 Microscopy analysis

The morphology of PP/PS/MWCNT composites was observed by scanning electron
microscopy (SEM) using a S3600 Hitachi microscope (Hitachi, Ltd., Tokyo, Japan), operated
at 5 kV in the secondary electrons’ mode. The samples were fractured in liquid nitrogen and
then the polystyrene was extracted by using butanone at room temperature under continuous
stirring for 2 h. Then, the samples were dried under vacuum at room temperature for 12 h.

After drying, the samples were covered with gold using a gold sputter coater, model K550X.

The state of dispersion and localization of MWCNT in PP/PS/MWCNT composites before and
after thermal annealing was evaluated by transmission electron microscopy (TEM). To obtain
50-100 nm ultrathin sections, the investigated samples were embedded in the epoxy resin, and
the sectioning was performed using a Leica Microsystems UC7/FC7 cryoultramicrotome
operated at —160 °C. Imaging was carried out with a Thermo Scientific Talos F200X G2
S/TEM at an accelerating voltage of 200 kV.

3.3 Results and Discussion

As mentioned in the Introduction, our previous study had shown that it is possible to obtain
electrically conductive PP/PS/MWCNT composites with ultra-low percolation threshold
concentrations of 0.06 wt.% and 0.08wt.% of MWCNT after applying thermal treatments.
These thermal treatments had the benefit of resulting in a decrease in percolation threshold
concentration without affecting the overall blend morphology. The aim of this work is to study

the stability of the morphologies obtained. For that, a method to characterize the composites’
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morphology from their rheological behavior needed to be developed. This is what is described
in Section 3.3.1 of this result section. Then, the tool is used to study the systems after thermal
annealing to explain the evolution of their electrical and morphological properties during

thermal annealing.

3.3.1 PP/PS/MWCNT composites’ morphology and the YZZ model fitting

Figure 3.3 shows the storage modulus as a function of frequency for pure PP, PS, and PP/PS
blend of 50/50 wt.% and PP/PS/MWCNT (50/50/x wt.%) composites with different
concentrations of MWCNTs. It can be seen that the experimentally obtained storage modulus
of the blend, at low frequencies, is higher than the ones for pure components. The reason for
the increase in G' for polymer blends originates from an extra contribution of the stress
generated by the deformation of the interface [60]. It can be also seen that the storage modulus
at low frequencies increases with MWCNT concentration, exhibiting a plateau what indicates
a solid-like behavior due to the formation of a rigid nanoparticles network [2,24,31].
Concomitantly, it has been shown that independently of the complexity of the filled
composite’s matrix, the filler network contributes more to the elastic modulus at low
frequencies with frequency-independent elastic modulus — Gy compared to the matrix response

[97,123,124].

Figure 3.4 shows the rheological behavior of PP/PS 50/50 wt.% blend with the YZZ model
fitting (Figure 3.4(a)) and PP/PS blend to which 0.3wt.% of MWCNT (Figure 3.4(b)) was
added with the YZZ model fitting. The dashed line in both graphs shows the fit of the YZZ
model. The data for storage and loss moduli as a function of frequency for PP/PS/MWCNT
(50/50/x wt.%) composites for all concentrations of MWCNT are reported in Figure-A I1-1(a)
and Figure-A II-1(b) of the supplementary material.
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Figure 3.3 Storage modulus as a function of frequency for PP/PS/MWCNT composites with
different concentrations of MWCNT at 200 °C. PP, PS, and PP/PS blend of 50/50 wt.%
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Figure 3.4 Storage modulus as a function of frequency for (a) PP, PS, and PP/PS blend with
YZZ model fitting data (dashed line) and (b) PP/PS/MWCNT composite with 0.3 wt.% of
MWCNT with model data representing the fit of the YZZ model (dashed line) and model

data representing the fit of the Equation (3.15) (solid line)



71

It can be seen that the YZZ model describes well the experimental data in the absence of
MWCNT. It should be noted that fitting the model to the experimental data requires knowledge
of the value of the zero-shear viscosity ratio (1) and interfacial tension. Zero shear viscosity
of neat PP and PS was found by fitting the experimental data to the Carreau model [125,126],
using the curve of complex viscosity (Pa-s) versus frequency (rad/s), obtained from SAOS
tests. The values of 1 are presented in Table 3.1. The value for interfacial tension was taken
from the literature [127]. Using a viscosity ratio of 0.52 and an interfacial tension of 6 mN/m,
fitting the YZZ model to the experimental data resulted in an a value of 4.95 um. [, = a/a’
was then found to be 10.45 pum. These values are used in Equation (3.6) to obtain the value of
¢ = 89 um for the neat blend. This corroborates rather well with morphological
characterization, presented in Figure 3.5(a), in which a value of £ = 11 + 0.8 um was found

using the following equation [30,31]:

A
£ = SEM (3.14)

Lint

where Agpy, 1s the total area of the SEM micrograph (Figure 3.5) and L;,, is the interface
length, estimated using a homemade image analysis script (written in MATLAB). (Note that
these analyses were done for at least seven images). The MATLAB code for SEM pictures’
treatment and calculation of the perimeter of the interface (interfacial length) was written based
on the analysis described by Galloway et al. [128]. The steps of the image treatment for
interface indication are shown in Figure-A II-3(a) and Figure-A I1-3(b) of the supplementary

material.



72

(a) (b) (©)

Figure 3.5 Morphology evolution of selected PP/PS/MWCNT composites for (a) 0 wt.% of
MWCNT, (b) 0.3 wt.% of MWCNT, and (c) 0.5 wt.% of MWCNT

Figure 3.4(b) shows that the YZZ model fails to describe the rheological behavior at lower
frequencies for the PP/PS/MWCNT composite containing 0.3 wt.% MWCNT independently
of the value of a used. This was observed for all PP/PS/MWCNT composites. The discrepancy
between the experimental values of G’ and the ones predicted by the model was much larger
at low frequencies. One way to deal with this discrepancy is to add, as was done in this work,

a frequency-independent elastic modulus, Gg, to the YZZ model resulting in

Gllalend ((‘)) = Géomponents (w) + Gi,nterface (w) + G(,) (3-15)

where G is a constant that takes into account the filler network elasticity.

Using Equation (3.15), it was then possible to achieve a good fit of storage modulus for all
PP/PS/MWCNT composites. Two fitting parameters were found when adjusting Equation
(3.15) to the experimental data: a and G. Figure 3.4(b) shows the result of this fit (solid line)
for PP/PS/MWCNT with 0.3 wt.% of MWCNT. In this case, the values of G of 66.2 Pa and
a of 1.18 pm were resulted in a value of ¢ =2.13 pm which agrees well with the morphological

characterization of Figure 3.5(b) for which a value of § = 1.86 + 0.2 um was found.
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Equation (3.15) is tested as a tool to quantify the morphology of different composites studied
in this work using the data presented in Figure-A II-1 of the supplementary material (model
fitting results for all composites are shown in Figure-A II-2 of the supplementary material). A
comparison of the characteristic domain size evaluated using the morphological and
rheological data is presented in Figure 3.6. It can be seen that a good agreement was obtained
for all composites. The larger discrepancy obtained for the neat blend, probably, originated
from the non-fully developed co-continuous morphology, which was observed for the neat

blend.

It can also be seen that the characteristic domain size drastically decreases from 11+0.8 to
1.3+0.05 um upon the addition of 0.5 wt.% of MWCNT. A drastic decrease in the characteristic
domain size was observed, in the literature, for different blend systems filled with carbon-
based nanoparticles, as their presence helps to prevent the coalescence and coarsening of the

blend morphology [29,30,120,129].

T T
Il Experimental data
Il Model data

Characteristic domain size, pm

0.1 0.3 0.5
MWCNT Concentration, wt.%

Figure 3.6 Characteristic domain size of PP/PS/MWCNT composites calculated with the help
of Equation (3.14) — experimental data and predicted with the YZZ model for
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PP/PS/MWCNT with 0-0.1 wt.% of MWCNT and Equation (3.15) for PP/PS/MWCNT with
0.3-0.5 wt.% of MWCNT — model data
3.3.2 Effect of thermal annealing on electrical conductivity and characteristic

domain size of co-continuous morphology of PP/PS/MWCNT composites

The PP/PS/MWCNT composites’ morphology evolution during thermal annealing was
investigated using the experimental protocol presented in Figure 3.2. Figure 3.7 shows the
electrical and rheological behavior of PP/PS/MWCNT composites during the middle step —
time sweep (simulating thermal annealing, see Figure 3.2). Figure 3.7(a) shows the electrical
conductivity of PP/PS/MWCNT composites as a function of time during thermal annealing,
performed using the rheometer connected with the DRD cell. Figure 3.7(b) shows the time-
dependent evolution of the storage modulus for PP/PS/MWCNT composites.
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Figure 3.7 (a) Electrical conductivity as a function of time for PP/PS/MWCNT composites

with different concentrations of MWCNT measured at 20 Hz of frequency and 200 °C. (b)

