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ABSTRACT

Polymers and polymer-based composite materials with electro-conductive
properties, respectively, are materials with several potential applications. New materials
are being offered in every area and novel products are constantly being introduced.
Among these new materials, composites made of e ectro-conductive monofilaments and
insulating polymers are nowadays being used as antistatic materials in the carpets and
textiles industries. One promising approach for the manufacture of this kind of material
is to generate the electrically conductive fibres in-situ, that is, during the actual forming

process of the component.

The main objective of this project was to establish the feasibility of producing
electrically conductive polyaniline (PANI) fibres within a suitable polymer matrix by
means of the development of a suitable processing strategy, which alows the
fabrication of an anisotropically conducting composite. It is remarkable, however, that
layered structures of the conducting filler were also formed within the matrix material.
The latter morphology, particularly observed in compression moulded specimens of a
specific polymer system, was also in good agreement with that inferred by means of a
mathematical model.

Experimentation was carried out with three different PANI conductive complexes
(PANIPOL™). They were initially characterised, which assisted in the identification of
the most suitable material to be deformed into fibres. Preliminary processing was
carried out with the selected PANIPOL™ complex, which was blended with
polystyrene-pol ybutadiene-polystyrene (SBS), low density polyethylene (LDPE) and
polypropylene (PP), respectively. The resultant blends were formed by ram extrusion,
using a capillary die, to induce the deformation of the conducting phase into fibres. The
morphological analysis performed on the extrudates suggested that the most suitable
polymer matrix was SBS.

Further experimentation was carried out with the polymer system selected. The
relationships between the content of conductive complex in the composites and their
electrical conductivity and microstructure were established. The blends were

compression moulded and they displayed a morphology of layered domains of the





conducting phase within the SBS matrix. The behaviour of the conductivity with respect
to the PANIPOL™ complex in the compression moulded blends was found to be
characteristic of a percolating system with a threshold as low as 5 weight percent of the
conducting filler in the blends. The morphological analysis performed on the extruded
blends suggested that the conducting phase was deformed into elongated domains,
aligned parallel to the extrusion direction, which in some cases displayed a considerable
degree of continuity and uniformity. The level of electrical conductivity in the
extrudates was considerably lower than that of their corresponding non-extruded blends.
This was attributed to a lack of continuity in the conducting elongated domains
produced in-situ within the SBS matrix.

Percolation theory and a generalisation of effective media theories were used to
model the behaviour of the conductivity with respect to the content of PANIPOL™ in
the compression moulded blends. Both approaches yielded similar values for the critical
parameters, which were also in good agreement with the percolation threshold
experimentally observed. The results of the modelling suggested that, at the percolation
threshold, the morphology of the composite may consists of aggregates of flattened
polyaniline particles forming very long layered structures within the SBS matrix, which
isin agreement with the results of the morphological analysis.
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CHAPTER 1. Introduction.

“The last thing one knows in constructing a work
Is what to put first”,

Blaise Pascal (1623—1662), French philosopher,

mathematician, and physicist.
Pensées.

CHAPTER 1

INTRODUCTION

Page 1





CHAPTER 1. Introduction.

1.1 SCOPE AND STRUCTURE OF THE THESIS.

The present work is concerned with the investigation of the deformability of the
dispersed phase of a binary polymer blend into elongated continuous domains. More
specifically, the project explores the possibility of producing continuous fibres of an
intrinsically electro-conducting polymer embedded in an insulating polymer matrix so
as to form an anisotropically conducting composite. Furthermore, the research included

the experimentation with different polymer systems.

The thesis begins providing a technical perspective on the research conducted
together with a statement of the objectives of the project. These are provided in the
present chapter, which is followed by a chapter outlining fundamental concepts and a
review of the literature related to this study that includes conductive polymers, flow of

polymer melts and the theory of droplet deformation and breakup, among others.

The raw materials used are described in chapter 3, which aso gives an account of
the criteria used in their selection. Chapter 4 is concerned with the characterisation of
the raw materials. This provides details of the techniques employed, including X-ray
diffraction, gravimetry, infrared spectroscopy, thermal analysis, rheology, conductivity
measurements and microscopy. The results obtained from the characterisation analysis
together with their discussion are also presented in the same chapter. From the results,
those from the rheological anaysis were determinant in selecting the most suitable
polymer system.

Chapter 5 is dedicated to the preliminary experimentation with different systems,
compositions and compounding techniques, including manual mixing, roll milling,
extrusion and melt mixing. The forming process, that is, ram extrusion, as well as the
experimentation with different processing parameters is also described in chapter 5.
Chapter 5 is of fundamental importance since this is where the criteria for selecting the

most appropriate compounding technigque and forming process conditions are reviewed.

The production of different blend compositions of the selected polymer system,
using melt mixing under improved processing conditions is described in chapter 6. This
chapter also includes sections concerned with the characterisation of the blends, namely
morphological and electrical. The forming of the blends is reported in chapter 7, which
also includes the morphological and electrical characterisation of the extrudates.
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CHAPTER 1. Introduction.

Thiswork aso includes the mathematical modelling of the conductivity behaviour
with respect to the blends’ composition. This is presented in chapter 8, which describes
the two approaches followed: percolation theory and a generalisation of effective media

theories.

Although conclusions are presented in each of the chapters (i.e., when relevant), it
is in chapter 9 where these are compiled. The recommendations for further work are
also included in this chapter.

The references, spanning from 1962 to 2001, include journal papers, patents,
technical data sheets, standard test methods, textbooks, and PhD and BSc theses, among
others. They are indicated throughout the text with numbers between sgquare brackets,

running in numerical order, and listed in citation order at the end of the thesis.

Finally, the appendices, presented in the last section of the thesis, include some
charts from the rheological analysis together with some of the products of the research,
namely ajournal paper and reprints from conference proceedings. As a common feature,
all the chapters dealing with experimental or analytical methods include the description

of the methods, results and their discussion.

1.2 TECHNICAL PERSPECTIVE.

The scientific developments that occurred at the end of the last century have
dramatically changed the way in which polymers are envisaged nowadays. For example,
there was general agreement that polymers, unlike metals, do not conduct electricity. In
fact, some polymers are used as insulation round the copper wires in ordinary electric
cables. In spite of this, the winners of the 2000 Nobel Prize in Chemistry were rewarded
for their revolutionary discovery that polymers can in fact, after certain modifications,

be made electrically conductive.

The winners of the Nobel Prize, Heeger, McDiarmid and Shirakawa, made their
inspired findings at the end of the 1970s and subsequently developed conductive
polymers into aresearch field of great importance for chemists, physicists and materials
scientists. The area has also yielded important practical applications. For instance,

conductive polymers are used in, or being developed industrially for antistatic
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CHAPTER 1. Introduction.

substances, photographic films, shields for computer screens against electromagnetic
radiation and smart windows that can exclude sunlight, among many other applications.

It is therefore in the field of antistatic materials that a binary polymer blend
displaying a morphology of electro-conductive polymer fibres embedded in an
insulating matrix could find practical applications, more specifically in carpet and
textiles industries. Static charges can be built up on many materials by friction,
separation, or induction processes [1], for example whenever two different materials,
such as shoes on a carpet, are rubbed together. Once charge is generated, the nature of
the material will determine how that charge is dissipated, either by leaking away slowly
or conducting suddenly (perhaps damagingly) through another product. Static control
seeks to prevent damage caused by the sudden discharge of this electrostatic potential
from one body to another, which in the more severe cases can destroy sensitive

electronic components or cause explosions in dusty or solvent laden atmospheres.

To reduce the static buildup on carpets, antistatic chemicals can be applied to the
carpet, or permanent antistatic filaments can be incorporated into the carpet yarns.
Antistatic chemicals are generally only effective at certain humidity levels. For
example, under low humidity conditions the carpet may allow high levels of static
buildup [2]. In addition, antistatic chemicals may be removed by heavy traffic and
cleaning. On the other hand, manufacturing carpets by interweaving antistatic filaments,
consisting of electrically conducting polymer fibres embedded in an insulating polymer
matrix (refer to fig. 1.1), could effectively limit static buildup at any humidity and
temperature. Unlike antistatic chemicals, the conducting fibres would be integral to the
carpet throughout itslife.

One promising approach for manufacturing this type of filament is to generate the
electro-conductive fibres in-situ, that is, during the actual forming process of the
filaments. This has been the subject of extensive investigation and it has been shown
that under appropriate conditions, the dispersed phase of a binary polymer blend can

deform into ellipsoids or even short fibres.
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Carpet

Intrinsically

Antistatic filaments conducting polymer

Insulating polymer

Figure 1.1. Schematic representation of the use of antistatic filamentsin the
manufacture of carpets.

To produce fibres in-situ, a binary (or higher) polymer blend is required. The
phases should be immiscible, with one phase being well dispersed in the other matrix
phase. It has been shown that under certain processing conditions and materials
parameters (i.e., processing equipment, type of flow field, shear rate levels, ratio of the
viscosity of the dispersed phase to that of the matrix, and interfacial tensions, among
others) the action of the matrix on the dispersed phase may be such to extend the
dispersed phase into elipsoids or even fibres. For example it has been demonstrated that
during processing by capillary extrusion, elongational flow fields taking place at the
entrance of the capillary played an important role in the generation of fibres. On the
other hand, there is evidence that when the viscosity of the dispersed phase is lower than
that of the matrix it is easier to deform the dispersed phase into elongated domains (the

reader isinvited to consult the references cited in the relevant sections of chapter 2).

In the present work, an intrinsically electro-conducting polymer was used as the
dispersed phase (refer to sections 2.2 and 3.2). Advantages in using such a material over
other conducting fillers, like metal particles or carbon black, include the relatively low
content needed to yield a high electrical conductive blend. In addition, the material used
has the characteristic of lowering the viscosity of the blends, which facilitates their
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CHAPTER 1. Introduction.

processability. With respect to the polymer matrix, experimentation was performed with
three commercia polymers. Their properties are described in the relevant chapter.

1.3 OBJECTIVES.
The objectives of the present work are the following:

- To establish the feasibility of producing electrically conductive fibres of an
intrinsically conductive polymer, fully aligned within a suitable polymer matrix, so

asto form an anisotropically conducting composite.

- To explore different processing routes for the production of an anisotropically

conducting composite.

- To experiment with different polymer systemsin order to find the most suitable one

for the production of an anisotropically conducting composite.

- Toinvestigate the behaviour of the electrical conductivity with respect to the content
of electrical filler in the composite.

- To analyse the microstructure of the conductive composites.

- To correlate the behaviour of the conductivity with the microstructure of the

conductive composite.
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CHAPTER 2. Fundamental concepts.

“Most of the fundamental ideas of science are essentially
simple, and may, as a rule, be expressed in a language
comprehensible to anyone”.

Albert Einstein (1879-1955), German-born U.S. physicist.
The Evolution of Physics (co-written with Leopold Infeld).

CHAPTER 2

FUNDAMENTAL CONCEPTS
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CHAPTER 2. Fundamental concepts.

2.1INTRODUCTION.

This chapter reports on the literature concerned with the subject of the present
work. Accordingly, concepts including conductive polymers, in-situ composites, flow of
polymer melts and electrical conductivity, among others, will be reviewed in the
relevant sections. In the same way, a special section is dedicated to polyaniline and
related topics.

22ELECTRICALLY CONDUCTIVE POLYMERS.

The conventional method for imparting electrical conductivity to common
polymers is by admixing them with conductive solid fillers such as carbon black or
metal particles. However, the relatively high filler content needed to yield high
electrical conductivity may adversely affect the materials processability and other
properties [3,4]. Therefore there is an increasing interest in using intrinsically
conductive polymers (ICPs) to produce electro-conductive polymeric materials with an

attractive combination of properties.

The common electronic feature in ICPs is the presence of conjugated double
bonds (hence the term conjugated polymers) in which a Teconjugated system is formed
by overlap of carbon p, orbitals and aternating carbon-carbon bond lengths [5-7]. In
some systems, however, notably polyaniline (PANI), nitrogen p, orbitals and rings
consisting of six carbon atoms are also part of the conjugation path [8,9].

Initialy, 1CPs were neither processable nor air stable mainly due to their chain
structure and strong intermolecular interactions. However, later ICPs generations were
processable into air stable powders, films and fibres following conventional methods
such as solution and melt processing, respectively [10-19]. Moreover, the production of
| CPs-based polymeric blends has also been achieved [11-13,16,20-24].

The electrica conductivities of ICPs systems now range from that typical of
insulators (i.e., < 1 x 10"° S/cm) and semiconductors such as silicon (ca. 1 x 10° S/cm),
up to greater than 1 x 10* S/cm (nearly that of ametal such as copper, i.e., 5 x 10° S/cm)
[25,26]. Applications of these polymers, especially PANI, have begun to emerge. These
include blends with potential applications in energy storage [27], antistatic packaging
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[28,29], electro-optical devices [16,30], welding of plastics [31], industrial textiles
[28,32], etc.

Conjugated polymers as such are insulators. They possess an energy gap between
filled and empty energy levels. However, their conductivities are transformed from
insulating to conducting through doping [5-7,26,33]. In the doped state, the backbone of
the conducting polymer consists of a delocalised Tt system. Both electron-donating and
electron-accepting dopants have been used [25,34]. The doping is typically done using
vapours or solutions of the dopant. Electrochemical methods have also been employed.
In some circumstances, the polymer and the dopant are dissolved in the same solvent
before forming the film, powder or fibre. The polymer backbone and dopant ions form a

rich variety of new three-dimensional structures.

The charge-storage species formed upon doping are termed solitons, polarons and
bipolarons [7,35]. For some conjugated polymers, the charges added to the backbone at
low doping levels are stored in charged soliton and polaron states [6,7,36] or as charged
bipolarons [37]. For other ICPs, high doping results in polarons interacting to form a
polaron lattice (i.e.,, an electrically conducting partialy filled energy band) [38,39].

Some models suggest equilibrium between polarons and bipolarons [40].

The first intrinsic electrically conducting organic polymer, doped polyacetylene
(PA), was reported by Shirakawa et a. in 1977 [41,42]. The interest in PA, both
theoretical and experimental, generated a prolific collection of data which led to the
discovery that poly(p-phenylene) could also be doped to obtain high levels of
conductivity [43]. It demonstrated that PA was not unique and led to the development of
a number of new polyaromatic-based conducting systems such as poly(p-phenylene
sulphide) [44], polypyrrole [45], polythiophene [46] and the aforementioned PANI [47].

2.3 POLYANILINE.

Polyaniline is presently one of the most promising intrinsically conductive
polymers. Specia interest has been focused on PANI due to a number of important
reasons including its excellent chemical stability combined with relatively high levels of

electrical conductivity that can be controlled. Additionally, the monomer (aniline) is
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relatively inexpensive and its polymerisation, that is, the 1,4-oxidation of aniline in
acidic media, is a straightforward high-yielding reaction [48-51].

2.3.1 STRUCTURE.

Studies on polyaniline suggest that the polymer can exist in a wide range of
structures [5,49,52]. The polymer can be regarded as one composed of a random
copolymer of reduced (amine) and oxidised (imine) units (fig. 2.1).

_|@_1L9; @

{@:CF% ®)

Figure 2.1. Amine (a) and imine (b) units of a polyaniline chain (n and m are integers).