Time-dependent evolution of storage modulus at 200 °C for PP/PS/MWCNT composites

with different MWCNT concentrations
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It can be seen, from Figure 3.7(a), that even at a very low concentration of MWCNT, the
electrical conductivity starts to increase from the first second and reaches a plateau. The
increase could originate from a MWCNT nanoparticles network formation during thermal
annealing. Similar behavior was observed by other authors for different polymer pairs such as
PaMSAN/PMMA with MWCNT [72] and for PLA/PS filled with reduced graphene oxide [29].
However, in those cases, the authors observed electrical conductivity increase only for a large
MWCNT concentration and/or after long annealing times. After thermal annealing, a low value
of electrical percolation threshold (PT) was reached. This happened due to the double
percolation effect [30,40,42] and due to the destruction of the filler agglomerates and
reformation of the electrically conductive network [130], which both reduce the electrical PT.
In order to confirm the localization of MWCNT in PP/PS/MWCNT composites before and
after thermal annealing, TEM was performed for the PP/PS/MWCNT composite with 0.5 wt.%
of MWCNT. Figure 3.8(a) and Figure 3.8(b) show the images corresponding to
PP/PS/MWCNT composite with 0.5 wt.% of MWCNT before thermal annealing and Figure
3.8(c) and Figure 3.8(d) show the images corresponding to the same composite after thermal
annealing. It was observed that for PP/PS/MWCNT composite with 0.5 wt.% of MWCNT after

thermal annealing, the nanoparticles are mostly located at the PP/PS interface.
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(b) (d)

Figure 3.8 TEM of the PP/PS/MWCNT composite with 0.5 wt.% of MWCNT for (a) and (b)

before treatment and (c) and (d) after thermal annealing. Arrows show the PP/PS interface

Figure 3.7(b) shows the evolution of the storage modulus during thermal annealing. In this
case, the power-law fitting of experimental data is presented. The fitted storage modulus (G")
was normalized by its initial value (G;,;ziq;), Which was taken at the beginning of the test. The
experimental values of G’ were fluctuating during the early stage of thermal annealing (~10
min) (as shown in Figure-A II-4 of the supplementary material); after that, G’ values were
slightly increasing and then approaching a plateau for filled PP/PS/MWCNT composites.
However, in the case of neat PP/PS blend, G’ was decreasing drastically during the first 10 min
and then approaching a plateau. This behavior can be clearly seen in normalized fitted data.

In order to understand these changes in electrical conductivity and evolution of the storage
moduli during thermal annealing for the PP/PS/MWCNT composites, the SAOS experiments
before and after thermal annealing were analyzed. The YZZ model (Equation (3.12)) was used

for the systems containing less than 0.3 wt.% MWCNT. The modified YZZ model (Equation
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(3.15)) was used for the systems containing higher concentrations of MWCNT to characterize

the morphologies of the blend before and after thermal annealing.

The values predicted by the YZZ model and the modified YZZ model are reported in Table
3.2. These values were used to calculate the characteristic domain size for each

PP/PS/MWCNT composite before and after thermal annealing as shown in Figure 3.9.

Table 3.2 Fitting parameters for Equations (3.12) and (3.15)
Gy, Pa, G,, Pa a, pm, a, pm,
MWCNT, ” e " "
before after before after
wt.%
annealing annealing annealing annealing

0 - - 4.95 7.67

0.1 - - 1.96 1.67

0.3 66 74 1.18 0.91

0.5 124 158 0.85 0.69

1 257 389 0.65 0.53

2 1548 1677 0.59 0.42
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Figure 3.9 Characteristic domain size of PP/PS/MWCNT composites before and after 30 min
of annealing calculated with the help of the YZZ model for PP/PS/MWCNT with 0-0.1 wt.%
of MWCNT and Equation (3.12) for PP/PS/MWCNT with 0.3-0.5 wt.% of MWCNT

It can be seen, from Figure 3.9, that the characteristic domain size increased from 8.9 to 13.8
um after 30 min of thermal annealing, for the neat PP/PS blend, indicating a blend morphology
coarsening [29,30]. Interestingly, for composites containing MWCNTs, the characteristic
domain size slightly decreased after 30 min of thermal annealing. This could indicate that the
migration of MWCNTs from the PP to the more favorable PS prevented its coalescence and

coarsening. This resulted in a more refined co-continuous morphology.

Data presented in Table 3.2 can help with further investigation of the elastic response
mechanism in PP/PS/MWCNT composites and in the estimation of the contribution of the filler
network formation after thermal annealing. As was mentioned above, the values of G for filled
composites are constant at low frequencies. These values can be used to estimate the
rheological percolation threshold defined as the minimum particle concentration needed for

the formation of a filler network as [97]
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Go=k-(P—PF)" (3.16)
where G is the frequency-independent elastic modulus, P is the mass fraction of MWCNT, P,
is the percolation threshold, v is a fitted exponent that depends, only, on the dimensionality of
the system, and k is a scaling factor responsible for strength of the filler network. It should be

noted that this equation is valid for P > P..

A linear regression of log(Gy) versus log(P — P.) was used to determine the rheological
percolation threshold of the blends, studied in this work. The same calculations were done for
the electrical conductivity before and after thermal annealing to determine the electrical
percolation threshold. The experimental data for PP/PS/MWCNT composites before and after
thermal annealing were fitted to Equation (3.16), and the results are presented in Figure 3.10
for both the rheological (Figure 3.10(a)) and the electrical (Figure 3.10(b)) percolation
thresholds (where values of ¢’ instead of G, were used for the calculation of electrical PT).
Both rheological and electrical percolation thresholds were decreased by thermal annealing:
from 0.03 wt.% to 0.009 wt.% of MWCNTs for rheological PT and from 0.28 wt.% to 0.06
wt.% of MWCNTs for electrical PT. It can be seen that rheological PT is smaller than the
electrical one. This could indicate that adding a rigid filler to the polymer matrix can impede
the movement of the polymer chains even at a ultralow MWCNT concentration due to the
strong interaction between the filler and polymer chains. However, in the case of electrical
conductivity, MWCNT-MWCNT contacts have to be dominant for easier charge transfer
[131]. Therefore, the electrical PT is higher than the rheological one. It is worth noting that the
stiffness of the network for both rheological and electrical PT is higher than that after thermal
annealing. Rheological PT was found to be 367 Pa before compared to 487 Pa after thermal
annealing. Similarly, electrical PT increased from 8x 10™* S/m before to 6.4x 10! S/m after
thermal annealing. This is attributed to the increase in the fraction of MWCNT located at the
PP/PS interface after thermal annealing. The same behavior was observed for LLDPE/EVA

co-continuous polymer blend containing graphene [31].
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Figure 3.10 Network elasticity as a function of reduced filler content related to
PP/PS/MWCNT composites (solid squares) and power-law fitting to the experimental data
(solid lines) for composites before and after thermal annealing: (a) rheological PT — G

versus (P — P¢) plots and (b) electrical PT ¢’ versus (P — Pc) plots

34 Conclusion

In this study, the linear viscoelastic behavior of a co-continuous PP/PS blend containing an
electrically conductive filler - MWCNT was investigated. PP/PS/MWCNT composites were
prepared by melt-mixing using a twin-screw extruder by the dilution of a masterbatch of
PP/MWCNT with PP and PS. The linear viscoelastic behavior of PP/PS/MWCNT composites
was investigated by the YZZ model. It was shown that this model fails to describe the
rheological behavior of highly filled composites at lower frequencies. The discrepancy
between the experimental values of the storage modulus and the one predicted by the YZZ
model is due to a significant contribution of filler network elasticity to the dynamic modulus.
To consider this contribution, a modified YZZ model is proposed in this work for
PP/PS/MWCNT composites. By using the modified YZZ model, it was possible to quantify
the co-continuous morphology of PP/PS/MWCNT composites. It was shown that a good

agreement between the characteristic domain size, predicted by this model, and that calculated
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via a statistical analysis of SEM images was achieved. Furthermore, the modified YZZ model
was used to study the evolution of the co-continuous morphology of PP/PS/MWCNT
composites after thermal annealing. It was observed that the characteristic domain size,
calculated with the modified YZZ model, slightly decreased after 30 min of thermal annealing.
This resulted in a more refined co-continuous morphology. This is in good agreement with the
measured electrical properties of these composites. It was shown that the electrical percolation

threshold was reduced by over 70% as a result of thermal annealing.

Supplementary Material:

See supplementary material for the additional information of experimental data: storage and
loss moduli as a function of frequency for PP/PS/MWCNT composites with different
concentrations of MWCNT. The model fitting data; SEM image treatment analysis; time-
dependent evolution of storage modulus; and electrical conductivity as a function of time for

PP/PS/MWCNT and PP/MWCNT composites.
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Abstract

Conductive polymeric materials are commonly obtained adding conductive nanoparticles to
blends of immiscible polymers that form a co-continuous morphology. However, during
processing, morphology changes affecting materials properties. This study investigates the
impact of steady shear deformation on the morphological and electrical properties of a model
system  consisting  of  polypropylene/polystyrene/multiwall ~ carbon  nanotubes
(PP/PS/MWCNT). The findings reveal that the deformation results in coarsening of the blend
morphology and disruption of the electrical network, increasing both the rheological and
electrical percolation threshold concentrations. The evolution of both electrical and
morphological properties depends on MWCNT concentration, strain amplitude, and shear rate.
MWCNT concentration, below a certain level, leads to a disruption in electrical conductivity
at high shear rates. However, if the MWCNT concentration is above 1 wt.%, the balance
between filler network breakup and nanoparticle diffusion is maintained, resulting in stable

electrical conductivity and morphology.

4.1 Introduction

Blending two polymers, along with a nanoparticles’ filler, can be an effective way to enhance
the properties of thermoplastic nanocomposites, as it provides a tool to engineer the

distribution of the nanoparticles within the matrix. For example, adding electrically conductive
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nanofillers to blends with a co-continuous morphology can lower the electrical percolation
threshold (PT), which is the fillers’ concentration at which the material conducts electricity.
Indeed, if two immiscible polymers with appropriate rheological properties are mixed in the
right proportions, a blend forming a co-continuous morphology is obtained [84,85]. If
conductive particles are added to the blend, in such a way that they end up locating in one of
the blend components or at the interface between the two polymers, the percolation threshold
decreases drastically. This phenomenon is known as double percolation [1,4,11,13-
22,25,26,29-31,38,51,120], was observed in several studies using various carbonaceous
nanofillers, such as carbon black (CB) [13-23], carbon nanotubes (CNT) [2-8,24-28], or
graphene [12,29-37].

The potential for low percolation threshold, predicted by the double percolation theory, can be
hampered by changes to the co-continuous morphology during both processing and post-
processing stages. In particular, the characteristic domain size can coarsen resulting in a
decrease of electrical conductivity [19,30,42,71,118,132]. Overall, achieving good electrical
properties in composites with a double percolation structure requires careful control of
processing and post-processing parameters to mitigate the negative effects of morphology
changes on the conductive filler network. Optimizing post-treatment temperature and duration
can positively alter the electrical conductivity of the composite and decrease the percolation
threshold concentration [29,133]. In practice, however, it can be challenging to control all
relevant parameters. Therefore, further research is needed to fully understand the effects of
processing and post-processing on the electrical properties, in order to develop effective

strategies to control the morphology and achieve optimal electrical conductivity.

Several strategies have been proposed in the literature to mitigate the negative effects of
morphology changes on the electrical properties of composites with double percolation
structures, including increasing filler content [29,118], using different fillers, or applying
thermal treatments [29,117,118,134]. The success of these strategies, however, is influenced

by various factors, such as the type or geometry of the employed filler [29,35,117,133], as well
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as the post-processing temperature and duration. For example, in a study involving a polylactic
acid/polystyrene (PLA/PS) co-continuous blend, filled with thermally reduced graphene oxide
(r-GO), after 30 min of annealing at 180 °C the characteristic domain size increased
significantly for composites containing 0-0.28 vol.% r-GO (it increased, for example, from
~2.5 pm to ~23 um for composite with r-GO concentration of 0.028 vol.%), but remained
unchanged for composites containing 0.56-1.12 vol.% r-GO [29]. In our previous work [133],
we demonstrated that the characteristic domain size was slightly reduced after 30 min of
annealing at 200 °C for a polypropylene/polystyrene (PP/PS) blend filled with different
concentrations of MWCNT presenting a co-continuous morphology [133]. This reduction in
domain size was attributed to a refinement of the co-continuous morphology. This refinement
led to an increase in the specific interfacial area between the two polymers, which is inversely
proportional to the domain size. Our previous work has demonstrated progress in this field by
introducing a tool/technique that correlates morphology and electrical properties in filled
polymer composites with a co-continuous morphology [133]. Further investigation of the
evolution of double percolation-type morphologies, however, is necessary to develop effective

strategies for optimizing the electrical properties of such composites.

To investigate the evolution of properties during, as well as, after applying deformation, a
series of steps must be taken. A test design consisting of three steps should be carried out. The
first step is to use small amplitude oscillatory shear (SAOS) tests within the linear viscoelastic
region, which are commonly employed to characterize the morphology of polymer blends by
fitting the data to appropriate constitutive equations [16,24,59-62,121]. The second step is to
apply a deformation. The third step is to use another SAOS to assess the evolution of the blend's

morphology as a result of the applied deformations.

This strategy has been widely used to study the evolution of dispersed droplet shape
morphology [63,98,99,102,105,108,122], using the well-known Palierne’s model and its
derivatives [59,60]. This approach can be used to investigate the evolution of a double-

percolation morphology. The rheological behavior of the filled blend-based composite with a
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co-continuous morphology is subjected to SAOS and fitted to a modified Yu et al. (YZZ)
model (4.1):

Gl’Jlend ((1)) = Géomponents ((‘)) + Gilnterface ((‘)) + G(’) (4-1)

The contribution of components, denoted by Giomponents (@), can be calculated using equation

(4) presented in reference [95], which takes into account the storage moduli of each polymer
in the polymer blend, as well as geometrical parameters of a simplified co-continuous

morphology. The contribution of the interface, denoted by Gi,serrqce(w) can be calculated
using equation (15) presented in reference [89]. The calculation of Gjpterrace(w) takes into

account both the geometrical parameters of the co-continuous morphology and the physical
properties of the components in the polymer blend, such as the viscosity of each polymer and
the interfacial tension between them. Finally, an adjustable constant, denoted by G is included
to account the rigidity of the filler network, as described in references [94,133]. More details

can be found in Yu et al. and Strugova et al. [89,133].

As mentioned above, the evolution of the blend morphology that is subjected to a deformation
flow depends on the kinematics and kinetics of the undergone deformation. In the case of
dispersed droplet morphology, the magnitude of the shear rate will either result in a droplet
break-up or droplet coalescence [63,98,102,106,135]. The shear rate value which determines
the transition from coalescence to break-up can be calculated using the well-known Grace

diagram [110] (presented in Figure-A III-1 of the Supplementary material). This diagram

Fyiscous — Nm¥Ry

provides the critical capillary number Ca = as a function of the viscosity

interfacial a

ratio, p = :—d, for rotational shear. Here 1,,, is the viscosity of the matrix, 14 is the viscosity of
m

the dispersed phase, ¥ is the shear rate, R, is the volume average radius of the drops, and « is
the interfacial tension [109]. The capillary number is a function of shear rate, therefore, the
transition, for a certain viscosity ratio can be predicted by the shear rate value or the capillary

number. The value of the transition, from coalescence to breakup, capillary number, was
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measured by Grace [110], by gradually increasing the strain rate up to breakup. Tucker et al.
[111] suggested an empirical fit to Grace’s data shown in Figure-A III-1, according to Equation

(4.2):

Log(Ca,) = —0.506 — 0.0995 log(p) + 0.124(log(p)) (4.2)
0.115
log(p) — log (4.08)

While this theory was developed for a dispersed droplet type morphology it can be used to,

approximately, determine the critical transition shear rate, from coalescence to breakup.

In the present work, PP/PS/MWCNT composites manifesting double percolation, with
MWCNT concentrations equal to or above the PT, were subjected to different sequences of
SAOS-steady shear-SAOS tests. The values of steady shear rate to which the blends were
subjected during deformation were chosen to promote coalescence and break-up in order to
induce two types of morphology evolution. The evolution of morphology of the blend during
deformation was evaluated using the modified YZZ model [133]. The electrical properties of
the materials were monitored during the deformation step and were attributed to the
morphology evolution. The possibility of recovering the morphological and electrical

properties after applied deformation was also investigated.

4.2 Materials and Methods
4.2.1 Materials

The study employed PP (PP4712E1 grade) from ExxonMobil and PS (MC3650 grade) from
PolyOne. Their respective characteristics are detailed in Table 4.1. Additionally, MWCNT
(NC7000™ grade) with an average diameter of 9.5 nm and length of 1.5 um, and a nominal

electrical conductivity of 10° Sm™!, were obtained from Nanocyl.
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Table 4.1 Properties of the polymers

Polymers M,, (g/mol) M, /M, Density (g-cm™) Nno (Pa-s) at 200 °C

PP 317 420 6.65 0.9 7 800
PS 105 000 2.37 1.04 4 080

* no — zero-shear viscosity. Zero shear viscosity of neat PP and PS was found by fitting the

experimental data to the Carreau model [125,126].

4.2.2 Composites preparation

In this study, PP/PS/MWCNT composites with 50/50/x wt.% (where x is the weight
concentration of MWCNT ranging from 0 to 5 wt.%) were prepared using a melt-mixing
process with a Haake Rheomix OS PTW16 twin-screw extruder. The compositions were
prepared by initially producing a masterbatch of PP containing 10 wt.% MWCNT, which was
then diluted with PP and PS to achieve the desired MWCNT concentrations in PP/PS/MWCNT
composites. During extrusion, a temperature of 220 °C was maintained in all zones, and the

screw speed was fixed at 100 rpm for all compositions.

To promote MWCNT migration to the interface, the MWCNT was added to the PP phase, as
it exhibited better affinity towards PS. Young's equation was utilized to predict the preferred

location of MWCNT in the PP/PS blend, by estimating the wetting coefficient [26,44,51].

Further details regarding the selection of PP and PS weight fractions in order to obtain a co-

continuous morphology can be found in our previous works [120,133].

4.2.3 Characterizations

4.2.3.1 Rheological analysis
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The rheological properties of the composites were evaluated using a controlled-stress MCR
501 rotational rheometer from Anton Paar (Graz, Austria), in a dry nitrogen atmosphere. The
experiments were conducted using a parallel-plate geometry with a 1 mm gap and 25 mm
diameter plates, with all tests performed at a temperature of 200 °C. To determine the linear
viscoelastic (LVE) region of the composites, dynamic strain sweep tests (DSST) were
conducted. Following the DSST, a strain of 0.3% was selected for all subsequent tests, as it
corresponds to the LVE region of the composite. The thermal stability of polymers was tested
using time sweep tests on pure PP and PS. The employed polymers were found to be thermally
stable for 6 hours. SAOS tests were carried out to investigate the morphology evolution. The
parameters for all the above-mentioned tests can be found in Table-A III-1 of the

supplementary materials.