Forn # Oand m # O (refer to fig. 2.1), the structures of polyaniline are known as
the poly(p-phenyleneamineimines) in which the oxidation state of the polymer increases
with increasing the content of the imine form. The fully reduced (i.e., m = 0) and
oxidised (i.e,, n = 0) forms are referred to as the leucoemeraldine and pernigraniline,
respectively. On the other hand, the 50 % oxidised structure (i.e., n = m) is known as the
emeraldine base (EB) of PANI. However, intermediate oxidation states have also been
defined between these structures. Accordingly, protoemeraldine is known as the
intermediate structure between leucoemeraldine and emeraldine, whereas nigraniline is

defined as the intermediate structure between emeraldine and pernigraniline.

As has been indicated, the EB form of PANI is half-oxidised and thus consists of

phenylendiamine and quinoid diimine units (fig. 2.2).
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H

(Cor oo™

H

Figure 2.2. The emeraldine base of polyaniline.

The emeraldine base is insulating. However, its iminic nitrogen sites can be
protonated by strong acids to form an acid-base complex [19,31,49,53-57]. This
electrically conductive form is called the emeraldine sat (ES) of PANI. A fully
protonated conductive complex is formed when about 0.5 mol of protonic acid, A'H”,

per mol of phenyl-N repeat unit of PANI isused (fig. 2.3).
H H

(o om0

Figure 2.3. The emeraldine salt of polyaniline where A™ denotes a negatively charged
molecular anion, that is, acounter-ion.

>| I_Z +
> I—24%

2.3.2 PROCESSABILITY.

The emeradine base is soluble in N-methylpyrrolidone (NMP), selected amines,
concentrated sulphuric acid and other strong acids [58-60]. However, the emeraldine
salt is even more intractable and hence its processability is limited. This intractability is
caused by its highly aromatic nature, the interchain hydrogen bonding and the charge
delocalisation effects. Many methods have been developed to improve the
processability. These include blending the ES with other polymers by using co-solvents
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[57,58], preparing sterically stabilised colloidal dispersions [61,62] and chemically
[11,56] or electrochemically [63] polymerising aniline within a polymer matrix.

Melt and solution processability can be improved if PANI is protonated with a
functionalized protonic acid [64]. A functionalized protonic acid, denoted as H'(X'R),
consists of a protonic acid group (i.e., H*X") and an organic group (i.e., R). The proton
reacts with the imine nitrogens of PANI transforming the EB to the conducting salt
form. The (X'R) group serves as a counter-ion, where R, the functional group, enhances
the solubility in common organic solvents and compatibility with conventional
polymers. The solubility and compatibility in a given polymer are determined by the
structure of the functional group. Well-known examples of such functionalized protonic
acids are p-dodecylbenzenesulfonic acid (DBSA) [16,21,53,65,66], (+)-camphor-10-
sulfonic acid (CSA) [16,65,67], bis(2-ethyl hexyl) hydrogen phosphate (DiOHP)
[57,68] and diphenyl hydrogen phosphate (DPHP) [69].

2.3.3SOLUTION PROCESSABLE COMPLEXES.

As has been pointed out, EB turns into processable e ectro-conductive solution
complexes by using specific functionalised counter-ions. These complexes are soluble
in common organic solvents such as toluene, chloroform, chlorobenzene, resorcinol,
xylene, m-cresol, etc. [16,53,65-67,69]. Conductive products of pure PANI have been
obtained by casting [16,53], dipping [70] or spinning [12,16,18] directly from solution
with subsequent evaporation of the solvent. Hot pressing procedures after solvent
evaporation have also been reported [69]. On the other hand, an approach based on the
contact of the EB with an organic solvent (i.e., pyruvic acid) capable of protonating the
polymer for the preparation of conductive polyaniline solutions has been reported [30].
In this process, dissolution and protonation of the emeraldine base were carried out

simultaneously yielding true solutions of the conductive emeraldine salt.

2.3.4SOLUTION PROCESSABLE BLENDS.

The solubility of the solution processable complexes (SPCs) of PANI in common
organic solvents enables the fabrication of solution processable PANI blends using
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different traditional non-conductive polymers and permits the blended material to be
dissolved and processed from solution. Typical products are thin transparent films
[16,57,67,68], coatings [30], inks [71], paints [66,71], fibres [12] and adhesives [71].
PANI SPCs can aso be dissolved in some thermosetting matrices, such as phenol-
formaldehyde and melamine resins, which are subsequently cured into the final product
[71].

235MELT PROCESSABLE COMPLEXES.

Melt processable PANI complexes have been obtained using a thermal doping
process in which the EB and a specific functionalized acid (e.g., DBSA) are mixed at
high temperature, which results in the formation of a PANI-DBSA conductive complex
[21,72]. This method allows simultaneously doping EB and introducing akyl
substituents to its backbone without the need for using auxiliary solvents. The presence
of unbound excess of DBSA, only physically mixed with PANI, leads to the dispersion
of the PANI particles in the DBSA, which leads to the production of a paste mainly
ionically conducting. Heating causes solidification of the paste, which becomes
electrically conductive. If large amounts of excess of DBSA are used, an elasticised
complex is then created. The addition of compatibility agents has also been reported
[28].

2.3.6 MELT PROCESSABLE BLENDS.

Studies have been reported about preparation of electrically conductive PANI
blends by melt processing techniques [14,21,22,28,31,66]. Among these, Shacklette et
al. [22] report that Versicon (from Allied-Signal Inc.), a conductive form of PANI, was
dispersible in polar thermoplastics such as polycaprolactone and poly(ethylene
terephthalate glycol). On the other hand, Ikkala et al. [14] report on conductive polymer
blends prepared by blending thermoplastic polymers with a PANI-DBSA complex
following a thermal doping method in which conventional melt-processing techniques
were used. Furthermore, Virtanen et al. [28] have given an account of the production of
relatively homogeneous polymer blends from PANIPOL™ (a conductive complex
created by Neste Oy Chemicals) and non-polar plastics such as polyolefins,
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polystyrenes, PVC, etc.. Additionally, Virtanen and co-workers indicate that
PANIPOL™ acts as a processing aid, that is, the melt viscosity and required processing
temperature is generally lower for the blends than for the matrix polymers. This results

in a decreased processing time, reduced scrap generation and lower energy costs.

2.3.7ELECTRICAL PROPERTIES.

The final optimum properties of the electrically conductive PANI blends,
specifically the electrical conductivity, depend on many parameters such as the content
of PANI in the blend, the processing techniques, the processing parameters and the
polymer matrix. Additionally, the methods used for doping PANI greatly affect the
conductivity of the blend. Regardless of this, it has been found that the relationship
between the room temperature conductivity and the content of PANI in the blends is
characteristic of percolation threshold behaviour, with reasonable high levels of
conductivity being observed even for composites containing relatively low conducting
PANI loadings [11,21,56,57,66]. For example, Oh et a. [11] report on a percolation
threshold in the range of 6-10 weight percent (wt%) of conductive PANI (fig. 2.4) in a
PANI-polystyrene (PS) composite, which was chemically obtained by using DBSA as
the doping agent in the presence of xylene. Moreover, they also indicate that a high
level of conductivity of ca. 0.1 S/cm was achieved with only 12 wt% of the conductive

component.

!

Ebecirioal comiliegivity {5cm)
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Figure 2.4. Electrical conductivity of PANI-PS composites as a function of PANI
weight fraction (from Oh et al. [11]).
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24 CONDUCTIVITY OF COMPOSITE MATERIALS.

This section concentrates on some of the theories and models available to describe
the conductivity of composite materials. Although quantum-mechanical electron
tunnelling effects between two closely conducting grains in an insulating matrix have
been considered [73-76], it is the percolation theory together with effective media
theories that have received the greatest attention. A brief insight into these theories is
presented here, together with the description of other proposed models.

2.4.1 PERCOLATION.

The word percolate literally means to pass through a filter (e.g., to make aliquid
or gas pass through a filter or porous substance, or filter through in this way). It also
means to pass through slowly (e.g., to pass slowly through something or spread
throughout a place) [77]. In the context of the present work, percolation refers to
whether an electrical insulator containing an electrically conducting filler would allow

the passage of an electrical current.

2.4.2 PERCOLATION THEORY.

Percolation theory provides an estimate of the probability of the existence of a
conducting path through a system (or composite medium) as a function of the
conducting filler volume fraction. It gives a phenomenological equation for the
conductivity of the medium near to the metal-insulator (or conductor-perfect conductor)
transition. Although the theory has largely been developed in the context of regular

lattices, it is also used to describe the conductivity of continuum systems [78-80].

The two most common lattice percolation models are the site and bond
percolation models, respectively. In the former model, random sites are missing from
the lattice. On the other hand, the bond percolation model assumes that all the sites in
the lattice are occupied, however not al the sites are connected. Although the two
models are treated in avery similar way, the bond percolation model is very ambiguous,
which led to the site percolation model to be used in preference even by many leading

researchers, for example Stauffer and Aharony [79].

Page 15





CHAPTER 2. Fundamental concepts.

To understand the site percolation model, one must envisage a large array of
squares as shown in figure 2.5a. This array should be imagined to be so large that any
effects from its boundaries are negligible. Such an array is called a square lattice. Now,
a certain fraction of sguares are filled with a dot in the centre, whereas the other squares
are left empty (fig. 2.5b). A cluster is now defined as a group of neighbour sgquares
occupied by the dots. These clusters are encircled in figure 2.5c. From this picture it can
be seen that squares are called nearest neighbours if they have a side in common but not
if they only touch at one corner. Squares with one common side are defined as “ nearest
neighbour sites on the square lattice”, whereas squares touching at one corner are called
“next nearest neighbours’. All sites within one cluster are thus connected to each other
by one unbroken chain of nearest-neighbour links from one occupied square to a
neighbour sguare also occupied by a dot. The occupation of the squares is random, that
is, each square is occupied or empty independent of the occupation status of its
neighbours. Each site has a probability P of being occupied by a dot, which means that
if there are N squares, and N is a very large number, then PN of these squares are
occupied, and the remaining (1 — P)N of these sguares are empty. For values of P
between zero and a critical value P, the situation is one of finite clusters asillustrated in
fig. 2.5c.
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Figure 2.5. Site percolation model: (a) shows part of a square lattice; in (b) some
squares are occupied with dots; in (¢) the clusters, groups of neighbouring occupied
sguares, are encircled except when the cluster consists of a single square (from Stauffer
eta.[79)]).

In theory, the conductivity of the lattice can be measured by placing it between
electrodes attached to its opposing faces. Because the finite clusters are not connected to
each other (fig. 2.5c), the entire lattice is, at this stage, insulating. At exactly P for an
infinite lattice (or very near these values for a very large lattice) an infinite conducting

cluster is first formed. Because there is now a conducting or percolation path across the
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entire lattice, the conductivity becomes finite. Above P. the conductivity of the lattice
(om) is found to increase as (P - Py)', where t is a dimensionless index, and P is the
critical or percolation threshold. For lattices in three dimensions, t usually lies between
1.65[81] and 2.0 [76], which is the accepted range of t demanded by universality.

The probability that a site will occur in the infinite conducting cluster, together
with the conductivity of the cluster, are schematically plotted in fig. 2.6 as a function of

the fraction of sitesin the lattice.
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Figure 2.6. Typica behaviour of the conductivity (or,) of the infinite conducting cluster
and the probability (P) of asite beingin it as afunction of the fraction of sitesin the
lattice (from Kirkpatrick [78], Stauffer et al. [79] and McLachlan et a. [80]).

As can be observed from fig. 2.6, at a fraction of sites equal to one, P is equa to
1. At this point, gn, reaches a maximum value, which for convenience has been set equal
to unity. However, the behaviour of o, and P near the percolation threshold is radically
different. The reason for this difference is that, just above P, the vast mgjority of the
sitesin the infinite conducting cluster do not carry any current because they are situated
on “dead ends’ or “backwaters’. The actual array of sites that carries the current is
known as the “backbone” [79,80]. This isillustrated in fig. 2.7, which shows a section
of an infinite bond cluster on the square lattice at P.. If each bond of this cluster
represents a resistor, and if a voltage is put between the upper and lower ends of the
cluster, then many bonds can be identified which will carry no current because they lead
nowhere (i.e., the “dangling” bonds or “dead ends’). If all the dangling bonds are
removed, what is left is the backbone. Every internal bond on the backbone has at |east
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two independent routes that lead from it to the edges of the cluster. Except for rare
symmetric situations, all the backbone bonds will carry some current when a voltage is
put between the upper and lower edges of the cluster. It has been demonstrated [79] that
most of the mass of the infinite network at the percolation threshold belongs to dead
ends, not to the backbone. Therefore, most of the mass contained in the conducting
cluster makes no contribution to the conductivity, and hence the difference in the

behaviour of o, and P.
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Figure 2.7. Section of an infinite cluster at P.. Bond percolation model. Green lines
represent “dangling” bonds, whereas black lines represent singly connected bonds. Red
lines represent bonds on “blobs’ (from Stauffer et a. [79]).

In continuous media or a continuum, which is the case most relevant to the subject
of the present work, the percolation theory suggests that in the neighbourhood of the
threshold the conductivity will be given by the following power-law equation [80,82]:

where:

Om= conductivity of the medium (or composite),

On = conductivity of the conductive filler,

@=volume fraction of the conductive filler,

@ = critical volume fraction of the conductive filler (percolation threshold),

t = critical exponent.
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243 EFFECTIVE MEDIA THEORIES.

An effective media theory describes a binary (or higher) mixture as one consisting

of elipsoidal (or spherical) grains in which each grain is surrounded by a mixture that

has the effective conductivity of the composite medium [80,83]. The simplest approach

considers a two-phase dispersion consisting of spherical (or ellipsoidal) particles

dispersed in a conducting medium, that is, the Maxwell’s dilute limit (a review on the

subject is given by Meredith et a. [84]). Other approaches include the Bruggeman's

symmetric and asymmetric effective media theories, which have been reviewed by
McLachlan et a. [80,85,86]. These approaches will be described next.

The dilute limit is illustrated in fig. 2.8, which depicts insulating ellipsoidal (or

spherical) grains dispersed in a conducting matrix.
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Figure 2.8. Maxwell’ s dilute limit for insulating spheres (a), insulating oriented
ellipsoids (b) and randomly oriented €ellipsoids (c) dispersed in a conducting matrix

(from McLachlan et al. [80]).

Using Maxwell’ s equation, the conductivity of the composite medium represented

in fig. 2.8 can be expressed as follows.
For spheres:

o, = ohgt—g f @ .......... Eq. 2.2a.

For oriented ellipsoids:
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In the equations presented above, as well as in other ones presented in this section,
Om is the conductivity of the composite medium, o; the conductivity of the high-
conductivity phase (i.e., the continuous phase in this particular case), f the volume
fraction of the low-conductivity phase (i.e., the perfectly insulating dispersed phase), L;
the depolarisation coefficient for the oriented ellipsoids in the direction of the current
flow [87], and m a coefficient that can be calculated in the limit where the conductivity

of the low-conductivity phase, g, is zero [84].

The complementary expressions used when perfectly (or infinitely) conducting

particles (with resistivity p = 0) are immersed in a matrix with a finite conductivity are:

For spheres:

o, =p,0-3p).......... Eq. 2.3a.
For oriented ellipsoids:
pm—ph%—ﬂE .......... Eqg. 2.3b

L,

In equations 2.3a to 2.3c pn, is the resistivity of the composite medium, oy, (i.e.,
1/qy) the resistivity of the high-resistive phase (in this case the continuous phase), ¢the
volume fraction of the conducting phase, L, the depolarisation coefficient of the
oriented ellipsoids and my, a coefficient related to the randomly oriented ellipsoids. Note
that o = 1/ay, the resistivity of the low-resistive phase (the dispersed phase in this case)
is equal to zero. The symbols presented in Eq. 2.3a to 2.3c will be used in other

equations corresponding to this section. They will have the same meaning.