Rheological properties’ evolution can be investigated by using sequences of SAOS, followed
by a steady shear (simulating deformation), followed by another SAOS, as shown in Figure
4.1(a) [63,98,136]. Parameters for the steady shear steps were chosen in order to
perform/mimic coalescence and break-up phenomena of a dispersed droplet morphology type
blend, composed of the same polymers (see Table 4.2, below). To assess any possible
relaxation of the morphology after steady shear a stress relaxation step consisting of 30 min of
rotation at 0.05 rad/s was added to the sequence (depicted in Figure 4.1(a)). The parameters of
the stress relaxation step are similar to the parameters of annealing, explained in our previous

work [133].

It is important to note that the parallel-plate geometry is not ideal for performing deformation
tests to assess the morphology of polymer blends because the shear rate across the sample is
not uniform. However, when measuring electrical properties at the same time as rheological
properties under applied deformation, the parallel-plate geometry is the most suitable option
as it allows for simpler extraction of electrical properties. Although the parallel-plate geometry
may not be ideal for characterizing the morphology, we assumed that we could study the

evolution of morphology using this geometry since we are measuring bulk properties rather
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than point-specific properties. To obtain a more comprehensive understanding of the co-
continuous morphology, the samples for scanning electron microscopy were broken across the
diameter. The observed morphology of the cross-sections was uniform across the diameter. To
determine the presence of a slip effect, the viscosity of the composites (pure blend and filled
with 0.5 wt.% of MWCNT) was measured at a constant shear rate of 0.05 s™! for 2000s (100%
of shear strain) for two plate-plate gaps: 1 mm and 2 mm. It was found that no significant
change in viscosity was observed. The data for this experiment is presented in Figure-A I11-2(a)

and Figure-A III-2(b) of the supplementary material.

T:; Steady shear T:’; Steady shear
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Figure 4.1 Experimental protocols

Equation (4.2) was used to determine the critical shear rate (y,), above and below which break-
up or coalescence occurs. Although this theory was originally developed for dispersed droplets
morphology, calculating the critical shear rates for a co-continuous morphology can be done
by estimating of the critical shear rates for different ratios of the dispersion. This would yield
a curve of the of shear rate versus dispersion approaching a plateau. The plateau value of the
shear rate is considered to be the critical shear rate for the co-continuous morphology. For this
purpose, PP/PS blends with PS disperse phase ranging from 0 to 30 wt.% were prepared.
30wt.% of PS was deemed adequate since the co-continuous range was approached. The
droplets volume average radius (R,) for each blend was measured by scanning electron
microscopy (SEM). The interfacial tension value was taken from the literature [127]. Table 4.2

summarizes the experimental data required for the proposed experimental protocol.
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Table 4.2 Experimental data for PP/PS blend with different weight concentration of

components
PP/PS wt.% Ca, a, mNm R,, pm Vo 8!
90/10 0.76 0.5
80/20 3.2 0.1
0.46 6
70/30 4.9 0.07
50/50 - -

Values of steady shear rate for the experimental protocol presented in Figure 4.1(a) and Figure
4.1(b) are reported in Table 4.3. These values were chosen based on the experimental data

presented in Table 4.2.

Table 4.3 Parameters of the experimental protocol presented in Figure 4.1

Coalescence Break-up
Shear strain, % Y, s Shear strain, % Y, s
0 0
10 10
25 0.05 25 1
100 100
250 250

4.2.3.2 Electrical conductivity analysis

Electrical characterization, in conjunction with a rheological one, was carried out, using the
MCRS501 rheometer equipped with a dielectro-rheological device (DRD with ST2826/A high-
frequency LCR meter). The plates of the parallel-plate geometry are made of stainless steel. In

the employed arrangement two ceramic insulating discs about Smm in height are added to both
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shafts holding the plates to provide electrical insulation. Electrical conductivity was measured
during the steady shear and stress relaxation steps, see Figure 4.1(a) and Figure 4.1(b). More
technical details for electrical conductivity measurements can be found in our previous work

[133].

4.2.3.3 Microscopy analysis

The morphology of PP/PS/MWCNT 50/50/x wt.% composites, before and after 250% of
applied shear strain at two steady shear rates, one corresponding to coalescence, 0.05 s!, and
other to breakup, 1 s™!, was observed by scanning electron microscopy (SEM) using a S3600
Hitachi microscope (Hitachi, Ltd., Tokyo, Japan), operated at 5 kV in the secondary electrons
mode. The samples, deformed in the rheometer, were quenched by opening the rheometer
oven and cooling them, by convection, with compressed air. The cooling time was around 30
s which was not enough for the sample to undergo a change of morphology. More details for

sample preparation can be found in Strugova et al. [120,133].

The state of dispersion and localization of MWCNT in PP/PS/MWCNT composites were
evaluated by transmission electron microscopy (TEM). The investigated samples were
embedded in an epoxy resin in order to obtain 50-100 nm ultrathin sections. The sectioning
was performed using a Leica Microsystems UC7/FC7 cryo-ultramicrotome operated at —160
°C. Imaging was carried out with a Thermo Scientific Talos F200X G2 S/TEM at an
accelerating voltage of 200 kV.

4.3 Results

Figure 4.2(a) and Figure 4.2(b) depict the co-continuous morphology of PP/PS 50/50 wt.% and
PP/PS/MWCNT 50/50/0.5 wt.%. Figure 4.2(c) and Figure 4.2(d) illustrate the localization of
MWCNT in PP/PS/MWCNT 50/50/0.5 wt.% composite. It was observed that the addition of
MWCNT refined the co-continuous morphology of the 50/50 wt.% PP/PS matrix, as
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previously observed in our earlier works [120,133]. Moreover, due to MWCNT’

thermodynamic affinity to PS, it tends to move towards that more favorable phase.

200 nm

Figure 4.2 SEM observations for (a) PP/PS 50/50 wt.% and (b) PP/PS/MWCNT 50/50/0.5
wt.%. TEM of PP/PS/MWCNT 50/50/0.5 wt.%. composite with different magnification

Figure 4.3(a) and Figure 4.3(b) show electrical conductivity versus shear strain at steady shear
rates of 0.05 s and 1 s, respectively. The results demonstrate a significant impact of the
MWCNT concentration on the electrical conductivity of composites during the steady shear
step. For the composite containing 0.3 wt.% MWCNT, the electrical conductivity decreased
noticeably in the early stages of deformation for both studied steady shear rates. It eventually

levelled off at a value close to the one for pure PP/PS matrix, exhibiting a dielectric behavior.
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However, for a steady shear rate of 0.05 s, corresponding to coalescence, the electrical
conductivity gradually decreased at a much lower pace, while for a steady shear rate of 1 s,
corresponding to break-up, the conductivity decreased very sharply to within 75% of its value.
The electrical conductivity of composites with 0.5wt.% and 1 wt.% of MWCNT decreased by
two orders of magnitude (or four orders of magnitude for the composite containing 0.5 wt.%
of MWCNT sheared at a shear rate of 1 s'), while composites containing 2 wt.% and 5 wt.%
of MWCNT showed either no change or an increase in electrical conductivity during steady
shear. Figure 4.12 (presented later in the paper) provides a clear illustration of the effect of
morphology coarsening during applied deformation on the distribution of the filler within the
matrix, and the resulting impact on electrical conductivity of the composites. Similar behavior
of electrical conductivity for polycarbonate/MWCNT composites containing 0.75, 1, and 1.5
wt.% of MWCNT was observed by Skipa et al. [137]. For these concentrations of MWCNT,
electrical conductivity decreased with increasing deformation time, within the first 300 s, and

within the following 300 s, it stabilized and approached a plateau [137].

Transient shear viscosity behavior versus shear strain is presented in Figure 4.3(c) and Figure
4.3(d) for composites deformed at a steady shear rate of 0.05 s and 1 s™!, respectively. To aid
visualization, the results are presented for the first 50% of applied deformation only. This is
because, beyond this point, the transient viscosity reaches a plateau for both steady shear rates.
Figure-A I1I-3(a) and Figure-A III-3(b) in the supplementary material illustrate this trend. The
results show that the composites subjected to a deformation rate of 1 s exhibit a stress
overshoot, whereas the ones subjected to a deformation rate of 0.05 s' do not. This stress
overshoot corresponds to reorientation of the MWCNT network [94]. Its magnitude is larger

for the larger compositions of MWCNT as the network is expected to be more robust.
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Figure 4.3 Electrical conductivity and transient shear viscosity vs. applied shear strain for
PP/PS/MWCNTs 50/50/x wt.% composites at 200 °C at: (a) and (c) steady shear rate of 0.05
s'!; (b) and (d) steady shear rate of 1 57!

The DC electrical conductivity of PP/PS/MWCNT composites before and after applying 250%
of shear strain at steady shear rates of 0.05 s and 1 s™! is presented in Figure 4.4. In comparison
to the undeformed composites, the results indicate that the behavior of the electrical
conductivity of deformed composites can be categorized into three distinct groups based on
MWCNT concentration. Composites with 0.3 wt.% MWCNT and below experienced a
significant decrease in electrical conductivity, exhibiting dielectric behavior. For composites
containing 0.5-1 wt.% MWCNT, the electrical conductivity decreased by one order of
magnitude when subjected to steady shear at a shear rate of 0.05 s, and by 2-3 orders of
magnitude at a shear rate of 1 s™!, compared to composites before any deformation. Finally,
composites containing 2 wt.% and 5 wt.% of MWCNT either demonstrated no change or

exhibited an increase in electrical conductivity after 250% of applied deformation at both shear
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rates. The observed results suggest that the effect of shear strain on the electrical conductivity
of PP/PS/MWCNT composites is highly dependent on the MWCNT concentration.
Additionally, the applied shear rate also plays a crucial role in determining the behavior of
electrical conductivity. The decrease in electrical conductivity for composites with lower
MWCNT wt.% can be attributed to the reduction in MWCNT network connectivity caused by
the deformation. However, for composites with higher MWCNT wt.%, the increase in
electrical conductivity can be attributed to the alignment and re-orientation of the MWCNT

network, resulting in enhanced connectivity.

The percolation threshold concentrations for PP/PS/MWCNT (50/50/x wt.%) composites,
subjected to 250% of applied deformation at both 0.05 s and 1 s™! shear rates, were evaluated

using Equation (4.3) and the data presented in Figure 4.4.

o=k- (p - pc)ta with P> Dec 4.3)

where o is the electrical conductivity of PP/PS/MWCNT 50/50/x wt.% composite, p is the
mass fraction of MWCNT, p, is the percolation threshold concentration, t is a fitted exponent
that depends, only, on the dimensionality of the system, and k is a scaling factor. The fitting

parameters are presented in Table 4.4 and in Figure-A I1I-4 of the supplementary material.
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Figure 4.4 Electrical conductivity vs. MWCNT wt.% for composites before and after 250%

of applied shear strain at different steady shear rates

Table 4.4 p. and fitted coefficients for PP/PS/MWCNT composites before and after 250% of

shear strain applied at different steady shear rates

After 250% of shear strain
Parameters  Before deformation at a steady shear rate of:
0.05 s! 151
Pe> Wt.% 0.29 0.43 0.75
k, S/m 7x 107 6x107* 1x107
t 1.4 2.2 2.6
R? 0.99 0.96 0.99

As presented in Figure 4.4 and Table 4.4, an increase in the percolation threshold concentration
was observed after the application of 250% shear strain at both shear rates. The concentration

increased to 0.43 wt.% and 0.75 wt.% compared to 0.29 wt.% MWCNT for composites
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subjected to 250% applied strain at shear rates of 0.05 s and 1 s!, respectively. Nevertheless,
the filler network was not completely destroyed for highly filled composites containing more
than 1 wt.% MWCNT, even in composites subjected to a shear rate of 1 s™!, as the electrical
conductivity of these composites exhibited minimal reduction. In the following section, the
changes in electrical properties are elucidated in terms of the morphological evolution, as

assessed by rheological measurements.

Figure 4.5 shows a typical example of the frequency-dependent evolution of the storage
modulus (G'(w)) after subjecting the composites to a certain shear strain at steady shear rates
of 0.05 s! (Figure 4.5(a) and Figure 4.5(c)), and 1 s! (Figure 4.5(b) and Figure 4.5(d)). The
G'(w) behavior for PP/PS/MWCNT 50/50/0.5 wt.% and 50/50/2 wt.% composites is shown
in this case, although similar behavior was observed for the other samples, as presented in

Figure-A III-5 of the supplementary material.

Notably, a nonterminal behavior characterized by the presence of a plateau of G'(w) is
observed at low frequencies, indicating the presence of a rigid nanoparticle network [2,24,31],
independently of the shear conditions to which the samples were exposed. However, the
magnitude of this plateau modulus decreases with increasing shear strain indicating that the
strength of the MWCNT network decreases, although it was not fully destroyed during the
applied deformation. Similar results were observed for all composites with MWCNT
concentration above 0.5 wt.% (see Figure-A III-5 of the supplementary material), except for
the composites containing 2 wt.% and Swt.% of MWCNT, subjected to steady shear at a shear
rate of 0.05 s7!, for which plateau values of G'(w) remains nearly unchanged or even increased

as a function of applied shear strain.
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Figure 4.5 G' versus frequency for PP/PS/MWCNT composites with 0.5 and 2 wt.% of
MWCNT after shear strain applied at a steady shear rate of: (a) and (c) 0.05 s™!, and (b) and
(d)1s!

Table 4.5 presents SEM observations of co-continuous morphology evolution in neat PP/PS
(50/50 wt.%) blend, as well as PP/PS/MWCNT composites with 0.5 wt.% and 2 wt.% of
MWCNT, before and after 250% of applied shear strain, at steady shear rates of 0.05 s and 1
s’!. The results indicate that the co-continuous morphology of the 50/50 wt.% PP/PS blend
transforms into a droplet-type morphology following 250% of applied shear strain at both shear
rates. However, when MWCNT are added into the blend, this transformation does not occur.
Instead, the co-continuous morphology undergoes coarsening following the applied shear

strain but does not lose its continuity.
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Table 4.5 Morphology of neat PP/PS, 50/50 wt.% blend and PP/PS/MWCNT composites,
containing 0.5 wt.% and 2 wt.% of MWCNT wt.% before any deformation and after 250% of
shear strain at different steady shear rates

Before any deformation After 250% at 0.05 s™! After 250% at 1 s™!

PP/PS, 50/50 wt.%

50/50/0.5 wt.%

50/50/2 wt.%

(2) (h) (1)

To study the rate of morphology coarsening following deformation at different shear rates, the
characteristic domain size was determined by fitting the storage moduli data to Equation (4.1)
for all the sheared composites, except for composites containing 5 wt.% of MWCNT. This is
because in such composites, the behavior of G’ (w) at low frequencies was largely dominated

by the MWCNT network, making the modelling method less sensitive to the assessment of the
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morphology. Furthermore, for the neat blend without MWCNT and the blend containing 0.3
wt.% MWCNT, the characteristic domain size could not be calculated for shear strains equal
to or greater than 100% and 250%, respectively. This was because the morphology of these
blends transformed from a co-continuous structure to a dispersed droplet type one, which made

the calculation of the characteristic domain size impossible.

Figure 4.6(a) and Figure 4.6(b) show the characteristic domain size (§) as a function of shear
strain applied at steady shear rates of 0.05 s (Figure 4.6(a)), and 1 s (Figure 4.6(b)), for
composites with different MWCNT concentrations. The neat blend showed no change in
morphology when sheared at sheared at a shear rate of 0.05 s!, but refinement was observed
when sheared at a shear rate of 1 s, In contrast, all composites containing MWCNT exhibited
an increase in the characteristic domain sizes, indicating morphology coarsening. However,
the degree of coarsening was less pronounced for composites with higher MWCNT
concentrations, and almost absent at a concentration of 2 wt.%, indicating that 2 wt.%

MWCNT stabilizes the morphology.

Table 4.5 shows variations in morphologies for composites containing 2 wt.% MWCNT
following 250% of shear strain at different shear rates, although the values of the characteristic
domain size for these composites are close. The variations in morphology were primarily due
to slight orientation along the direction of shear at the higher rate of 1/s, which was observed
for composites with high MWCNT loadings (1-2 wt.%). As a result, co-continuous domains
of the composites appear to be slightly elongated, but the specific surface area values remain
relatively constant, as well as the characteristic domain size, which is inversely proportional to

it.

The results also indicate that all filled composites exhibit a greater increment in the
characteristic domain when sheared at a steady shear rate of 0.05 s™! compared to 1 s™!. This
can be attributed to the longer time required to achieve a strain of 250% at a lower shear rate,

allowing more time for morphology evolution/coarsening. Moreover, the increase in
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characteristic domain size is dependent on the MWCNT concentration, with a greater increase
observed for lower concentrations. Interestingly, the coarsening observed at different shear
rates can lead to either an increase or decrease in electrical conductivity. The results reveal that
when the deformation is applied at a shear rate of 0.05 s, the electrical conductivity of the
composites increases, whereas it decreases when the deformation is applied at a shear rate of
1 s, These results indicate that the evolution of electrical conductivity depends on a delicate
balance between changes in blend morphology, leading to the destruction of the conductive

network, and the diffusion of MWCNT particles toward the interface.
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Figure 4.6 & vs. applied shear strain for all composites at a steady shear rate of: (a) 0.05 s™!,

and (b) 1 s

The stability of the filler network of the PP/PS/MWCNT composites can be investigated by
fitting the values of G, the frequency-independent elastic modulus, obtained by fitting the
SAOS data to Equation (4.1), to the following equation (values predicted by the modified YZZ
[133]) [97]:

Go=k-(y—v)™" (4.4)
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where y is the applied shear strain, y, is the critical shear strain at which MWCNT rheological
network is destroyed, v is a fitted exponent that depends, only, on the dimensionality of the

system, and k is a scaling factor responsible for strength of the filler network.