Equations 2.2a to 2.3c are valid up to volume fractions (f or ¢) of about 0.1.
Expressions for media where gy and p are not zero can be found in a number of
references, for example Meredith et al. [84].

The Bruggeman’'s symmetric media theory [88] treats the two (or more)
constituents with conductivities g; and gy, and volume fractions f of g and 1 - f = @ of
On, On a completely symmetrical basis. The theory, which is based on the expressions

for the polarization of a sphere, is for arandom mixture of “spherical grains’ of the two
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constituents, in the correct volume ratio, which together completely fill the media. To
visualize this symmetric medium, the entire composite medium must be assumed to be
filled with oriented ellipsoids (or spheres), which implies an infinite size range of
ellipsoids. The equation for the conductivity of a symmetric media, written in the more

general form for oriented ellipsoids [89-91] is

flo,-0,) ,@-f)o,-0,) O, Eq. 2.4.

o+t o+ R,
oL O oL 0O

It must be noted that when the composite medium is composed of oriented
ellipsoids it is anisotropic and that in Eq. 2.4, L = Ly, = L. An isotropic medium is

obtained only when Ls = L,= L = 1/3 (spheres) [80].

The (1 -L)/L term is more often written asfJ/(1 —f;) or (1 —@)/@, wheref.=1— @
and @ are the critical percolation thresholds of the low-conductive and high-conductive

phases (already defined in section 2.4.2), respectively.

If gy =0, then Eqg. 2.4 reduces to Eq. 2.2b and a metal-insulator transition occurs

when f = 1 — L. For example, the critical volume fraction (fc) for spheresis 2/3.

Equation 2.4 can be written in terms of the resistivities of the low and high-
resistive phases, and the volume fraction, ¢ of the low-resistive phase. In the case
where p = 0, Eg. 2.4 reduces to Eg. 2.3b. In this case, the critical volume fraction,

where pn =0, is @ = Ly, which is 1/3 for spheres.

The medium in the Bruggeman’s asymmetric theory can be visualized as being
made up of an infinite size range of uniformly coated ellipsoids, as illustrated for the
case of spheres, in fig. 2.9. The volume ratio of the coating to the interior is the same for
all ellipsoids. In the actual composite medium, the coating can be visualized as forming
a host phase or matrix. On the other hand, the interior particles can be regarded as a
dispersion. The complete Bruggeman's asymmetric equation, in the more general case
where the conductivities of both phases have finite, nonzero values, is derived and given
in Meredith et al. [84] and Landauer [88], as well as on a more rigorous basis in Sen et

al. [87].
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Figure 2.9. The Bruggeman’s asymmetric medium made up of coated spheres (in red),
with avery large range of sizes (from McLachlan et al. [80]).

When the conductivity of the dispersion is zero (g = 0), the Bruggeman’'s

asymmetric equation reduces to the following equations.
For oriented ellipsoids:

Om=on(1—HYEM . Eq. 2.5a.

Om=0n(1-NHM.......... Eq. 2.5b.

In equations 2.5a and b, f corresponds to the volume fraction of the insulating
dispersion. When the conductivity of the dispersion is infinitely high the equation is
better written in terms of the resistivities and the volume fraction (¢) of the perfectly

conducting dispersion. Bruggeman’' s asymmetric equation then becomes:
For oriented ellipsoids:
Pm=pn(l—@ ... Eq. 2.6a.

For randomly oriented ellipsoids:

Pm=pn(l—=@™.......... Eq. 2.6b.
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It should be noted that the above equations imply that there is no metal-insulator
(Egs. 2.5a and b) or conductor-perfect conductor (Egs. 2.6a and b) transitions except

wheref =1 (or ¢= 1), which impliesthat f. = 1 (or @ = 1) in these equations.

244 0THER CONDUCTIVITY MODELS.

- The rule of mixtures. The ssimplest approach for the prediction of the electrica
conductivity of afully aligned continuous-fibre reinforced composite utilises either the
rule of mixtures or the inverse rule of mixtures [83,92,93]. In both cases the composite
is considered a network of electrical resistances. The equation giving the conductivity
paralel to the fibre direction is based on a parallel model. In this case, the model
describes a stack of dlabs (or rods) of the two conducting media linked in parallel with
the current flow. In terms of parameters already defined, the conductivity is given by:

On the other hand, the conductivity perpendicular to the fibre direction is given by
an equation based on a series model. In this case, the model describes a stack of slabs
(or rods) of the two conducting media linked in series with the current flow. For this

case, the composite conductivity is given by:

1 _f

o, 0, O,
- The grain consolidation model of Roberts and Schwartz [94]. Thisis a geometrical
model proposed for diagenesis, which is the process by which granular systems evolve
geologically from unconsolidated, high-porosity packings toward more consolidated,
less porous, materials. It proposes that the relation between the conductivity and the
porosity can be approximated by a non-trivial power law over a wide range of porosity
for both ordered and disordered lattice configurations. In each case, the system initially
consists of atightly packed aggregate of hard spherical grains of uniform radius. As the
system moves towards lower porosity, the grains are gradually distorted until, at the end
of the process, they become a set of space-filling polyhedrons. The conductivity is

modelled in relation to the nucleation of a random array of small insulating spheres
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embedded in a biphasic-conducting composite. The starting biphasic phase, and the
biphasic phase remaining after the pure insulating phase has started to grow, are treated
as one phase. The second phase is the insulating spheres, which then grow to form a
random-close-packed lattice with point contacts on the surfaces. As the radii of the
insulating spheres increase further, the areas of interfacial contacts grow, creating an
ever-decreasing volume of pores and “throats’, which contains the remaining biphasic
mixture. Finally, when the volume fraction of the insulating spheres ( ) is about 0.97
[94], the throats no longer form a percolation path, which gives a percolation threshold
(@) of approximately 0.03.

- Segregated system models. The models are based on the prediction of the
conductivity in composites consisting of mixtures of metal and insulating particles, in
which the radius of the metal particles (Ry) is much smaller than that of the insulating
particles (R)). When such atype of mixture was subjected to compaction (Maliaris and
Turner [95]), it was observed that the metal particles filled non-spherical voids between
the insulating particles, which led to segregation of the metal. The analysis performed
by Malliaris and Turner [95] on this type of system showed that ¢ reached a value of
about 0.05 when the radius of the conducting particle was about 30 times smaller than
that of the insulating particle. These researchers calculated the value of @ for R/Ry on
the basis that each non-conducting grain was covered with a monolayer of conducting
particles a @. The metallic particles were thus envisaged as being located on planar
lattices and it was assumed that the critical composition was possibly due to the initia
formation of infinitely long sequences of contiguously occupied sites on the lattice.
Kusy [96], however, realised that the conducting particles did not have to cover the
insulating ones completely to form a percolation path. In this case, a two-dimensional
percolating network was proposed to be formed at @ of about one half of that needed
for the model of Malliaris and Turner. Kusy also realised that conducting particles, not
on the surface of the insulating grains, but trapped in the interstitial sites or pores,

increased the observed value of @.
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2.5 FIBRE FORMATION IN BINARY POLYMER COMPOSITES.

This section covers general concepts related with the formation of fibres in two-
component polymer blends. Technical definitions, given in the context of the present
work, are presented in section 2.5.1, whereas notions concerned with the morphology of
binary polymeric systems are provided in section 2.5.2. A summary on some of the
approaches used for the formation of fibresin polymer blendsis also presented here.

251IN-SITU COMPOSITES: DEFINITIONS.

A composite can be defined as the material created when two or more distinct
components are combined. However, in the context of the present work, composites are
those materials formed by aligning continuous fibres in a polymer resin matrix or
binder. In general, the fibres are strong and stiff such that they are the principal load-
carrying members whereas the surrounding matrix, that keeps them in the desired
location and orientation, acts as a load transfer medium between them. At the same
time, the matrix protects the fibres from environmental damage. In this case, the
material has exceptional mechanical properties and is often termed as an advanced, or
fibre reinforced composite [97-100]. At present, this class of materials is important in
engineering applications previousy dominated by metals. For example, laminates are
widely used with structural functions. However, difficulties are present in terms of the
prolonged fabrication times associated with combining the fibre reinforcement and
matrix so as to give predictable properties in the final product. Moreover, even in the
case when short-fibre reinforced thermoplastics are processed by extrusion and injection
moulding difficulties still remain in controlling the fibre length distribution and
orientation in finished parts. Additionally, the increased viscosity of the melt due to the
incorporation of the fibres is another problem that has to be taken into consideration
[101].

An approach to avoid some of the aforementioned difficulties is the production of
in-situ composites, in other words, to generate the fibres during the actual forming
process of the component. To achieve this, the study of the rheological properties and
microstructure of extruded specimens of binary blends should be considered. This has
been extensively investigated and it has been shown that under appropriate conditions,
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the dispersed phase can deform during processing to produce elongated structures, e.g.,
ellipsoids or even fibres [102-108]. A general review on the rheology of polymer blends

isavailablein section 2.6.

Another area of research relevant to the study of in-situ composites is the
processing method used for their production. A variety of techniques have been
developed in the past, including capillary extrusion [109], uniaxial drawing [110], gel
spinning methods [111], etc..

2.52MORPHOLOGY OF BINARY POLYMER BLENDS.

The morphology of a binary blend isinitialy dependent on the way in which the
two components flow during forming. Two types of multiphase flow may be
distinguished on the basis of their degree of phase separation. One type is dispersed
multiphase flow, in which one component exists as a discrete phase dispersed in another
component forming the continuous phase. The other type is stratified multiphase flow,
in which two or more components form continuous phases separated from each other by

continuous boundaries [101].

In general, only dispersed multiphase flow is of relevance when applied to the in-
situ formation of fibres of one polymer in a blend. Depending on the nature of the
discrete phase, the bulk flow properties of a dispersed multiphase system may vary. In
other words, the bulk flow properties of a dispersion can be different depending on
whether the dispersed phase consists of rigid particles, deformable droplets, or even gas
bubbles suspended in the continuous polymeric medium. In the processing of
heterogeneous polymer blends, both phases are usually non-Newtonian and viscoel astic.
When two polymers of different structure are melt-blended it is common for one
polymer to form a discrete phase within the other, giving rise to a two-phase system. In
dispersed multiphase systems, there are many variables interrelated to each other, which
affect the ultimate physical/mechanica properties of the final product. For instance, the
method of preparation (the method of mixing the polymer blend) controls the
morphology (e.g., the state of dispersion, particle size and particle shape) of the mixture.
On the other hand, the rheological properties strongly dictate the choice of processing
conditions (e.g., temperature, shear stress), which in turn strongly influence the
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morphology, and therefore the ultimate physical/mechanical properties of the fina
product.

253IN-SITU CRYSTALLISATION.

The earliest approach to the formation of in-situ composites was the concept of in-
situ crystallisation. In this approach, an additive is introduced into the polymer, which is
molten at the processing temperature. The reinforcing elements grow into elongated
crystals within the amorphous matrix during the crystallization process. For example,
Sieggmann et a. [112] have added 2,4,5,6-tetrachloroxylene or 1,24,5-
tetrachlorobenzene to ordinary and high-impact polystyrene. They observed that the
additive precipitated in three different morphologies depending on the crystallization
temperature: regular needles with aspect ratio of approximately 10, dendritic structures,
and tiny crystallites as the crystallization temperature decreased. Although their primary
interest was the production of afine and uniform dispersion of the additive in a desired
morphology, they noted that crystallization under shear could produce oriented needles
of the additive.

Another account is given by Joseph et a. [113], who added acetanilide or
anthracene to styrene-acrylonitrile copolymers. They also observed large, regular
needles and dendritic structures at high and medium crystallization temperatures; but at
the lowest temperature they found very long, thin needles.

254IN-SI'TU POLYMERISATION.

The extension of in-situ crystallisation is the concept of in-situ polymerisation, in
which needle-like crystals of a monomeric species are formed during processing,
followed by further polymerisation of the monomer to obtain a highly oriented fibrous
polymer. For example, trioxane has been crystallised and further solid-state polymerised
(by gamma radiation) in a matrix of polycaprolactone or poly(ethylene oxide) [114]. On
the other hand, monomers with conjugated triple bonds (e.g., di-and tri-acetylenes) have
been used to form fibrillar extended-chain polymeric single crystals with very high

modulus and tensile strengths [115].
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255 BLENDS CONTAINING THERMOTROPIC LIQUID CRYSTALLINE
POLYMERS.

It has been demonstrated [104,116-119] that the so-called thermotropic liquid
crystalline polymers (LCPs) play an important role in generating the reinforcing species.
Thermotropic LCPs are specia type of thermoplastics having long-chain molecules,
usually fully aromatic polyesters, which have sufficient chain stiffness to give extremely
high strength, and yet have sufficient flexibility to melt. Thermotropic polymers form
fibres extremely readily, even in injection-moulded parts. Molecular orientation occurs
and the physical properties of moulded articles exhibit a high degree of anisotropy. For
instance, studies performed by Chung [104] on LCP-Nylon 12 blends using various
techniques, demonstrated that the LCP behaved like reinforcing fibre elements in the

matrix.

Another account is given by O'Donnell et a. [117]. Their work consisted in
exploring the effect of a compatibilizer (i.e.,, maleic anhydride-grafted polypropylene,
MAP) on the properties of polypropylene (PP)-LCP blends. This study showed that
MAP lowered the interfacia tension for al the PP-LCP blends, indicating that MAP
compatibilized the PP-LCP blends. However, while in most polymer blends
compatibilization leads to finely dispersed drops of the minor components, LCP fibrils
were obtained over a large range of compatibilizer concentrations. Isolation of the PP-
MAP phase from the LCP phase indicated that MAP did not react with the LCPs.
Instead, an interaction such as hydrogen bonding was believed to be responsible for the
compatibilization effect of MAP on the PP-LCP blends. The LCPs used in this work
were poly(ester amide) and two copolyesters (Vectra® A950 and Vectra® B950).

Further investigations have been effectuated by Wong et a. [116] on the
microstructure generated by reinforcing pre-compounded polycarbonate (PC)-
polybutylene terephthalate (PBT) blends with a LCP (Vectra® B950). Injection moul ded
PC-PBT-LCP in-situ ternary composites were processed under a simple compounding
procedure and the microstructural analysis showed that good fibrillation of LCP
domains could be observed in 4-mm-thick dumbbell-shaped bars. Fibrillation also
appeared to increase with the LCP content.
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25.6 FIBRILLATION IN THE FLOW OF MOLTEN POLYMER BLENDS.

Evidence of fibrillation in the flow of polymer blendsis widespread in studies that
are concerned with the microstructure and rheological properties of melt processed
blends of polymers. For example, studies performed by Folkes et al. [103] about the
resulting microstructure of extruded samples of SBS block copolymer-polystyrene
blends, revealed that the homopolymer polystyrene formed a separated phase, which in
some cases was in the form of well-developed fibrils aligned paralel to the extrusion
direction. Similar micro-morphology was observed by Ehtaiatkar et al. [102] in
extruded specimens of SBS block copolymer-polyethylene blends. In this work, the
careful control of the blending process and subsequent extrusion led the dispersed
polyethylene to form well-developed fibres aligned parallel to the extrusion direction.
Ehtaiatkar and co-workers concluded that these fibres were produced primarily as a
result of the elongational flow field pertaining at the die entrance and by lowering of the

surface energy of the polyethylene by the block copolymer matrix.