The G, data for PP/PS/MWCNT composites with different MWCNT concentrations, subjected
to deformation at 0.05 s and 1 s are presented in Table-A 1II-2 and Table-A III-3 of the
Supplementary material, respectively. Linear regression analysis was used to obtain critical
shear strains, represented by the equation, log(G)) = log (y —y.). The results of these
regressions, for PP/PS/MWCNT composites with varying concentrations of 0.5 wt.%, 1 wt.%,
and 2 wt.% MWCNT, deformed at 0.05 s and 1 s7!, are illustrated in Figure-A I11-6(a-c) of
the Supplementary material. The critical shear strain values for composites sheared at steady

shear rates of 0.05 s and 1 s! are reported in Table 4.6.

It can be seen that the critical strain at which the rheological network is destroyed increases
with increasing MWCNT concentration and decreases with increasing shear rate. However, it
should be noted that the critical strain values obtained indicate that the rheological network is

destroyed at lower strains compared to the electrical network.

Table 4.6 Critical shear strain for composites sheared at 0.05 s and 1 s™! of steady shear

rates
MWCNT, wt.% G
0.05 s 151
0.5 9 5
1 18 10
2 53 25

Figure 4.7(a) presents the electrical conductivity as a function of shear strain of
PP/PS/MWCNT 50/50/x wt.% composites sheared at 1 s!, as well as a function of time during

the stress relaxation step (see to Figure 4.1(b) for the deformation history). It can be seen that
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for composites with MWCNT concentrations above 0.5 wt.%, the electrical conductivity
increases during stress relaxation, reaching values even greater than those prior to shearing as

shown in Figure 4.8.

Figure 4.7(b) shows the shear stress growth function during steady shear at 1/s and stress
relaxation for the first 10 minutes. The results indicate that there is a significant relaxation step
following the steady shear step that occurs within the first few seconds. Furthermore, the
relaxation takes longer in the PP/PS/MWCNT composites filled with MWCNT compared to
the neat PP/PS blend. This behavior of stress is likely due to the presence of a rigid filler
network, which is building-up during the stress relaxation step and this process incorporates

long time relaxation mechanisms into the system.
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Figure 4.7 (a) Electrical conductivity vs. shear strain at a steady shear step and as a function
of time at a stress relaxation step for all composites; (b) Stress vs. shear strain and time for all

composites

Figure 4.8 presents the DC electrical conductivity as a function of MWCNT wt.% before any
deformation, after 250% shear strain applied at steady shear rate of 1 s, and after 250% shear
strain applied at steady shear rate of 1 s™ plus 30 min of stress relaxation step at an angular
velocity of 0.05 rad/s. As previously mentioned, the electrical conductivity values for
composites containing 0.5 wt.% or more MWCNT after deformation and stress relaxation are
even greater than those prior to deformation. For PP/PS/MWCNT composite containing 2
wt.% of MWCNT, the electrical conductivity after 250 % of applied shear strain plus 30 min
of stress relaxation at 0.05 rad/s is 0.015 S/m, compared to 0.002 S/m and 0.00017 S/m prior
to deformation and just after 250 % of applied strain at 1 s™!, respectively. This indicates that
the filler network rebuilds and strengthen itself although it was partially destroyed during the
deformation steps [130,131,137]. Moreover, the co-continuous morphology of the composite
undergoes further refinement after the stress relaxation step, resulting in improved connections
of the filler particles trapped at the interphase (the illustration of the effect of morphology
coarsening during applied deformation and morphology refinement after the stress relaxation

step can be seen in Figure 4.12).
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Similar results on the electrical conductivity behavior were obtained by other researchers who
worked with a single polymer containing MWCNT. In particular, in a study conducted by Alig
et al., using polycarbonate (PC)/MWCNT composites, the electrical conductivity after steady
shear decreased from 4 x 10> S/m to 3 x 10~® S/m but recovered to a value of 2 x 102 S/m
[130]. Similarly, in another investigation of the PC/MWCNT composites containing 0.75 to
1.5 wt.% MWCNT, Skipa et al. observed a decrease in electrical conductivity with increasing
deformation time at an angular velocity of 0.02 rad/s for 600s. However, the electrical
conductivity bounced back to its initial value after 600 s of stress relaxation step, which was

equivalent to the deformation time [137].
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Figure 4.8 Electrical conductivity vs. MWCNT wt.% for composites before, after 250% of
applied shear strain at 1 57!, and after 250% of applied shear strain at 1 s”! plus 30 min of

stress relaxation at 0.05 rad/s

Figure 4.9 shows a comparison of characteristic domain sizes for PP/PS/MWNT composite

containing 0.5 wt.% MWCNT before deformation, after deformation following the protocol of
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Figure 4.1(a), and after deformation along with 30 minutes of stress relaxation, see Figure
4.1(b). Figure 4.10 shows the morphology of the composites at the same conditions. Such
analysis was performed to visualize the evolution of the morphology and electrical
conductivity of the blends containing 0.5 wt.% MWCNT, as both parameters showed the most
significant changes after steady shear (see Figure 4.6) and stress relaxation (see Figure 4.7(a)).
The results indicate that the stress relaxation step led to a refinement of the co-continuous
morphology. Specifically, the characteristic domain size decreased from 5.7 um to 3 um after
the stress relaxation step was applied. However, it did not reach the initial value of 1.5 um
observed in the composites before deformation. Notably, as shown in Figure 4.10(c), the

morphology remains continuous after the stress relaxation step.
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Figure 4.9 Evolution of characteristic domain size for PP/PS/MWCNT 50/50/0.5 wt.%
composite before any deformation, after shear strain applied at a steady shear rate of 1 s™!,
and after shear strain applied at a steady shear rate of 1 s™! plus stress relaxation step of 10

min
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Figure 4.10 Morphology of PP/PS/MWCNT 50/50/0.5 wt.% composite: (a) before any
deformation, (b) after 250% of shear strain at a shear rate of 1 s!, and (c) after 250% of shear

strain at a shear rate of 1 s' + 30 min of stress relaxation step

4.4 Discussion

The experimental results found in this work indicate that the evolution of the electrical
conductivity of the composites, when subjected to steady shear, depends on the carbon
nanotubes concentration, as well as, the rate (steady shear rate), and amplitude (strain) of
deformation. In turn, those three variables will affect 1) the blend morphology, 2) the coverage
of interface by conductive nanoparticles, 3) the diffusion of conductive nanoparticles towards
the interface. Indeed, the evolution of electrical conductivity during deformation and/or stress
relaxation depends on both the evolution of morphology of the blend and location of the filler

[11,29-31,120,133].

The maximum interface coverage (X), assuming that all MWCNT are at the PP/PS interface

can be found as:

A 4.
2=%*wt.%1)5*100% (4.5

14
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where Aoyt 18 the total area of a triangular array which is created by MWCNT as shown in

Figure 4.11, Sy is the specific interphase area per weight fraction of PS.

In order to determine the maximum area covered by the MWCNT within the composite we
assumed that the carbon nanotubes formed a triangular array as illustrated in Figure 4.11. The
total surface area of the array, denoted as Ay oy, Was calculated by multiplying the area of
a single triangular unit by the total number of triangular units in the array, taking into account
the surface fraction of the network. By knowing the concentration of the nanotubes in the
composites, as well as their length and density, it was possible to determine the number of
nanotubes within a composite. This allowed us to calculate the area occupied by the nanotubes

when arranged in the triangular array configuration as shown in Figure 4.11.

Table 4.7 presents the MWCNT weight concentrations, Sy, Ayywenr, and 2.

Table 4.7 Maximum surface coverage of PP/PS/MWCNT 50/50/x wt.% composite interface
by MWCNT mesh

MWCNT, wt.% Sy, mlg, Aywent, M2 z, %
for pure PP/PS
0.1 509 23
0.3 1528 68
0.5 112364 2547 113
1 5093 227
2 10187 453
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Figure 4.11 Schematic of a triangular array of MWCNT

The results presented in Table 4.7 suggest that a complete surface coverage can be reached
with as little as 0.5 wt.% of MWCNT and that a surface coverage of 68% is sufficient to reach
the percolation threshold concentration of 0.3 wt.% for these composites. However, it is
important to note that our assumption of complete coverage by MWCNT at the interface is not
a common occurrence, as it is often difficult to achieve. Nonetheless, we do believe that a
complete surface coverage can be achieved with a less dense MWCNT array, as the creation
of a conductive pathway through the sample volume does not necessarily require
interconnections in the array once the pathway has been established.

Figure 4.12 provides a summary of the results obtained in this work. It presents a sketch of the
co-continuous morphology and of the conductive filler network evolutions for composites
containing three MWCNT concentrations (0, 0.5 and 2 wt.%) before and after undergoing
250% deformation (strain) under steady shear rates of 0.05 s and 1 s™!, as well as after a stress
relaxation step following the strain. The corresponding electrical conductivity values are also
reported. The chosen concentrations correspond to a blend without addition of MWCNT, a
blend with complete coverage of the PP/PS interface by MWCNT (0.5 wt.%), as was calculated
using Equation (4.5), and a blend with high MWCNT concentration (2 wt.%) in order to
illustrate the effects of deformation and MWCNT concentration on morphology coarsening

and electrical conductivity changes. Note that MWCNT were always present in the PP phase.
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The results showed that when no MWCNT were added to the blend, the co-continuous
morphology transformed into a droplet type morphology after undergoing 250% strain at both
steady shear rates (0.05 s and 1 s!), as shown in Table 4.5. When 0.5 wt.% of MWCNT were
added to the blend, the morphology coarsened, and the distance between MWCNT at the PP/PS
interface increased, resulting in a decrease in electrical conductivity. However, during stress
relaxation, the remaining MWCNT in PP were able to migrate to the interface, leading to a
recovery of the electrical conductivity to its pre-deformation values. While the morphology
was able to recover, it did not return to its initial state. When 2 wt.% MWCNT were added to
the blend, the morphology was stabilized by the presence of MWCNT. However, when a high
shear rate (1 s™) was applied in order to deform the blend, the electrical conductivity decreased
slightly, most likely due to a disruption of the electrical network. Nonetheless, during stress
relaxation, the MWCNTs were once again able to migrate to the interface and contribute to an
increase in electrical conductivity, as a large amount of MWCNTs remained at the interphase

at all times, preventing any morphology coarsening.
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Figure 4.12 Schematic summary of the results

The results of this study are general and can be applied to a broad range of blend systems based
on thermoplastic polymers that exhibit a co-continuous morphology, provided that the
viscosity ratio between the components does not exceed 3. This is due to the fact that a higher
viscosity ratio would hinder the droplets break-up and coalescence, and it will not be possible
to mimic droplets break-up and coalescence in order to perform steady shear deformation tests

which are critical for predicting morphological and electrical properties evolutions.
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Moreover, the results of this study can be extended to any commonly added conductive filler.

It should be emphasized that these findings have significant industrial implications, as they
offer a reliable and cost-effective way to predict and optimize the electrical conductivity of
polymer composites during processing. This can be particularly relevant for the development
of advanced materials for a broad range of applications, such as electromagnetic shielding,

energy storage and conversion, and sensing technologies.

4.5 Conclusion

Blends consisting of two immiscible polymers and presenting a co-continuous morphology
have been widely used to obtain electrically conductive polymeric materials. The morphology
of such blends is characterized by a double percolation of the polymer and filler phases, which
significantly reduces the concentration of electrically conductive fillers required to attain
conductivity, known as the percolation threshold. However, the morphology of multiphase
materials is prone to evolution during processing involving various flows at different
magnitudes and speeds. These changes in morphology can lead to a negative impact on
materials properties and need to be understood and ultimately controlled. In this study, the
effect of steady shear deformation on the morphological and electrical properties of a model
system, polypropylene/polystyrene/multiwall carbon nanotubes (PP/PS/MWCNT), which

presents a double percolation morphology, was investigated.

The results obtained in this work showed that deformation results in evolutions of blend
morphology (coarsening) and electrical network, leading to an increase in both the rheological
and electrical percolation thresholds. These evolutions depend on three key factors: MWCNT
concentration, strain, and shear rate applied on the composites. High shear rates can have a
disruptive effect on composites with low MWCNT concentration, causing coarsening of the

blend morphology and a drastic reduction in electrical conductivity. Once the MWCNT
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concentration reaches a certain critical level, where the surface coverage is high enough, the
co-continuous morphology and electrical network are stabilized. However, even if the
morphology coarsens and the electrical network is disrupted, resulting in a decrease in
electrical conductivity, it is possible to restore both the morphology and electrical conductivity
through a stress relaxation if the MWCNT concentration is large enough. This can be achieved
by promoting the diffusion of nanoparticles towards the PP/PS interface by applying thermal
treatments. Nonetheless, when the MWCNT concentration is very low, it becomes impossible
to recover from the disruptive effects of applied strain and shear rate. The changes in electrical
conductivity and co-continuous morphology are governed by the balance between the breakup

of the filler network and nanoparticles diffusion.
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CONCLUSION

In this section, a summary of the main findings of this project are presented following the order

of their presentation in the thesis. At the end of the section, the overall conclusion of this PhD

thesis is presented.

In the first part of this project, PP/PS/MWCNT composites with MWCNT concentration

ranging from 0 to 2 wt.% were studied with the aim to reach a very low percolation threshold

concentration (PTC) without altering the matrix morphology. A co-continuous morphology of

PP/PS matrix was used in order to reach a double percolation effect. Further, a thermal

treatment based on the crystallization kinetics of PP was proposed to enhance the volume

exclusion effect of PP crystals which in turn led to further reduction of PTC. It was found that:

The PTC for PP/PS/MWCNT composites was significantly reduced from 0.6 wt.% to
0.28 wt.% when compared to that of PP/MWCNT composites due to the double
percolation effect of selective filler locations in the PP continuous phase of PP/PS co-
continuous matrix.

It was possible to lower PTC to 0.06 wt.% MWCNT upon the performance of a thermal
treatment of PP/PS/MWCNT composites, based on the volume exclusion effect of PP
crystals, which favored the growth of a larger crystalline structure.

The electrical conductivity values at PTC, as well as, for 1 wt.% of MWCNTs, were
greater than those reported in other studies, as a result of the treatment.

Furthermore, microscopy observations, as well as calculation of characteristic domain
sizes of the co-continuous morphology of PP/PS/MWCNT composites confirmed that
the proposed treatment did not alter the PP/PS morphology, in contrast to thermal

annealing above the melting or softening temperature.

Additionally, in this study, we investigated the effect of fillers on the crystallization kinetics

of semi-crystalline polymers in PP/MWCT and PP/PS/MWCNT composites, during the
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proposed thermal treatment. We aimed to consider all factors that may affect the electrical

properties of these composites during the treatment. Our findings indicate that:

e Increasing MWCNT concentration from 0 to 1 wt% in PP/MWCNT and
PP/PS/MWCNT composites raises the peak crystallization temperature (Tc) from 112
°C to 126 °C and 117 °C to 122 °C, respectively. This is attributed to MWCNTs'
nucleating effect. The effect is more significant in PP/MWCNT composites, possibly
because in the case of PP/PS/MWCNT composites some amount of MWCNT is located
at the interface between PP and PS.

e Adding MWCNT to PP/MWCNT composites reduces the crystallization half time,
indicating a MWCNT’ nucleating effect as well. For PP/PS/MWCNT composites, the
crystallization half time remains mostly unchanged with increased MWOCNT
concentration and is about twice as long as that for PP/MWCNT composites,
potentially due to selective localization of MWCNT at the interface in the PP/PS
matrix, weakening the nucleation effect.

e Cooling rate affects crystal sizes, as observed by polarized optical microscopy. Fast
cooling produces smaller crystals that are difficult to identify, while isothermal and
slow-cooling treatments yield big crystals of around 100 pm for both pure PP and
PP/MWCNT composites.

In the second part of this project, an existing rheological model was modified in order to
correlate the rheological behavior of PP/PS/MWCNT composites, subjected to small
amplitude oscillatory shear (SAOS), with their microstructure. The modified model allows the
quantification of a blend co-continuous morphology, and the establishment of a correlation
between the morphological properties of PP/PS/MWCNT composites and their electrical
properties. It was found that:

e The already existing model (known as the YZZ model), used to predict storage modulus

and quantify the co-continuous morphology of pure polymer blends, fails to describe
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the rheological behavior of filled composites at lower frequencies, due to a significant
contribution of the filler network elasticity to the dynamic modulus.

The YZZ model was modified by adding an elastic contribution to the predicted storage
modulus. The modified YZZ model successfully predicted the storage moduli of
PP/PS/MWCNT composites and quantified their morphology.

The model was used to predict the evolution of morphology of PP/PS/MWCNT, which
were subjected to thermal annealing. The characteristic domain size, calculated using
the proposed model, exhibited a slight decrease following 30 minutes of thermal
annealing, leading to a more refined co-continuous morphology.

The electrical properties of the PP/PS/MWCNT composites which were subjected to
annealing showed significant improvement. The PTC was reduced from 0.28 wt.% to

0.08 wt.% MWCNT.

Finally, the third part of this project aimed to investigate the evolution and stabilization of the

rheological, morphological, and electrical properties of co-continuous PP/PS/MWCNT

composites under a deformation flow at varying shear rates. In order to investigate properties

evolution and their possible stabilization, all PP/PS/MWCNT composites were subjected to a

SAOS — steady shear (deformation flow) — SAOS — recovery test sequence. The SAOS data

were used to characterize the morphology before and after deformation. The electrical

conductivity was monitored during both the deformation and recovery. It was found that:

The effect of the applied deformation on both rheological and electrical percolation
threshold concentrations is significant, leading to an increase in the percolation
threshold concentrations with an increase in the applied deformation.

The stability of the morphology and electrical network depends on three factors:
MWCNT concentration, strain, and shear rate. A higher MWCNT concentration results
in a more stable co-continuous morphology and filler network. However, a high shear
rate can have a disruptive effect, especially for composites with low MWCNT

concentration.
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e Once the MWCNT concentration reaches a certain critical level, when the surface
coverage is high enough, both the co-continuous morphology and electrical network
become stable.

e For composites with a certain critical level of MWCNT concentration, it is possible to
recover the morphology and electrical conductivity after the disruptive effects of the
applied strain and shear rate are removed. This can be achieved by promoting the
diffusion of nanoparticles towards the PP/PS interface.

e Below acertain MWCNT concentration, it is not possible to recover from the disruptive
effects of an applied strain and shear rate.

e The changes of electrical conductivity and co-continuous morphology are governed by

the balance between filler network breakup and nanoparticles diffusion.