In a similar way, Boyaud et al. [120] report on the elaboration of an in-situ
composite consisting of ethylene vinyl acetate copolymer (EVA) and
polybutylenetherephtalate (PBT). In this work, an inter-chain chemical reaction during
the processing operations was used to generate a grafted PBT-g-EV A copolymer at the
interface of the two polymers. A morphology consisting of PBT fibres in the EVA
matrix was achieved by stretching the extruded blend at the exit of the die.

On the other hand, Virtanen et al. [28] and Passiniemi et al. [121] give an account
of the production of conducting PANI-polypropylene fibres in industrial scae
processing equipment. The fibres were spun at speeds of up to 1000 m/min with
subsequent orientation. The composite, characterised by transmission electron
microscopy, showed a uniqgue morphology with a phase separated continuous

conductive PANI-network embedded in the polypropylene matrix.

26 FACTORS AFFECTING THE MORPHOLOGY OF POLYMER BLENDS
DURING MELT PROCESSING.

Polymer blends may be classified as miscible or immiscible. The behaviour of the

former is similar to that of a homopolymer or a random copolymer. The immiscible
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systems are frequently characterized by more than one glass transition temperature.
Their properties, to a great extent, are controlled by their morphology, which in turn
depends on the thermodynamic and rheological properties, as well as on deformation
and thermal history. The multiphase nature of polymer blends and variation of their
structure imply that flow responses may be complex. Therefore, during processing and
fabrication of blends, not only the parameters controlling homogeneous polymer
systems (e.g., molecular weights, their distribution, as well as thermal and stress

histories) must be considered, but also the morphology and its evolution.

Theoretical and experimental studies indicate that the morphology of a polymer
blend is determined by parameters such as interfacial tension, viscosities of the
materials, composition and processing conditions including temperature, residence time,
flow patterns and shear rate levels [120,122-126].

The theories developed to describe the deformability of the dispersed phase in a
binary blend are mostly concerned with Newtonian systems. However, these can be
used as general guides to describe the deformability in pseudoplastic systems. This
section thus provides a brief discussion of the classical theory of droplet deformation
and break up in Newtonian systems. A short review on the basic physical properties that
control the size and shape of the dispersed phase under melt processing conditions is
also presented. Finally, factors affecting the control of the shape are also considered

here in a section devoted to droplet-fibre transitions.

2.6.1 THEORY OF DROPLET DEFORMATION AND BREAKUP.

When a neutraly buoyant, initially spherical droplet is suspended in another
liquid, and subjected to shear or elongational stress, it deforms and then breaks up into
smaller droplets. Taylor extended the work of Einstein on dilute suspensions of solid
spheres in a Newtonian liquid, to dispersion of a single Newtonian liquid droplet in
another Newtonian liquid subjected to a well-defined deformationa field (refer to
Utracki et al. [123] and the references cited therein). It was noted that at low
deformation rates in both shear and elongational (or hyperbolic) flow fields, the sphere
deformed into a spheroid (fig. 2.10).
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Figure 2.10. Schematics of droplet deformation in uniform shear (a) and in plane
elongational (b) flow fields (from Utracki et al. [123]). The red arrows indicate the flow
direction. L and B are the magor and minor axes of the ellipsoid, respectively.

The velocity and pressure fields inside and outside the droplet were calculated,
suggesting that at low stresses in steady uniform shearing flow the deformation degree,
E, could be expressed by means of two dimensionless parameters (Eq. 2.9), namely the
capillary (or Taylor) number, Ca, and the ratio of the viscosity of the dispersed phase to
that of the matrix, p.

E = Ca[(19p + 16)/(16p + 16)].......... Eq. 2.9.
In equation 2.9,
Ca = (LA Eq. 2.9a
a
and
P=Ndg Nmeevveennn Eq. 2.9,

where nn, is the viscosity of the matrix, yis the shear rate, R is the droplet radius, o is

the interfacial tension coefficient and gy is the viscosity of the dispersed phase. Taylor
showed that at breakup, the apparent deformation, D, of the droplet (Eq. 2.10) has a
value of 0.5.
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D=(L-B)/(L+B).......... Eq. 2.10.

In equation 2.10, L is the major axis of the ellipsoid represented in fig. 2.10,
whereas B isits minor axis. Theoretically, at droplet breakup, E aso has a value of 0.5.
Taylor then demonstrated experimentally that for values of p from 0.1 to 1, droplet
breakup occurred at D values between 0.5 and 0.6. Equation 2.9 indicates that the
viscosity ratio (p), the shear rate, the droplet diameter and the interfacial tension are
critical variables to consider in controlling particle deformation and breakup in

Newtonian fluids.

Experimental studies performed by Grace [127] showed that p and Ca are related
and that the possibility for the drop to sustain deformation without break up is given by
an empirica critical capillary number, Cagit, that has to be compared with the actual
local capillary number. It was observed that by increasing the capillary number, the
drop deformation increased linearly with Ca. Above Cagi:, the particles broke up into
small droplets. Grace [127] and many subsequent authors have shown that Cagit
depends not only on p but also on the nature of the flow. In the shear field, when p > 4,
viscous drops never break. Instead, they deform into fibres and then rotate in the flow
field. In contrast, viscous drops subjected to an elongational flow field can break for any
value of p, providing that Ca > Cagit. Furthermore, it was also found that it is easier to
break drops when p = 1. In consequence, it was found that an elongational flow field
was much more effective for droplet breakup than a uniform shear flow field (fig. 2.11).
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Figure 2.11. Typical variation of the critical capillary number, Cagit, with respect to the
viscosity ratio, p, in simple shear and elongational flow (from Favis[125]).

Page 32





CHAPTER 2. Fundamental concepts.

Figure 2.11 shows that droplets are stable when their Ca number is below the
critical value; deformation and breakup of a droplet is easiest at values of p around 0.25
— 1 for shear flow; and elongational flow is more effective for breakup and dispersion

than is shear flow.

The drop deformation and breakup are transient phenomena in a sense, and they
require a specific time that must be defined. With respect to this, observations on the
disintegration of a deformed fine thread into a series of fine droplets led to a definition
of the time required for thread breakup. The phenomenon previously described is
known as capillary instability and is often observed under transient shear conditions or
after cessation of flow (refer to Utracki et al. [123], Favis[125], and the references cited

therein). Accordingly, in adimensionless form, the time scale can be defined as follows:

where ty, is the breakup time under quiescent conditions via Rayleigh disturbances,

which can be expressed as:

n.d 1d
t =—M"9° |n — = Eqg. 2.12,
"~ aQ (A, p) E\Esﬁ A

where d, is the initia thread diameter, &, is the initial amplitude of the sinusoidal
disturbances, and Q is a tabulated function of p and the characteristic wavelength, A, of
the disturbances (refer to fig. 2.12).

N

Figure 2.12. Sinusoidal Rayleigh disturbance of athread with d, = initial thread
diameter, £ = amplitude of the sinusoidal disturbances and A = the distortion wavelength
(from from Utracki et al. [123]).
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2.6.2VISCOSITY RATIO.

The viscosity ratio ( p) has been shown to be one of the most critical variables for
controlling blend morphology. Generally, if the minor component has a lower viscosity
than the major one, the minor component will be finely and uniformly dispersed.
Conversely, the minor component will be coarsely dispersed if its viscosity is higher
than that of the magjor component. For example, Favis et a. [128] have shown that for
polycarbonate (PC)-polypropylene (PP) blends, the viscosity ratio had a marked effect
on the morphology of the dispersed phase (PC), with the size of the latter increasing
with the increase of p. Favis and co-workers carried out their studies using an internal
mixer chamber. They observed that when the torque ratio (i.e., the ratio of the torque
generated by the dispersed phase to that generated by the matrix) increased from 2 to
13, the size of the PC phase increased by a factor of 3 to 4. Reduction of the size of the
minor phase was achieved below a torque ratio of 1, with a minimum particle size
occurring at a torque ratio of approximately 0.25. Subsequent work has shown that the
breakup of the dispersed phase in PC-PP blends of a higher p is much more efficient in

twin-screw extrusion than in an internal mixer [129].

In the case for which capillary instabilities play an important role, the mechanism
controlling the influence of the viscosity of the components can be quite different.
Equation 2.12 demonstrates that a matrix with a higher viscosity will stabilize the fibre
against capillary instabilities. Increasing the viscosity ratio of the system leads to a
significant increase in thread breakup time [130,131]. In studying the initial mixing of
two immiscible fluids in a two-dimensional rectangular cavity, Kang et a. [132]
reported that the transient breakup process was more dependent on the matrix viscosity
than on the viscosity ratio. A higher matrix viscosity resulted in a more evenly
distributed dispersion because it delayed the breakup time.

2.6.3 COMPOSITION.

The final morphology is a balance between deformation and disintegration
phenomena on one hand, and coalescence on the other. For this reason, various
morphological structures are obtained by varying the composition [125]. Increasing the
fraction of the dispersed phase results in an increase in the particle size due to
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coalescence. To visualize the coa escence phenomenon, one must consider the collision
of two identical particles in shear flow. Thus, coalescence can be considered to take
place in the following manner: First, upon collision, the particles deform, and matrix
material is expelled from the region between them. The drops then burst, a neck is
formed, and finally, the two drops coalesce into one particle. Various parameters
determine the extent of coalescence. The basic ones are the volume fraction of the
dispersed phase, the radius of the particle, the viscosity of each phase, and the

interfacial tension, which is the ultimate driving force for coal escence.

2.6.4 SHEAR STRESS.

In general, it has been demonstrated that an increase in the shear stress would
result in a decrease of the droplet size. For instance, Min et al. [133] noted that in a
system polyethylene (PE)-polystyrene (PS), shearing at high levels of stresses resulted
in much finer phase morphology. In this case, the shear stress appeared to predominate
over the viscosity ratio, since variations in the molecular weight of the PE or in the
mixing temperature, which are expected to influence the viscosity ratio, did not
influence the scale of the morphology. There is general agreement, however, that large
variations in the shear stress are required for it to predominate over the viscosity ratio in
controlling the dispersed-particle size (refer to Favis [125] and the references cited

therein).

On the other hand, modifying the applied shear stress can influence the shape of
the dispersed phase. For example Gonzalez-Nunez et al. [134], report that an increase in
the shear stress from 17kPa to 29kPa resulted in a change in the shape of the dispersed
phase in nylon-6-PE blends prepared by extrusion through a dlit die. At lower shear
stresses, the nylon phase was dispersed in the PE matrix in the form of spherical
particles. However, increasing the shear stress resulted in higher deformation of the
dispersed phase and a fibre-like dispersed phase was formed.
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2.6.5INTERFACIAL MODIFICATION.

Interfacial modification appears to be a dominant factor for controlling the
dispersed-phase size. Even the phase-size versus viscosity ratio dependence is less

pronounced for compatibilized systems [135].

In most cases, compatibility is enhanced by the use of block or graft copolymers
with particular segments that are capable of physical and/or chemical interactions with
the blend components. Block copolymers are typically designed so that a given block is
miscible with a given phase. If the block copolymer locates at the interface, it will

weave in and out of each phase, essentially binding the two components together.

The principal effects of interfacial modification on the morphology in an
immiscible blend are to reduce the particle size and to narrow the particle-size
distribution [136,137]. This reduction in particle size is related to both a decrease in

interfacial tension and reduced coal escence.

Cigana et al. [138] showed that coalescence was suppressed in a blend of
ethylene-propylene rubber (EPR) with PS on addition of a tapered styrene-ethylene
butylene (SEB) diblock copolymer interfacial modifier, whereas the uncompatibilized
system demonstrated measurable coalescence at concentrations above about 5 % of the

dispersed phase.

Fayt et a. [139], have extensively studied block copolymers as interfacial
modifiers under melt-mixing conditions. They have shown that the mechanical
performance of PE-PS blendsis highly dependent on the molecular characteristics of the
copolymers. Over a broad range of molar mass, they reported that diblocks are more
effective than graft, triblock, or star-shaped copolymers. Diblock copolymers with a
balanced composition appeared to be the most efficient interfacial agents.

2.6.6 DROPLET-FIBRE TRANSITION.

In order to develop fibre-like morphologies, the particles must be deformed and
the shape must be maintained. Deformation phenomena, capillary instabilities,
coalescence and the state of the interface are important parameters to consider if fibre-

like morphologies are desired.
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As aready mentioned, the type of flow field present in melt processing greatly
influences the mechanism of minor-phase deformation. Elongational flow fields have
proven to be more effective in deforming particles than shear flow fields, although
significant stretching into cylindrical bodies can also be obtained under conditions of
rapidily changing shear rates. The fibrillar morphology that is often observed in
immiscible blends near the die wall is an example of the latter case.

Evidence of fibrillation in the flow of molten mixtures of polymers was first
presented by Tsebrenko et al. [140] who examined the morphological state of
polyoxymethylene (POM)/copolyamide (CPA) blends. The two thermodynamically
incompatible polymers were blended and then extruded through a capillary die and
examined at various points along the die by freezing samples in liquid nitrogen.
Micrographs collected just past the die entrance indicated very little orientation of the
dispersed POM phase within the CPA phase. However, the extrudate collected at the
downstream side of the die showed that fine, well-oriented fibrils of POM existed in the
in the CPA matrix. As an explanation for the occurrence of the fibrillation observed,

Tsebrenko and co-workers presented the schematic shown in figure 2.13.
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Figure 2.13. Representation of the fibrillation process in the entrance zone and in the
ducts (from Tsebrenko et al. [140]).

In figure 2.13, the dispersed droplets, formed initially during the mixing
operation, are elongated as they enter the die entrance (region A) under the effect of

tensile stress acting in the direction of the converging streamlines. The elongated
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droplets then recoil as they pass the die entrance (region C). Finally, rearrangement of
the elongated droplets occurs at the downstream side of the capillary (region D), giving
rise to the fibrils paralel to the capillary axis. The final extrudate was therefore
reinforced with uniaxially aligned fibres. The results indicate that the formation of thin
fibrils takes place at the die entrance and that a prerequisite for the production of
continuous fibrils is the existence of a tensile stress acting on the fibrils in the entrance

Z0one.

The efficacy of elongational flow in provoking droplet-fibre transitions has been
confirmed in numerous studies. Dreval et al [141] observed that fibre formation was
enhanced during extrusion at the entrance of the capillary, where contraction generates
an elongational flow. They found that the fibre formation occurred at specific values of
the viscosity ratio and the extrusion speed. The elongational flow generated during
uniaxial melt drawing is aso very effective in forming dispersed fibres [134,142].
Delaby et al. [143] studied the deformation of dispersed dropletsinimmiscible blendsin
elongational flow. They developed a method for quenching the sample after subjecting
it to a controlled flow in the melt and investigated the influence of the viscosity ratio for
arange of capillary numbers. Their results indicate that the drop deforms less than the
sample when it has a viscosity higher than that of the matrix. On the other hand, the
drop deformed more than the sample when its viscosity was lower than that of the

matrix.

In capillary flow, the length of the capillary plays an important role in the
conservation of an extended morphology. LaMantia et al. [144] showed that LCP fibres,
initially formed in the converging region of the capillary, retained their shape when
extruded in a capillary with a length (L) to diameter (D) ratio amost equal to zero.
However, when a capillary with L/D = 40 was used no elongated LCP particles were
observed. The loss of the fibrillar form during flow through a long capillary was
attributed to high shear, which causes breakup of the fibrils, and to an orientation
relaxation time of the LCP less than the average time for the polymer to flow through
the capillary. Chapleau et a. [145] reported similar behaviour for blends of 5 % of PC
in PP. It was found that extrusion through dies with a high L/D resulted in dispersed PC
droplets, whereas the use of a capillary with L/D = 0.73 resulted in a fibrillar dispersed

phase.
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“Measure what is measurable,
and make measurable what is not so”.