General conclusion

In conclusion, highly conductive PP/PS/MWCNT composites with a low percolation threshold
concentration were successfully developed in this project. The double percolation effect in the
co-continuous PP/PS system was observed, and further reduction of PTC was achieved through
thermal treatments based on both volume expulsion effect and dynamic particle diffusion —
thermal annealing. The investigation of the morphological and electrical properties evolution
played a crucial role in the project. The new tool/technique developed in this study facilitated
the correlation between the rheological and electrical properties of filled polymer composites,
paving the way for further advancements in this area of research. This represented a significant
progress in the field, as a comprehensive investigation of the electrical and morphological
properties of these composites during and post deformation had not been carried out

previously.



RECOMMENDATIONS

Like most research work, there is always room for further development and exploration. The

perspectives resulting from our work lie in the continuation of this research to deepen our

understanding of the relationship between rheological, morphological, and electrical properties

of composites with double percolated structures. This will help to extend the potential

applications of these materials. In light of this, we propose the following recommendations for

future work:

Once a very low PTC is achieved through the use of the volume exclusion effect of
polymer crystals, it is advantageous to incorporate rheological investigations into the
study of these composites because SAOS tests are sufficiently sensitive to capture the
elastic contribution of the filler network that was formed during crystallization. By
conducting these investigations, it is possible to evaluate the stability of the filler

network for further processing.

The PP/PS blend system is a well-established model system with known rheological
behavior. Additionally, the use of a filler with well-defined geometrical parameters,
such as MWCNT, simplifies the task at hand. However, in order to further advance the
field, it is recommended to investigate the behavior of composites with other
conductive particles. Varying the viscosity ratio or polarity of the blends could also
generate valuable insights into the effects of particle affinity on the evolution of
rheological, morphological, and electrical properties during applied shear
deformations. By exploring these parameters, a deeper understanding of the underlying
mechanisms that govern the behavior of these composites can be obtained, which will
facilitate the development of novel materials with tailored properties for specific

applications.

When the MWCNT concentration is increased, the plateau G' value will completely

mask the contribution of the blend interface and the G' curve in the SAOS will consist
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of a high frequency response dominated by the components contribution and a low
frequency plateau resulting from the particle network. Hence, it is expected that the
model used in the second part of the project, would become less sensitive to the
morphology at high MWCNT concentrations (and thus extracting the morphological
information would not be possible anymore). It is proposed to further address this
question. Particularly, one way of extension model uses is to investigate the

concentration at which this effect occurs for different types of nanoparticles.

In the proposed model, the effect of filler network elasticity on the rheological behavior
of filled composites with co-continuous morphology was assumed to be frequency-
independent due to the fact that the presence of a filler network essentially affects the
rheological behavior at low frequencies where frequency dependent G’ of the whole
system has constant plateau values. However, considering that all other contributions
are frequency-dependent, it would be interesting to develop a more comprehensive
model that takes into account the frequency-dependent contribution of filler network
elasticity. This would allow for the development of more precise and effective models
for predicting and optimizing the rheological properties of filled composites with co-
continuous morphology. Furthermore, it can solve the problem explained in the above

statement.

During processing, polymer blends are subjected to large deformation, which could
result in changes to their morphology and electrical properties. Therefore, it is crucial
to investigate the effect of processing on these properties. It is recommended to study
the effect of extensional flow in addition to shear flow on the morphological and

electrical properties of these blends.
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Figure-A I-2 Effect of treatments on electrical conductivity as a function of MWCNTs

concentration for PP/MWCNTs composites

Table-A I-1 Percolation threshold and fitting values of experimental data according to the

Equation (2.6) for PP/MWCNTSs composites after each treatment

Fast cooling Isothermal Slow cooling
Parameters
treatment treatment treatment
P, wt.% 0.6 0.44 0.38
k, S/m 6.5 x 107 0.15 0.17
t 4.9 1.8 2.1
R? 0.95 0.93

Table-A I-2 Melting and crystallization temperatures, onset and end of crystallization and

degree of crystallinity for PP/MWCNTs and PP/PS/MWCNTSs nanocomposites

CNTs, Peak of Peak of Onset End Tec,
Material Xc, %
wt.% Tm, °C Te, °C Te, °C °C
0 166+02 | 112+0.1 | 117+02 | 107+1.2 | 47+0.09
0.1 165+02 | 121+0.1 | 126+0.2 | 118+0.1 | 48+0.08
PP/CNTs
0.3 16603 | 124+0.2 | 128+0.1 | 120+£0.2 | 47+0.1
0.5 167+09 | 126+0.2 | 130+0.1 | 121+1.2 | 49+1.8
0 16605 | 117+0.1 | 122+0.1 | 113£0.1 52+14
PP/PS/ 0.1 165+13 | 119+£0.2 | 123+£0.1 | 114+04 | 51+0.2
CNTs 0.3 167+03 | 121 +£0.2 | 12605 | 116+0.1 48 +£ 0.8
0.5 168+£0.2 | 122+0.2 | 127+£04 | 117£0.1 52+0.6




123

(2) (b) (c)

Figure-A I-3 Image treatment analysis for distinguishing between two phases: (a) original
SEM picture for PP/PS/MWCNTs composite with 0.3 wt.% of MWCNTs; (b) image phase
separation; (c) final treated image which was used for the estimation of L;,; - interface length

between two phases, which in this case is the perimeter of white phase
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Figure-A I-4 Electrical conductivity as a function of time for PP/MWCNTSs composite with
0-0.3 wt.% of MWCNTs measured every 10 s at 1 Hz of frequency and 135 °C
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Figure-A 1-5 Electrical conductivity as a function of time for PP/MWCNTSs composite with 1
wt.% of MWCNTs measured every 10 s at 1 Hz of frequency and 135 °C
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Figure-A II-2 Experimental G’ as a function of frequency and its prediction by the YZZ
model and the modified YZZ model for PP/PS/MWCNT composites with different
concentrations of MWCNT at 200 °C

(2) (b) (©)

Figure-A II-3 Image treatment analysis for distinguishing between two phases: (a) original
SEM picture for PP/PS/MWCNT composite with 1 wt.% of MWCNT; (b) image phase
separation; (c) final treated image which was used for the estimation of L;,; — interface

length between two phases, which in this case is the perimeter of white phase
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Figure-A 11-4 Time-dependent evolution of storage modulus at 200 °C for PP/PS/MWCNT

composites with different MWCNT concentration. Solid lines are power-law fits
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Table-A I1I-1 shows the DSST, time sweep, and SAOS test parameters.
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Table-A III-1 Tests parameters

Parameters Angular Temperature,
Strain, % Time, h
Tests frequency, rad/s °C
100

DSST 10 0.01-10 -

1 200
Time sweep 0.05 0.3 6
SAOS 0.01-300 s™! 0.3 -

1o Neat PP/PS 50/50 wt.% blend
>
<
= E.‘..IIllllIIIUlIlllIllllﬂlll-llllllllllllll
E
B
@
=]
o
2
>
x 1 mm gap
> 2mm gap
10° :
0 20 40 60 80 100

Shear Strain, %

Viscosity, mPa*s

1 PP/PS/MWCNT 50/50/0.5 wt.%

W

x 1 mm gap
> 2mm gap

10

40 60
Shear Strain, %

80 100

Figure-A III-2 Viscosity of: (a) pure blend and (b) filled with 0.5 wt.% of MWCNT. It was

measured at a constant shear rate of 0.05 s™' for 2000s (100% of shear strain) for two plate-

plate gaps: 1 mm and 2 mm
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Figure-A III-3 Transient shear viscosity vs. applied shear strain for PP/PS/MWCNTs 50/50/x
wt.% composites at 200 °C at: (a) steady shear rate of 0.05 s™'; (b) steady shear rate of 1 s™!
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Figure-A I1I-4 Electrical conductivity versus reduced filler content
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Figure-A III-5 Storage modulus as a function of frequency for PP/PS/MWCNT composites

with 0 wt.%, 0.3 wt.%, and 1 wt.% of MWCNT after shear strain applied at a steady shear

rate of: (a-e) 0.05 s, and (b-f) 1 5!
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Figure-A III-6 Network elasticity as a function of reduced shear strain related to

PP/PS/MWCNT composites (solid signs) and power-law fitting to the experimental data

(solid lines) for composites, deformed at 0.05 s and 1 s™! for composites containing: (a) 0.5

wt.% MWCNT, (b) 1 wt.% MWCNT, (c) 2 wt.% MWCNT

Table-A III-2 Fitting parameter G of Equation (4.1) for PP/PS/MWCNT composites with

varying concentrations of 0.5 wt.%, 1 wt.%, and 2 wt.% of MWCNT, deformed at 0.05 s™!

Gy, Pa
Strain (y), % 0.5 wt.% 1 wt.% 2 wt.%
0 128 256 1650
10 120 216 2168
25 67 202 2099
100 56 146 1878
250 36 127 1748
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Table-A III-3 Fitting parameter G, of Equation (4.1) for PP/PS/MWCNT composites with
varying concentrations of 0.5 wt.%, 1 wt.%, and 2 wt.% of MWCNT, deformed at 1 s™!

Gy, Pa
Strain (y), % 0.5 wt.% 1 wt.% 2 wt.%
0 128 256 1650
10 107 182 947
25 73 172 734
100 75 163 652
250 43 138 641
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