Galileo (1564-1642), Italian scientist.

CHAPTER 3

RAW MATERIALSSELECTION
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3.1 INTRODUCTION.

This chapter deals with the description of the raw materials used. In this project
experimentation with polyaniline (PANI) to serve as the conducting phase was

performed. For this, three samples of electrically conductive PANIPOL™

complex
were used. Their characteristics are described in section 3.2. The interest in using these
materials was based on the fact that PANI is a present, one of the most promising
conductive polymers. This is due to a number of important reasons including its
chemical stability combined with high levels of electrical conductivity. Additionally, it
is known that, when blended with conventional polymers, PANIPOL™ acts as a
processing aid [71], that is, the melt viscosity and required processing temperatures are
generally lower for the blends than for the matrix polymers, thus facilitating the
blending process. Also, an additional advantage over other conventional conducting
materials (e.g., metals or semiconductors) is that the PANI phase is more likely to be
deformed into fibres by stress transfer from the polymer matrix. The work that Etches
[146] carried out related to the production of extrudates composed of PANIPOL™ and
a thermoplastic elastomer, namely polystyrene-polybutadiene-polystyrene block
copolymer (SBS), evinced the possibility of deforming the PANI phase into fibres
within the SBS matrix, following an in-situ deformation process. Despite the referred
work rendered encouraging results, much of the process, however, needed to be
improved. This, together with the reasons already pointed out, were determinant factors

to justify the use of PANIPOL™ in the present project.

With respect to the insulating matrix, of primary importance is that the material
selected should possess thermoplasticity and a high viscosity to induce the in-situ
formation of the dispersed conducting phase into fibres. Accordingly, experimentation
was carried out with the same grade of SBS used in the work of Etches. This particular
grade of SBS is a viscous material that has also been successfully used as a matrix in
self-reinforcing composite applications (see for example the work of Callister [147],
Holloway [148] and Steadman [149]). In addition, as mentioned before, previous
experimentation with this material [146] established its feasibility in the in-situ
production of PANI fibres. Its characteristics are described in section 3.3.1.
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Investigation of alternative systems was aso performed. For this, low density
polyethylene (LDPE) and polypropylene (PP) were, respectively, blended with
PANIPOL ™. These polymers were selected, taking into account that their processing
flow viscosities are comparable, or greater than that of the SBS at suitable processing
temperatures. As will be seen later (section 4.6), this was confirmed experimentally.
Also, it was important that the polymers could be processed within a suitable processing
temperature window, dictated by the allowed processing temperature of the dispersed
PANIPOL ™ phase. Another factor that contributed to the selection of these polymers is
the existing evidence about their use for inducing the production of PANI fibres
following an in-situ process. For example, Virtanen et a. [28] and Passiniemi et al.
[121] have reported on the production of PANIPOL ™-PP filaments exhibiting a phase
separated morphology with continuous fibrils of PANI in the PP matrix. On the other
hand, Yang et a. [150] has given an account on the production of doped PANI-LDPE
extrudates in which orientation of the conducting phase in the extrusion direction was
observed. The characteristics of the LDPE and PP grades used in this project are
summarised in sections 3.3.2 and 3.3.3 respectively.

32ELECTRICALLY CONDUCTIVE PANIPOL™ COMPLEXES.

The samples were provided by NESTE Oy Chemicals and they are identified as
follow:
- PANIPOL™ 1: PANIPOL™ CX, code CX100X 23, lot 6C0113/1.

- PANIPOL™ 2: PANIPOL™ CX, code CX100X03, lot 7C0002/2.

- PANIPOL™ 3: PANIPOL™ CX, code CX300X33, lot 6C0120/4.

The samples were supplied in the form of cylindrical compressed pellets and, as
indicated by the supplying company [71], their composition is about 25 weight % (wt.
%) of polyaniline salt and about 75 wt. % of a zinc compound. However, they differ in
viscosity and plasticizing effect intended for different processing applications such as
blown film (PANIPOL™ 1), injection moulding (PANIPOL™ 2) and fibre spinning
(PANIPOL™ 3) [151]. The viscosity is adjusted with the amount and type of plasticizer

component. The basic chemistry, however, is the same in al the samples. However,
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regarding their thermal behaviour and stability, respectively, slight differences might
come from variation in batch quality [151]. The PANIPOL™ complexes typicaly
contain some plasticiser and/or compatibility agents in addition to polyaniline and
counter-ions. Generally, the electrical conductivity of the compressed pellets ranges
from 10° to 30 S/cm [71]. However, the typical volume conductivity value, provided by
the supplier, for the three samples is 1 x 10* S/cm. This information, together with
other properties, ispresented in Table 3.1.

Table 3.1. Typical properties of NESTE PANIPOL™ complexes®[71].

Colour Dark green
Volume conductivity 1x 10 S/cm
Volatile matter <5wt. %
Density 1100 kg/m®
Absor ption of water Hygroscopic
Maximum allowed processing temperature 230°C
Processing temperaturerange 100-225°C

*Typical values obtained by NESTE Oy Chemicals. Not to be regarded as specification.

3.3MATRIX MATERIALS.

3.3.1 POLYSTYRENE-POLYBUTADIENE-POLY STYRENE BLOCK
COPOLYMER.

The material was provided by Shell Chemicals and is identified as KRATON™
D-1102CU (formerly Cariflex TR-1102). The polymer, supplied as porous pellets, is a
linear three-block copolymer consisting of chains of the form polystyrene (PS)-
polybutadiene (PB)-polystyrene (PS). Typical properties are presented in Table 3.2.

Table 3.2. Typical properties of KRATON™ D-1102CU [152].

Volatile matter 0.30 wt. %
Ash 0.10 wt. %
Melt flow rate (200°C/5 kg) 6 ¢/10min
Density 940 kg/m’
Tensle strength 33 MPa
Modulus (300%) 2.9 MPa

The structure and properties of this particular copolymer have been extensively
investigated in the past (for example Folkes et al. [153,154]) and it has been found that
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the microstructure consists of a segregated phase of PS (25 wt. %) within a matrix of
PB. The PS exists in the form of long cylinders, having a typical diameter of about 15
nm. These cylinders can be very regularly arranged so as to form a macrolattice with
spacings of the order of 30 to 40 nm. For the particular case of a cylindrical
morphology, the lattice is hexagonal, although in most specimens this ordering is
usually only short range. If very specia care is taken, the melt-processed specimens can
be such that most, if not al, of the material exhibits a uniformly oriented macrolattice or
“single-crystal”. Specimens like this have been prepared using extrusion processes. The
glass transition temperature of the PS phase is 373 K (100°C) [155], while that of the
PB (cis-1,4-PB) ranges from 167 to 178 K (i.e., from -106 to -95°C) [155]. The volume
conductivity value reported for the SBSis 1 x 10™ S/cm [156].

3.32LOW DENSITY POLYETHYLENE.

Low density polyethylene, Novex LD5320AA, was provided by BP Chemicals.
The polymer was supplied as free-additive pellets, and its melt flow rate (190°C/2.16
kg) and density are 2.3 g/10 min and 921 kg/m°, respectively [157]. The melting
temperature of the material measured by us in a Perkin-Elmer DSC-7 differential
scanning calorimeter is 111°C (experimental conditions similar to the ones described in
section 4.5.2). The volume conductivity value reported for the LDPE is 1 x 10 S/cm
[156].

3.3.3POLYPROPYLENE.

Polypropylene, Novolen® 2300L, was provided in the form of pellets by BASF
Chemicals. Typical properties are presented in Table 3.3.

Table 3.3. Typica properties of BASF Novolen® 2300L polypropylene [158].

Density 910 kg/m®
Melt flow rate (230°C/2.16 kg) 8 ¢g/10 min
Melting temperature 163°C
Volume conductivity 1x 10™ Scm
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“Man can learn nothing except by going
from the known to the unknown”.

Claude Bernard (1813-1878), French physiologist.
An Introduction to the Study of Experimental Medicine.

CHAPTER 4

RAW MATERIALSCHARACTERISATION
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4.1 INTRODUCTION.

This chapter is mainly concerned with the characterisation of the three
PANIPOL ™ complexes. A general account on the details of the techniques employed is
presented followed by the results following from them. Some of these techniques, as
will be seen in due course, were aso used in the characterisation of the blends and
extrudates. These will be revisited in the relevant chapters.

Great effort was put in the characterisation of the PANIPOL™ complexes as it
was important to have a more detailed information on their inherent restrictions,
especially those related with their thermal processing. In respect of this, it is true that
information was provided by the supplier. However, as will be seen later, and as
indicated by Neste Oy Chemicals, differences in the samples therma behaviour and
stability were found. Moreover, it was found that their rheology was also different.
Therefore, it was needed to find those distinctive characteristics that, eventually, would
aid in selecting the more suitable sample to be blended with the polymer matrices with
the final purpose of in-situ forming the PANI into fibres. At the same time, through
these analyses it was possible to establish the basis for selecting the processing
conditions and the polymer matrix, under those conditions, more likely to promote the
in-situ formation of the fibres.

It was also important to understand the chemistry of the samples’ components.
Regarding this, the analysis was centred on only one selected sample (PANIPOL™ 2)
because, as informed by the company supplying the material, the basic chemistry was
the same in al the samples. Taking this into account it was assumed that the
morphology of the samples would be also similar and only PANIPOL™ 2 was
analysed. It was assumed that the same would apply to the conductivity level of the
samples and, for this matter; the analysis was performed only on the same sample.
Despite the fact that information was provided on the subject, it was needed to
corroborate this. As will be seen, PANIPOL™ 2 was the sample more suitable to be
deformed into fibres, which justified that the analyses were mainly concentrated on this.
It was felt that knowing about the chemistry of the samples was important, as this would
be correlated with their morphology, which in turn would aid in the interpretation of the
morphology observed in the extrudates. Thiswill be dealt with in the relevant chapter.
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Finally, it was also interesting to obtain structural information on the PANIPOL™
complexes. For this, X-ray diffraction experiments were conducted with the three

samples. Thisanalysis also provided information about the samples composition.

4.2 X-RAY DIFFRACTION.

Wide angle X-ray diffraction experiments were carried out to obtain structural
information on the three PANIPOL ™ samples. The experiments were performed with a
Philips 1050 Goniometer X-ray diffractometer. The essential features of a
diffractometer are shown in figure 4.1. X-rays from the tube T are incident on the
sample S, which may be set at any desired angle (6) to the incident beam by rotation
around an axis through O, the centre of the diffractometer circle. D is a counter, which

measures the intensity of the diffracted X-rays. This can also be rotated around O and
set at any desired angular position (26).

Figure 4.1. Diagram showing the essential features of a diffractometer.

During the experiments, an X-ray beam of constant wavelength (A) was incident
on the sample. This resulted in the diffraction of the beam by the atomic planes in the
sample. The intensity of the diffracted beam was then measured by the instrument

counter at different 20 positions, and the spacing distances (d) between the parallel
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planes in the sample were calculated in accordance with the Bragg law [159] equation
(Eq. 4.1).

nA =2d sné@ .. Eq. 4.1,

In equation 4.1, n is called the diffraction order and in practice is considered to be
of first order with a given value equa to 1. The experiments, data collection and
numerical calculations were performed using an advanced X-ray diffraction scan
processing software (Traces for Windows™, version 3.0). During the experiments,
nickel-filtered copper-Ka radiation, with a wavelength of 1.5406 A, was used. The
diffractometer was operated at 36 kV and 26 mA.

For the experiments, a few of the as-received PANIPOL™

pellets were powdered
with a pestle and mortar. The diffraction pattern was then obtained by scanning the
powder in an interval of 20 = 6 to 80 degrees at a rate of 0.02 degree/s. Experiments
were also carried out on the pyrolysed pellets. About 25 g of the pellets were placed in a
crucible and the pyrolysis was performed in a Lenton furnace (Serial No. 4904) at
850°C for 2 hrs. Afterwards the crucible containing the pyrolysis product was cooled
down in a desiccator where it was kept until it was ready for further analysis. The
analysis was performed in the same diffractometer using the experimental conditions

above described.

The X-ray diffraction pattern of the powdered pellets of PANIPOL™ is presented
in figures 4.2 and 4.3. Figure 4.2 shows the diffraction pattern of samples 1 and 2 while
fig. 4.3 corresponds to that of sample 3. As can be observed, the level of crystallinity
detected in the three samples is relatively low. However, the diffraction patterns are
different, especially the one corresponding to the sample 3. The difference in the
diffractograms suggests some differences in the composition of the samples. From the
reflections presented in the figures only a few can be clearly associated with crystalline
regions. The angles at which these occurred and their respective d-spacing are
presented in Table 4.1.
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Arbitrary intensity

PANIPOL™ 1 PANIPOL™ 2

Arbitrary intensity

w%

Moy

74 222 37.0 51.8 66.6 74 222 370 5.8 666
20 (degrees) 20 (degrees)

Figure 4.2. X-ray diffraction pattern of the powdered PANIPOL™ pellets.

Arbitrary intensity

74 222 37.0 51.8 66.6
26 (degrees)

Figure 4.3. X-ray diffraction pattern of the powdered pellets of PANIPOL™ 3.

Table 4.1. Main reflections found in the scan of the PANIPOL™ powder.

PANIPOL ™ 1
20 angle (degr ees) d-spacing (A)
9 9.64
17 5.0
47 193
PANIPOL™ 2
26 angle (degr ees) d-spacing (A)
9 9.86
18 5.07
47 1.94
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Table 4.1 (Continued).

PANIPOL '™ 3
20angle (degrees) d-spacing (A)
9 9.59
17 5.09
19 4.78
26 3.42
44 2.05
48 1.91

The X-ray diffractograms of ayellow powder collected from each of the pyrolysis
products of the three PANIPOL™ samples were identical. A selected diffractogram is
presented in figure 4.4. From this, it can be observed that the reflection peaks obtained
during the scanning of the sample are very well defined, which indicates a relatively
high level of crystallinity. Table 4.2 presents the angles at which the main reflections

occurred, and their respective relative intensities and d -spacing.

2
kT
| o
[1h]
c
>
[
E
=
e S | B
74 222 370 518 666
26 (degrees)

Figure 4.4. X-ray diffraction pattern of the yellow powder found in the three pyrolysed
PANIPOL ™ samples.
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Table 4.2. Main reflections found in the scan of the yellow powder found in the three
pyrolysed PANIPOL ™ samples.

2@ anale (dear ees) Relativeintensity d-spacing (A)
32.02 59 2.793
34.69 42 2.584
36.49 100 2.460
47.79 21 1.902
56.78 32 1.620
63.06 28 1.473
66.56 4 1.404
68.14 24 1.375
69.27 12 1.355
72.76 2 1.299
77.11 3 1.236

The relative intensities presented in Table 4.2 together with their corresponding
d -spacing, are in good agreement with those reported for zinc oxide (ZnO) [160]. It is
possible that the presence of ZnO in the pyrolysis product of the PANIPOL™ pellets is
the result of the reaction between the element zinc (Zn) (a decomposition product of the
pellets during the pyrolysis) and atmospheric oxygen. Therefore, these results initially
confirm the presence of this element in the pellets, originally forming part of the zinc

compound.

4.3 GRAVIMETRIC ANALYSIS.

This analysis was performed in order to confirm the amount of the conducting
polyaniline sat (emeradine salt, ES) in the asreceived pellets of PANIPOL™.
Through this analysis, additional information was aso sought on the amount of doping
agent used for the production of the ES. Also, asit will be seen, the analysis provided a
first insight on the identity of the doping agent used.

In genera terms, a gravimetric analysis is based on a technique in which the
constituent searched for is separated from the original sample and weighed [161]. The
desired constituent is usually isolated or separated by precipitation, and the percentage

of this is calculated from the weights of the origina sample and precipitate.
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Accordingly, the ES was separated from the PANIPOL™ pellets by dissolving these in
acetone. This chemical was used because does not dissolve the ES [65]. This, in
principle, would allow the precipitation and separation of the ES from the rest of the
sample. In a similar manner, an ammonium hydroxide solution (NH,OH) was used to
extract the doping agent from the ES. NH,OH was used because is a well-known
[20,21,67,150,162,163] effective extracting agent. Consequently, assuming that pure ES
is the sample reacting with NH4OH, this in theory would give an indication about the
amount of doping agent used. The details about the experiments are described in the

following sections.

4.3.1 SEPARATION OF THE POLYANILINE SALT FROM THE PANIPOL™
COMPLEX.

This process was accomplished by dissolution of the pellets in acetone (C3HgO,
99 % purity, from Aldrich) by using aKerry’s LTD ultrasonic bath. PANIPOL™ 2 was
selected for the analysis. A few pellets of the sample (about 12 g) were pulverised with
a pestle and mortar. Four suspensions of the powdered pellets in an excess of acetone,
contained in previously dry-weighed test tubes, were sonicated for 15 min. Afterwards
they were centrifuged for 15 min at 3000 rpm in a MSE centrifuge (Serial No. O-
5201.A). The solutions in the test tubes were decanted and a sample was collected for
further examination. An excess of clean acetone was further added to the remaining
sediments (or precipitates) in the bottom of the test tubes, and the suspensions so
obtained were subjected to the same sonication, centrifugation and decanting processes.
Thiswas carried out several times until the decanted solution was clean and transparent.
After the conclusion of seven dissolution cycles, the test tubes with their respective
remaining sediments were placed in a Gallenkamp vacuum oven at 40°C where they
were kept overnight to evaporate any possible remains of acetone. Subsequently, they
were taken to a desiccator where they were kept until ready for further examination. The
test tubes with their respective remaining sediments were weighed and the weight
percent of the sediments in each sample was cal culated. Before starting the experiments,
the empty test tubes were dried overnight in an oven at 40°C to be further weighed.
Samples of about 2 g of the powdered pellets were used. About 12 ml of acetone was
used in each cycle.
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The solutions decanted from each of the dissolution cycles showed an initial
opague brownish colour. The opacity and the colour intensity of the solutions decreased
as the number of dissolution cycles was increased. The samples collected from the last
cycles were transparent and uncoloured. This suggested that the process of dissolution
in acetone of any additives susceptible to dissolution, and originally present in the
sample had been completed. It was noticed that after a few minutes of being collected,
the decanted solutions from the first dissolution cycles also showed a whitish
precipitated solid. This colour is reported by Karna et al. [164,165] as characteristic of
the reaction product of the mixture of ZnO with dodecylbenzene sulphonic acid
(DBSA). Therefore it is believed that the precipitate may be a Zn salt of DBSA, that is,
Zn(DBS); (the zinc compound, Zn dodecylbenzene sulphonate). It was also noticed that
these solutions became frothy when they were put in contact with water. This is a
characteristic of surfactants, for example DBSA, or its derived sdts [166,167].
Therefore, it is believed that the solutions decanted may consist of a solution of Zn and
DBS ions in acetone. It was aso noticed that the colour of the sediment obtained after
the completion of the dissolution cycles, did not change with respect to the colour of the
origina powdered PANIPOL™ samples. This presented a dark-green colour,
characteristic of the ES (doped polyaniline) [20,21,67,150,162,163] .

The remaining sediment weight percent (sed.wt.%) in each of the samples
previously subjected to the seven dissolution cycles in acetone was calculated using the

following equation:

sedwt.% =111 x100= 25100 | g, 42,
W, =Wy Wp
where:
wr = fina weight of dry test tube + dry sediment,
wr = weight of empty dry test tube,
wy = initial weight of dry test tube + powdered PANIPOL™ 2,
ws = final weight of dry sediment, and
wp = initial weight of powdered PANIPOL™ 2.

The values of the terms defined in Eq. 4.2 and the results from the calculations are
presented in Table 4.3.
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Table 4.3. Vaues of thetermsin Egq. 4.2 and the calculated sediment weight %.

Sample | wr (Q) wi (9) We (9) we (Q) Ws (9) wt.%
1 7.111 9.111 7.659 2.000 0.548 27.40
2 7.146 8.825 7.538 1.679 0.392 23.35
3 9.680 11.862 | 10.174 2.182 0.494 22.64
4 9.671 11.948 | 10.214 2.277 0.543 23.85

Sediment averagewt. % = 24.31

As doped polyaniline does not dissolve in acetone, then it is believed that the
average wt. % of 24.31 corresponds to the weight percent composition of the ES in the
original powdered samples of PANIPOL™ 2 pellets. On the other hand, the weight loss,
that is, the 75.69 %, mainly corresponds to Zn(DBS).. As the powdered pellets were not
previously dried for the analysis, then it is possible that the above indicated weight %
loss aso counts for some residual water initially absorbed from the environment as a
result of the hygroscopic nature of the DBS salt. These results are in good agreement
with the information provided by the supplier regarding a content of approximately 25
% of polyaniline salt (ES) and 75 % of a Zn compound in the pellets. The diagram

presented in figure 4.5 summarises the sequence of the separation process.

Sonication, centrifugation Powdered PANIPOL™ 2

and decanting processes — pellets + C3HO

l Decanted solution:
CsHgO
Sediment: Polyaniline salt, ES *
(24.31 wt. %) + Residual H,0 +

precipitate of Zn(DBS),

(75.69 Wt. %)

Figure 4.5. Diagram summarising the separation process of the ES from powdered
pellets of PANIPOL ™ 2.
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4.3.2 EXTRACTION OF THE DOPING AGENT FROM THE POLYANILINE
SALT.

A similar process to the one described in the previous section was performed. A
solution of NH4OH was prepared to react with the sediment yielded from one of the
powdered PANIPOL™ 2 samples previously dissolved in acetone (sample No. 1 from
the previous section and referred to in this section as the ES). For this, a ca. 10 vol. %
ammonia aqueous solution was prepared by dissolving 1.0 vol. part of ammonia (NH3,
35 wt. %, 0.880 specific gravity, from BDH Laboratory) in 3.5 vol. parts of distilled
water. The NH,OH was added in excess to the ES and after sonication for 15 min, the
suspension in the test tube was left to rest overnight in order to complete the extraction
of the doping acid by the NH4,OH. Afterwards it was centrifuged for 15 min at 3000
rpm. The solution in the test tube was decanted and, to eliminate any excess of dopant
possibly left, an excess of acetone was added to the remaining sediment. The suspension
so formed was sonicated for 15 min and afterwards it was left to rest overnight in the
test tube. Subsequently, the suspension was centrifuged for 15 min at 3000 rpm and the
solution in the test tube was decanted. Distilled water was added to the remaining
sediment and the suspension so obtained was subjected to the same sonication,
centrifugation and decanting processes previously described. The test tube with the
remaining sediment was taken to the vacuum oven where it was kept overnight at 40°C
to evaporate any remaining water. Finally, the sediment in the test tube was kept in a
desiccator until it was ready for further weight percent calculation. About 15 ml of

NH4OH and acetone were respectively used in the experiments.

After subjecting the ES-NH4OH suspension to the sonication and further
centrifugation processes, a purplish-blue solution was decanted that presented a frothy
appearance. As has been mentioned before, DBSA and its derived salts also present that
frothy appearance. On the other hand, it is known that DBSA and its derived salts are
also used for doping polyaniline [66,71]. Therefore, these facts suggested the possibly
presence of the DBSA in the decanted solution as a result of this being extracted by the
NH4OH from the ES. This observation indicates that DBSA was possibly used for
doping the polyaniline. Furthermore, it was also noticed that the sediment deposited in
the bottom of the test tube showed a violet-bluish colour, which is expected [48,67] for

undoped polyaniline (emeraldine base, EB, the non conducting form of polyaniline).
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Moreover, it has also been reported [20,21,67,150,162,163] that this bluish powder is
obtained when the ES complex is put in contact with ammonia solutions, and what is
more, the ammonia solutions become frothy with the extracted acid during de-doping
process. Therefore, this strongly suggested that the sediment yielded mainly consisted
of EB. It was additionally observed that after adding an excess of acetone to the
remaining sediment, the solution decanted after further sonication and centrifugation of
this suspension, also looked like a detergent, especially when it was mixed with water.
Again, this may be due to the surfactant property of the DBSA forming a solution with
acetone and that was not completely extracted from the sediment by the NH,OH. After
washing the remaining sediment with distilled water, following the already mentioned
sonication and centrifugation processes, the decanted solution still looked frothy which
suggested that some of the doping agent still remained unextracted from the ES. The
final sediment weight percent (f.sed.wt.%), with respect to the initial sediment weight,
ws, (from Table 4.3), was calculated using the following equation:

LT Wy

w
fsedwt%=—"—-"L
Wsq Ws1

w
¥100= 2100 5o 43,

where:

wg = final weight of dry test tube + dry sediment = 7.390 g,

wr = weight of empty dry test tube =7.111 g (from Table 4.3),

ws; = initial weight of dry sediment = 0.548 g (ws from Table 4.3), and
ws, = final weight of dry sediment = 0.279 g.

The calculated final sediment weight percent was 50.91. This suggests a wt. %
loss of 49.09 in wg;. Assuming that the final sediment is EB and that the weight percent
loss corresponds to the extracted DBSA, then these results should in principle give an
estimate of the EB:DBSA weight ratio. Thisis based on the fact that a minimum weight
ratio of doping agent to EB should be observed in order to obtain a fully protonated
doped complex, being this ratio of stoichiometric character and strictly depending on
the type of doping agent used. Accordingly, the weight percentages above indicated
give a EB:DBSA weight ratio of 1:0.96. However, this ratio should be different
considering that the extraction of the doping agent from the EB was not complete. This

Is emphasised by Karnd and co-workers [164] who suggest EB:DBSA weight ratios in
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the range of 1:2.0 to 1:8.0 for the formation of EB-DBSA complexes with levels of
conductivity in the range of 10° to 1.0 S/cm. Moreover, Levon et al. [72] suggest a
EB:DBSA weight ratio of about 1:2.5 needed to obtain the correct stoichiometric
proportion for the formation of the EB-DBSA complex.

As may be noticed, this analysis was not entirely conclusive about the nature and
amount of the doping agent present in the pellets of PANIPOL™. Nevertheless, an
initial hypothesis regarding the subject was established. The following section will
provide additional assistance in the verification of the identity of the doping agent.

4.4 INFRARED SPECTROSCOPY.

Fourier transform infrared (FTIR) spectroscopy experiments were performed on

the three as-received samples of PANIPOL ™

. Similarly, the same analysis was applied
to the samples collected from the decanted solutions that were obtained from each of the
seven dissolution cycles of the pellets of PANIPOL™ 2 in acetone (refer to section
4.3.1). The analysed samples are identified as solutions 1 to 7, where solution 1 is the
sample collected after the first dissolution cycle, and solution 7 the sample collected

after the last cycle.

These experiments were performed to obtain information about the chemical structure
of the main functional groups present in the samples so that in conjunction with the
results from the previously described analyticad methods, make possible the
identification of the type of compounds initially present. This is possible based on the
fact that the chemical bonds within the molecules of different organic and inorganic
compounds absorb infra red (IR) radiation at specific wave number intervals or bands
[168]. The absorption bands may be mainly considered as having two origins, these
being the fundamental vibrations of functional groups, and skeletal groups (i.e. the
molecular backbone or skeleton of the molecule), respectively. Absorption bands may
also be considered as arising from stretching vibrations (i.e. vibrations involving bond-
length changes), or deforming vibrations (i.e. vibrations involving bond-angle changes
of the group). Each of these may, in some cases, be considered as arising from
symmetric or asymmetric vibrations. The FTIR absorption spectrum is thus a

"fingerprint” for a particular molecule that can be compared with reference spectra of
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known compounds, thereby aiding in the identification of unknown samples and

providing unambiguous confirmation of the identity of "known" materials.

The FTIR spectrum of the PANIPOL™ samples and solutions 1 to 7 was
measured at room temperature with a Nicolet 710 FT-IR spectrometer in a spectral
range of 4000 to 400 cm™. The PANIPOL™ specimens were prepared by grinding the
powered pellets with potassium bromide (KBr) powder and then pressing the mixture
into a tablet. The pulverisation of the pellets and mixture with KBr where respectively
carried out with a pestle and mortar. The solutions were analysed by placing them, with
the help of disposable micropipettes, between already prepared KBr discs.

It was found that the three PANIPOL™ samples presented a very similar FTIR

spectrum. For simplicity, only a selected spectrum (PANIPOL™ 2) is presented in fig.

4.6. The assignments of the intensities of the main absorption peaks are shown in Table

4.4,

1130

Absorbance

3500 2500 1500 500

Wavenumbers (cm '1)

Figure 4.6. The FTIR spectrum of PANIPOL™.
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Table 4.4. Assignments of the intensities of the main absorption peaksin the FTIR
spectrum of PANIPOL ™.

Absor ption Assignment Comments
wave number
(cm™)
3564 Hydroxyl group (OH). Characteristic broad band in the
interval 3600-3100 cm™ [169].
2956 Carbon-hydrogen bond (C-H) | Medium to strong intensity
asymmetric stretching vibration | characteristic band occurring at
in the methyl group (-CHs). 2975-2950 cm™ [169,170].
2924 C-H asymmetric stretching | Medium to strong band
vibration in the methylene | intensity occurring at 2940-
group (-CHa-). 2915 cm™ [169,170].
2853 C-H symmetric  stretching | Medium intensity band
vibration in -CH-. occurring a 28702840 cm™
[169,170].
1612 Two possibilities: 1. Type of vibration (scissoring)
: ally occurring in primary
1. Nitrogen-hydrogen bond (N- | "orm&’ :
; e aromatic amines at 1615-1580
H) deformation vibration. o [169,1701.
2. Carbon-carbon double bond . 1
(C=C) stretching vibration in 2. Occurring at.1625—1590 cm
aromatic ring. fo_r pargsub_shtuted benze_ne
with no identical para (p)-pairs
groups [169,170].
1465 Skeletal vibration of benzene | Typica for p-substituted
ring. benzene with amine groups
(NHy) in both p-pairs[171].
1299 Carbon-nitrogen bond (C-N) | Typica in the interval 1360-
stretching vibration. 1250 cm® in  secondary
aromatic amines[169,172].
1184 Sulphone group (-SO3) | Strong intensity band occurring
asymmetric stretching vibration. | typically at 1250-1140 cm™ in
sulphonic acid salts [169].
1130 Two possibilities: Occurring ltypically a 1130-
1 Suphete ion (SO [ 1080 om . lomc suiphates
stretching vibration. Which are a common Impurity,
have a strong intensity band in
2. Substituted benzene | this region [169].
sulphonic acid salt.
1040 -SO;3 symmetric  stretching | Sharp and strong intensity band
vibration. occurring at 1070-1030 cm™ in
sulphonic acid salts [169].
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Table 4.4 (continued).

Absor ption Assignment Comments
wave number
(cm™)
1011 Aromatic  =C-H in-plane | Weak to medium intensity band

deformation vibration in p-|[169,170].
substituted benzene.

830 Aromatic =C-H out-of-plane | Normally at 860-800 cm™
deformation vibration in p-|[169,170].
substituted benzene.

689 Aromatic =C-H out-of-plane | Normally at around 695 cm™
deformation vibration in p-|[169,170].
substituted benzene.

580 Scissoring vibration of the | All sulphones have a
sulphonyl group (-SO»-). characteristic band at 610-545

cm ™ [169,170].
502 Aromatic  out-of-plane  ring | Characteristic band at 520-445

deformation vibration in p- | cm™ [169,170].
substituted benzene.

The results presented in Table 4.4 confirm the presence in the analysed sample of
the polyaniline repeat unit, as depicted by the absorption peaks at 1465 and 1299 cm™.
The OH peak at 3564 cm™ exists because of residual water absorbed from the
environment. The absorption peaks at 2956, 2924 and 2853 cm™ are characteristic of
functional groups corresponding to the alkane series, thus indicating the presence of this
type of hydrocarbon chain in the sample. The use of a sulphonic acid or its derived salt
as the doping agent is confirmed by the absorption peaks at 1184, 1130, 1040 and 580
cm>. Moreover, the absorption at 1130 cm™ together with the ones at 1011, 830, 689
and 502 cm™ strongly suggest that the doping agent may be in fact a para (p)-substituted
benzene sulphonic acid or its derived salt. Furthermore, the presence of saturated
aliphatic hydrocarbons chains in the sample suggests that these may be the substituent
group in the benzene ring p-positions. The assumption that the absorption at 1612 cm™
corresponds to the C=C stretching vibration in the aromatic ring of p-substituted
benzene with no identical p-pair groups, reinforce even more the previous idea. On the

other hand, if this peak were assigned to the N-H deformation vibration in primary
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aromatic amines, then this would suggest that some non-polymerised aniline monomers

might be present in the sample.

Despite the fact that the FTIR technique cannot yield a conclusive estimate about
the size and isomeric structure of the hydrocarbons chain, all these results in
conjunction with the results obtained from sections 4.3.1 and 4.3.2, reinforce the
concept about the use of DBSA as the doping agent to yield electricaly conductive
polyaniline. The FTIR results presented are in good agreement with those presented by
Levon et a. [72] and Hsu et al. [53] for polyaniline doped with DBSA.

The FTIR spectrum of the solution 1 (refer to section 4.3.1) is presented in figure

4.7.
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Figure 4.7. The FTIR spectrum of solution 1.

To facilitate the interpretation of the spectrum shown in fig. 4.7, a sample of clean
acetone was also analysed by FTIR spectroscopy. The experimental conditions were the
same as for the PANIPOL™ pellets and solutions. The resultant spectrum (fig. 4.8) isas
expected, with the characteristic absorption peaks for acetone [171]. The two FTIR
spectra are overlapped in figure 4.9 to indicate better the identity of the chemical
species extracted from the PANIPOL™ pellets by the solvent. Figure 4.9 clearly
indicates the identity of the functional groups present in solution 1. Accordingly, the
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absorption peaks at 2999, 1710, 1417, 1363, 1222, 1095, 903 and 532 cm™ are the
characteristic ones for acetone (the peak at 784 cm™ is overlapped by other absorption
peaks of higher intensity).
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Figure 4.8. The FTIR spectrum of acetone.
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Figure 4.9. Comparison of the FTIR spectra of solution 1 and acetone.
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The characteristic absorption peaks corresponding to the DBSA and its derived
sdlt, also found in the spectrum of PANIPOL™, are aso present in fig. 4.9, thus
indicating the extraction of these compounds from the original PANIPOL™ sample.
The assignment of these peaks is as follows (refer to Table 4.4): 1128, 1040 and 584
cm™ correspond to benzene-sulphonic acid salt, -SO; and -SO,-, respectively. The
absorption peak at 1200 cm™, partially overlapped by the absorption at 1222 cm™, is
assigned to the -SOz; asymmetric stretching vibration in sulphonic acid salts. The peaks
at 2956, 2923 and 2855 cm™ indicate the presence of -CH3 and -CH,- in alkanes chains.
The absorption peaks at 1011, 837 and 690 cm™ are assigned to aromatic =C-H
deformation vibrations in p-substituted benzene. Again, the peak at 3483 cm™, assigned
to OH, appears as a result of residua water initialy absorbed by the sample from the
environment. The absorption a 1642 cm™ could be due to C=N stretching vibration.
Thisis characteristic of imines that generally absorb at a variable intensity at 1690-1640
cm™. However when there is an aromatic group attached to the nitrogen atom, the
absorption appears near 1640 cm™* [169]. This would indicate the extraction of quinoid
groups possible present in the original PANIPOL™ sample forming part of small

amounts of undoped polyaniline.

The relative intensity of the magjority of the absorption peaks corresponding to the
above indicated functional groups decreased as the number of dissolution cycles in
acetone was increased, indicating that the emeraldine salt in the original PANIPOL™
sample was gradually being freed of the initially present DBS salt. For simplicity, only
the FTIR spectra corresponding to solutions 3 (fig. 4.10) and 7 (fig. 4.11) are presented
to exemplify this process. Figure 4.10 also shows the characteristic peaks for the salt of
DBS, indicating that the sample was not totally free of this. However as can be
observed, the absorption peaks corresponding to the acetone are more predominant. On
the other hand, in fig. 4.11 it can be seen that the mgority of the peaks present in the
spectrum correspond to the acetone, indicating a lower content of DBS salt in the
sample. The presence of the peaks at 1034 and 1009 cm™ (for -SO3 and aromatic =C-H,
respectively), and some other ones overlapped in the 750-650 cm™ interval (mainly for
aromatic =C-H) suggests an incomplete extraction process. The presence of the peaks at
1650 cm™ (C=N) in both spectra suggest the extraction of quinoid groups, originally

Page 62





CHAPTER 4. Raw materials characterisation.

forming part of small amounts of undoped polyaniline. The peaks at around 3500 cm

(OH) appear as a result of residual water absorbed from the environment.
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Figure 4.10. The FTIR spectrum of solution 3.
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Figure 4.11. The FTIR spectrum of solution 7.
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45 THERMAL ANALYSIS.

This analysis was carried out to have a better understanding about the thermal
limitations of the PANIPOL™ samples and, eventually, to assist in choosing the more
suitable conditions for further processing. However, it should be pointed out, that
thermal analyses like the ones described in the following sections cannot yield an
absolute estimation of the nature and amounts of the components originally present in
the samples. Therefore, the interpretation of the results is based on the scarce
information provided by the manufacturer (concerning the composition of the samples
and type of some components), the experimental results detailed in the previous sections
and the findings reported in the literature concerning conductive polyaniline systems

presumably similar to the present ones.

451 THERMOGRAVIMETRIC ANALYSIS.

The thermal stability of the three PANIPOL™ samples within the temperature
range from 40 to 750°C was investigated using a Perkin-Elmer TGS-2
thermogravimetric analyser (TGA). For each PANIPOL™ sample, two samples of
about 4.0 mg of the powdered pellets were analysed at a rate of 10°C/min under a
nitrogen atmosphere. The pellets were pulverised with a pestle and mortar.

Selected TGA thermograms of the samples 1 and 2 of PANIPOL™ are presented
in figures 4.12 and 4.13, respectively. On the other hand, a selected thermogram of
PANIPOL™ 3 is depicted in figure 4.14. Figures 4.12 and 4.13 show that the

thermograms of the samples 1 and 2 of PANIPOL™

arevery similar. The thermograms
show that the sample weight is gradually lost up to atemperature of about 250°C. Asthe
samples were not previously dried, this small weight loss (about 2.8 %) is presumably
due to the loss of water absorbed from the environment. It is also possible that the loss
of low molecular weight oligomers initially present in the sample contribute to this wt.

% |l oss.
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Figure 4.12. The TGA thermogram of PANIPOL™ 1.
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Figure 4.13. The TGA thermogram of PANIPOL™ 2.
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Figure 4.14. The TGA thermogram of PANIPOL™ 3.
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The thermogram of PANIPOL™ 2 aso suggests that between about 250 and
540°C an abrupt weight loss is observed (ca. 69 %). This temperature range shows two
step-like sections, one occurring between about 250 and 390°C, and another one taking
place between about 390 and 540°C. The first of these sections represents about 15 % of
the total weight loss that occurs in this range of temperature. It is believed that this wt.
% corresponds to the dopant loss. This is based on the fact that about 0.5 mol of
protonic acid per mol of phenyl-N repeat unit of polyaniline is needed [65] for obtaining
afully protonated conductive complex. Assuming that the protonic acid used is DBSA,
then a fully protonated complex would be composed of ca. 64 wt. % of DBSA and 36
wt. % of polyaniline repeat unit. Taking into account that the polyaniline sat (the
protonated complex) is only about the 25 wt. % of the analysed sample (the rest is the
Zn compound), then the DBSA used as the dopant agent, and bound to the polyaniline
backbone, would represent only about 16 wt. % of the whole sample. This weight
percent is not very different to the 14.5 wt. % loss observed in the range 250-390°C,
thus reinforcing the above mentioned observation. The second section, corresponding to
about 85.5 % of the total wt. loss observed in the range 250-540°C, represents the
degradation of the polymer and the Zn salt of DBS. This agrees very well with the
thermal properties of doped polyaniline reported by some manufacturers (for example,
Ormecon Chemie GmbH & Co. [173] reports on a degradation process starting at
320°C). Above 540°C only about the 28 % of the original weight of the sample is léft,

corresponding to decomposition products, mainly containing Zn and carbon atoms.

As observed in fig. 4.12, the TGA thermogram of PANIPOL™ 1 is similar to that
of PANIPOL™ 2. Small differences can be noticed however. This is especialy
observed in the range of temperatures at which an abrupt weight loss is observed, that
is, for PANIPOL™ 1, this takes place between about 250 and 510°C (about 64 wt. %
loss), whereas for PANIPOL™ 2 this occurs in the range 250-540°C. However, as with
PANIPOL™ 2, the 250-510°C range depicted in the thermogram of PANIPOL™ 1 is
also divided into two sections occurring at similar temperatures to those for
PANIPOL™ 2. In general, the weight percentages representing those sections are very
similar to those for PANIPOL™ 2. The events taking place in PANIPOL™ 1 are
believed to be of the same nature as those occurring in PANIPOL™ 2. The differences

found may originate from dlight differences in the samples’ composition.
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With respect to PANIPOL™ 3, its TGA thermogram (fig. 4.14) also differs, to
some extent, from those of the samples 1 and 2. For instance, the characteristic initial
gradual weight loss occurs up to about 240°C, and what is more, that loss of weight
represents about 3.8 %, differing with the observed for the other two samples (about 2.8
%). Moreover, at about 240°C, the thermogram shows a step-like stage in which the
sample weight is constant with respect to the temperature. This is maintained for over a
range of about 25°C after which the sample weight is abruptly lost. After this, the
thermogram shows again a similar fashion to that shown in those of the samples 1 and

L™ 3 are believed to be of the same

2. Once more, the events taking place in PANIPO
nature as those occurring in the previous samples. The differences found may have

resulted from differences in the samples’ composition.

Overall, the TGA thermograms presented in figs. 4.12 to 4.14 compare very well
with the one reported by Zilberman et a. [21] for polyaniline doped with DBSA.

In general, these results, as also indicated by the manufacturer [71], suggest that
the PANIPOL™ samples could be safely processed up to a maximum temperature of
about 250°C without exposing them to severe degradation and loss of their electrically
conductive characteristics.

4.5.2 DIFFERENTIAL SCANNING CALORIMETRY.

The therma behaviour of the three PANIPOL™ samples over the range of
temperature from 325 to 680 K (52 to 407°C) was initially investigated using a Perkin-
Elmer DSC-2C Differentid Scanning Calorimeter (DSC). For each PANIPOL™
sample, two samples of about 5 mg of the powdered pellets were analysed at a rate of
10°K/min under a nitrogen atmosphere. During the experiments, one of the calorimeter
pans was kept empty as a reference. Before performing the experiments, a base line was
run keeping empty the two calorimeters pans. The base line was subtracted from the
resultant data corresponding to the samples and heat flow-temperature plots were

produced. The experiments, data collection and numerical calculations were performed
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using the software 2-SeriessTADS DSC-2C. The pellets were pulverised with a pestle
and mortar.

The thermal behaviour of the three PANIPOL™ samples during exposure to a
heating-cooling-heating cycle was also analysed. For this, the analysis of the pulverised
pellets was performed in a Perkin-Elmer DSC-7 Differential Scanning Calorimeter. The
data collection and numerical calculations were carried out using the software 7-
SeriesUMX DSC-7. For each PANIPOL™ sample, two samples of about 5 mg were
heated at rate of 10°C/min from 35 to 220°C. Immediately after reaching the maximum
temperature, the samples were cooled down to the initial temperature at a rate of
5°C/min. Afterwards they were heated up again to the maximum temperature at rate of
10°C /min. The experiments were performed under a nitrogen atmosphere. Similar
experiments to the ones just above described were carried out on the three PANIPOL ™
samples in the range of temperatures from 35 to 110°C. Two samples of each
conductive complex were heated at rate of 10°C/min. The samples were kept for 10 min
at the maximum temperature, after which they were cooled down to 35°C at a rate of
5°C/min. The samples were kept at this temperature for 0.5 min and afterwards they
were heated up again to the maximum temperature at rate of 10°C /min. The
experiments were also performed under a nitrogen atmosphere.

The resultant sediment from the last dissolution cycle of PANIPOL™ 2 in acetone
(refer to section 4.3.1) was aso thermally analysed over the range of temperatures from
35 to 220°C. The analysis was performed using the instrument and software mentioned
in the previous paragraph. Two samples of about 5 mg were heated at a rate of 10°C
/min under a nitrogen atmosphere.

All the PANIPOL™ samples analysed over the range of temperatures from 325 to
680°K (52 to 407°C) presented a very similar thermal behaviour. For simplicity, only a
selected DSC thermogram (PANIPOL™ 2) is presented in figure 4.15. This figure
shows a broad endotherm between about 75 and 110°C. As the samples were not
previously dried this endotherm is mainly attributed to the evaporation of water
absorbed from the environment. An exothermic range is observed between about 140
and 150°C. Karna et al. [164] and Levon et a. [72] observe that thisis characteristic for
polyaniline doped with DBSA at a PANI:DBSA weight ratio of about 1:2.5. Moreover,
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they mention that the reason for this is a homogeneous phase transition occurring in the
doped complex in arange of temperatures from 110 to 170°C.
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Figure 4.15. The DSC thermogram of the powdered PANIPOL™ pellets.

In fig. 4.15, agroup of endotherms is observed between about 150 and 250°C. The
cause of these could be attributed to transitions in the internal structure of additives
present in the sample. Asin the TGA analysis, it is possible that loss of low molecular
weight oligomers also occurs in the range 75-250°C. Above about 250°C, a constant
rising endotherm is observed which is attributed to the loss of the doping agent, and
polymer and Zn compound degradation. Further complexation of DBSA with
polyaniline may aso occur in addition to possible crosslinking and other reactions. As
has been seen, these results are in well agreement with those obtained from the TGA
experiments regarding a “safe€” processing temperature range. None of the above
observed endotherms are associated with the melting of polyaniline as this polymer
does not exhibit this type of thermal phase transition but instead only soften and then
decomposes at about 320°C (see for example reference 173). Similarly, providing that
al the polyaniline molecules present in the sample are doped, then none of the
endothermic regions would correspond to the glass transition of polyaniline as the

complexation of this with the DBSA decreases the temperature at which this occurs to
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about —20°C [164]. The DSC thermogram of PANIPOL™ presented in fig. 4.15
compares well with the observations reported by Zilberman et a. [21] on the thermal
behaviour of polyaniline doped with DBSA.

The resultant thermal behaviour of all the PANIPOL™ samples exposed to the
heating-cooling-heating cycle in the range of temperatures from 35 to 220°C was very
similar. For simplicity, only a selected DSC thermogram (PANIPOL™ 2) is presented
infig. 4.16. This figure shows in more detail the endothermic and exothermic regionsin
the aforementioned safe processing temperature range (1st. heating scan). Again, the
endotherms between about 75 and 110°C are attributed to moisture and possible loss of
low molecular weight oligomers. The exothermic range characteristic of the
polyaniline-DBSA complex is again present at about 130-140°C, and the endotherms
associated with transitions in the internal structure of additives, other possible reactions
and yet further loss of oligomers are present at above about 140°C. However, it is
interesting to note that the heat absorption during the occurrence of the latter
endotherms tend to decrease as the temperature is increased, dlightly differing from the

observed in the thermogram of the same sample (PANIPOL™

2) analysed over a wider
range of temperatures (fig. 4.15). This discrepancy may be associated to an
inhomogeneous distribution of the components (especialy those of additive nature) in
the sample during the manufacturing process. The same observations apply to the other

samples (PANIPOL™ 1 and 3).

Figure 4.16 aso shows that the endothermic and exothermic regions observed
during the first heating scan do not appear during the cooling scan at 5°C/min. This
confirm the previous observations concerning the nature of the events taking place
during the heating of the samples, namely that these are not thermal phase transitions
(e.g., glass transition and/or melting in the case of endotherms), but mainly evaporation
of water and loss of additives. The absence of endothermic and exothermic regions
during the second heating scan after cooling reinforces the above mentioned
observation. Moreover, this suggests that modifications in the microstructure of the
doped complex have taken place. This, in principle, would suggest that the samples do
not maintain their intrinsic properties even when exposed to the so-called safe
processing range of temperatures, implying that there is a limitation regarding the

number of heating cycles and hence, limitations on their reprocessability.
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Figure 4.16. The heating-cooling-heating DSC thermogram of PANIPOL ™ in the range
of temperatures from 35 to 220°C.

The resultant thermal behaviour of the three PANIPOL™ samples exposed to the
heating-cooling-heating cycle in the range of temperatures from 35 to 110°C is
presented in fig. 4.17. From this figure, it can be observed that, in contrast with the
observed in the range of temperatures from 35 to 220°C, the samples thermal behaviour
showed some differences. For example, the first heating scan in the thermogram of
PANIPOL™ 1 shows what it seems to be a melting pesk at about 88°C. This is
confirmed by the crystallisation peak at about 70°C in the cooling scan and further
reappearance of the melting peak at about the same temperature (88°C) in the second
heating scan. In contrast, the thermograms of PANIPOL™ 2 and 3 do not indicate these
thermal transitions in the samples during the same analysed range of temperatures.
Moreover, the thermograms of PANIPOL™ 2 and 3 show some similarities. That is,
two amost imperceptible endothermic regions at about 80 and 100°C. These
endotherms, as also observed in fig. 4.16, may be associated with moisture and possible

loss of low molecular weight oligomers.
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Figure 4.17. The heating-cooling-heating DSC thermograms of the PANIPOL™
samplesin the range of temperatures from 35 to 110°C.
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It is believed that the endotherms observed in the thermogram of PANIPOL™ 1
(fig. 4.17) represent the melting point of a certain additive present in the sample and that
was not used in the preparation of the samples 2 and 3. In addition, this compound may
decompose at a temperature between 110 and 220°C. This is because exothermic and
endothermic regions were not found, respectively, in the cooling and second heating
scans carried out in the range 35-220°C (fig. 4.16). These findings reinforce even more
the concept about limitations on the samples reprocessability in this range of

temperatures.

A selected DSC thermogram corresponding to the resultant sediment from the last
dissolution cycle of PANIPOL™ 2 in acetone (refer to section 4.3.1) over the range of
temperatures from 35 to 220°C is presented in figure 4.18. A thermogram of the original

undissolved sample is also presented for comparison.
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Figure 4.18. Comparison between the DSC thermograms of PANIPOL™ 2 (@) and the
final sediment obtained from its dissolution in acetone (b).

In fig. 4.18, the thermogram corresponding to the undissolved sample of
PANIPOL™ 2 shows the endothermic and exothermic regions above discussed.

However, comparing this thermogram with that shown in fig. 4.16 corresponding to a
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similar sample of the undissolved PANIPOL™ 2 pellets, some disagreement is found
regarding the heat absorption level and its trend in the endotherms occurring beyond
about 140°C. This suggests again, an inhomogeneous distribution of components in the
sample during the manufacturing process. The thermogram corresponding to the
sediment shows an endothermic region between about 75 and 125°C mainly
corresponding to evaporation of moisture. The presence of the characteristic exothermic
region at 130-140°C for the doped polyaniline complex is not very clear. However, the
separation of this, during its dissolution in acetone, from the rest of the components
originally present in the PANIPOL™ 2 pellets is exemplified by the absence of their
attributed endotherms occurring beyond 140°C.

4.6 RHEOMETRY.

These experiments were performed to understand the flow properties of the
materials in their molten state under different levels of shear rate. The results from the
analysis would, eventually, be the main support when establishing the materials
processing parameters. Consequently, the rheological behaviour of the three
PANIPOL™ samples, LDPE, PP and SBS was investigated using a Davenport
extrusion rheometer with a piston diameter of 19.05 mm. The Poiseuille Law for
capillary flow [174,175] was used to caculate the apparent shear viscosity (n) at
different apparent wall shear rates (y) and temperatures for each material. Accordingly,

n and y were calculated using the following equation:

_nPr’ _ mPr’
y 4Q/ 8LQ 8LVA .......... Eqg. 4.4,

where:

r=wal shear stress!

P = Pressure at the entrance of the capillary,
r = capillary radius,

L = capillary length,

! Note: No end pressure drop correction [174,175] was performed for the calculation of this parameter.
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QO = volumeflow rate,
V' = piston drive speed, and
A = area of the piston ram.

For the experiments, the materials were extruded using a capillary diewithan L =
35 mm and an » = 0.8 mm. The analysis was performed at selected piston drive speeds
ranging from 0.25 to 50.00 mm/min. At each extrusion speed, the pressure sensed by a
transducer, situated near to the entrance of the capillary die (refer to figure 4.19), was
recorded for the calculations. To ensure that the materials were fluid enough to pass
through the capillary, these were extruded, at the prefixed temperature, after 10 min of
being into the rheometer barrel. To perform the experiments, an adequate amount of

material to fill the barrel up to about its maximum capacity was used.

The rheological behaviour of the PANIPOL™ samples was analysed at 80, 100,
120 and 150°C, while for SBS the analysis was performed at 100, 120 and 150°C.
LDPE and PP were analysed at temperatures above their melting point. Consequently
L DPE was extruded at 120 and 150°C, while PP was analysed at 170, 180 and 190°C.

Forcedirection

Piston
Barrel
Capillary Pressure
die
transducer

Figure 4.19. Diagram showing the main parts of the extrusion rheometer.
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The extrusion of the samples 2 and 3 of PANIPOL™ at 80°C was not possible
even at the lowest piston drive speed (¥) of 0.25 mm/min. It was initially anticipated
that this could happen as the processing temperatures recommended by the supplier [71]
range from 100 to 225°C. However, experiments were performed at 80°C because, as
also suggested by the manufacturer, the recommended processing temperatures could
vary depending on the equipment used. During the experiments, it was observed that the
pressure increased until it reached a level close to the transducer safety limit of 27.58 x
10° N/m?. This also happened during the extrusion of SBS at 100°C, and PP at 170 and
180°C. The reason for this is that the materials were not fluid enough to pass through
the capillary die. Also, it is possible that the geometry and dimensions of the die were
not the appropriate ones for the extrusion of the materials at those speeds and

temperature conditions.

Regarding PANIPOL™ 1, its extrusion was accomplished at al the intended
temperatures, even at the lowest one (80°C). This fact initially indicated that this sample

LTM

was less viscous than PANIPO 2 and 3. Aswill be seen later, this was the case at all

comparable extrusion conditions.

In general, it was observed that the extrudates of the three PANIPOL™ samples
were very brittle and their surface finish was poor. This was observed at al the
extrusion conditions. However, the degree of brittleness was more evident at lower
extrusion speeds and at higher temperature levels. For example, at 150°C and 0.25 and
2.5 mm/min it was not possible to obtain a continuous piece of a PANIPOL™ 2
extrudate though at this same temperature, but at 5 mm/min some small continuous
fragments were obtained. On the other hand, the quality of the finish especialy
decreased at higher extrusion speeds and temperature levels. Overal, it was observed
that the quality of the extrudates of PANIPOL™ 2 was relatively better than that of
those corresponding to PANIPOL™ 1 and 3 obtained at comparable extrusion
conditions. In general, extrudates of better quality were produced at 120°C. However, as
can be seen in figure 4.20, during the extrusion of PANIPOL™ 2 a 5 mm/min, the
pressure increased with time until it reached a stage at which erratic behaviour was
displayed. This type of behaviour, aso observed during al the extrusion conditions,
reflects the already discussed poor quality of the extrudates. Also, it is believed that this
relates to the composition of the extruded pellets, thus suggesting that they are not
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homogenous. The aforementioned erratic behaviour of pressure was aso observed
during all the extrusion conditions of the other two PANIPOL™ samples, indicating

that they are not homogeneous.
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Figure 4.20. Variation of pressure with time during the extrusion of PANIPOL™ 2 &t 5
mm/min and 120°C.

It is also possible that the irregular behaviour of pressure is due to reactions taking
place among certain components that were possibly in excess in the pellets, thus
suggesting that the material is relatively unstable. All thisis supported by observing the
behaviour of pressure displayed for materials known to be stable and whose
compositions are homogeneous. For example, figure 4.21 shows that during the
extrusion of SBS and LDPE the pressure increases until it reaches a constant level,
differing from what is observed for PANIPOL™ 2 extruded under the same conditions.
These results are in good agreement with the results and observations generated from
the thermal analysis about an inhomogeneous distribution of components in the sample
during the manufacturing process. Moreover, the poor quality of the extrudates,
especially those obtained at higher levels of temperature, support the observations about
the loss of important additives (perhaps compatibility agents). It should be mentioned,
however, that despite the above discussed erratic behaviour of pressure, a constant trend
of this with respect to time was observed in the mgority of the cases (see for example

figs. 4.20 and 4.21). An estimated average value of pressure in the “erratic interval” was
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used in Eq. 4.4 for the calculations. Additional examples of the typical erratic behaviour
of pressure with time are presented in the appendix No. 1 in which the reader is

provided with some selected experimental pressure vs. time charts for further consult.
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Figure 4.21. Variation of pressure with time during the extrusion of PANIPOL™ 2,
SBSand LDPE at 1.25 mm/min and 120°C.

Wall shear stress values at each apparent wall shear rate level were calculated for
the three PANIPOL™ samples, at each of their corresponding extrusion temperatures,
using Eq. 4.4. Similarly, the apparent viscosity was calculated using the same equation
and the values obtained for T and y. For PANIPOL™ 1, the results corresponding to

the extrusion temperature of 80°C are presented in figure 4.22 as a -y log-log plot. In

a similar manner, the results corresponding to the extrusion temperatures of 100, 120
and 150°C are presented in figures 4.23 to 4.25, respectively. For comparison, the
results corresponding to PANIPOL™ 2 and 3 are also included in these figures. The
results suggest that the PANIPOL™ samples behave like a material obeying the power
law (which is commonly proposed to describe pseudoplastic behaviour [174,175]) in the
experimental y interval from about 3.6 to 717 s* (that is, ¥ = 0.25 to 50.00 mm/min).
This is observed especially at the extrusion temperatures of 100 and 120°C. This is
clearly exemplified in figs. 4.22 to 4.24, which shows that the experimental data are
very well fitted by the power law equation. At 150°C (fig. 4.25), PANIPOL™ 1 and 3
still exhibit pseudoplastic behaviour. However at that same temperature, the
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experimental data corresponding to PANIPOL™ 2 seems to deviate from the behaviour
displayed at lower extrusion temperatures. In general, the results presented indicate that
PANIPOL™ 2 and 3 exhibit similar levels of viscosity at al comparable extrusion
conditions, being PANIPOL™ 2 the most viscous of the samples.

100000 1

NE :

K]

2 ]

N ]

= 1

8 ] — Power law
S equation fit
= 1

a

o

o

<

10000 T T sy T | B A
1 10 100

Apparent wall shear rate (s

Figure 4.22. Variation of the apparent viscosity with respect to apparent wall shear rate
for PANIPOL ™ 1 capillary extruded at 80°C.
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Figure 4.23. Variation of the apparent viscosity with respect to apparent wall shear rate
for the PANIPOL ™ samples capillary extruded at 100°C.
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Figure 4.24. Variation of the apparent viscosity with respect to apparent wall shear rate
for the PANIPOL ™ samples capillary extruded at 120°C.
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Figure 4.25. Variation of the apparent viscosity with respect to apparent wall shear rate
for the PANIPOL ™ samples capillary extruded at 150°C.
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The apparent viscosity of SBS and LDPE at 120 and 150°C was calculated at
different apparent wall shear rates using Eq. 4.4 and the values of pressure recorded
during the experiments at each extrusion speed. The results are presented in figs. 4.26

and 4.27 aslog-log plots of n versus y .

For comparison purposes, figs. 4.26 and 4.27 aso include the rheological
behaviour of the PANIPOL™ samples analysed at the same extrusion temperatures. It
can be seen that, similarly to what is observed for the PANIPOL™ samples, the
viscosity of the two insulating polymers decreases with increase of temperature and
shear rate. The form in which the viscosity decreases with respect to the shear rate
indicates that the SBS and LDPE behave as pseudoplastic fluids obeying the power law
in the specific y intervals. The SBS is the most viscous of the materials at all
comparable experimental conditions, whereas the PANIPOL™ samples proved to be
the least viscous ones. However, the viscosities of the LDPE and PANIPOL™ 2,
specifically at 120°C, are of asimilar magnitude.
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Figure 4.26. Variation of the apparent viscosity with respect to apparent wall shear rate
for the LDPE, SBS and PANIPOL™ samples capillary extruded at 120°C.
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Figure 4.27. Variation of the apparent viscosity with respect to apparent wall shear rate
for the LDPE, SBS and PANIPOL™ samples capillary extruded at 150°C.

The calculations of the apparent viscosity for the PP extruded at 190°C was
performed in a manner similar to that described for the previous materials. The results
are presented in fig. 4.28, which also shows the rheological behaviour of the
PANIPOL ™ samples at 150°C.
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Figure 4.28. Variation of the apparent viscosity with respect to apparent wall shear rate
for the PP and PANIPOL™ samples capillary extruded at 190 and 150°C, respectively.
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Despite the presented results are from different experimental temperatures, fig.
4.28 indicates that the viscosities of the pellets of PANIPOL™ extruded at a lower
temperature, are yet of a lower magnitude than that of the PP extruded at a higher
temperature. This suggests that the viscosity of any PANIPOL™ sample would be of a
considerably lower magnitude than that of the PP at comparable temperatures.
Moreover, this also suggests that the ratio of the viscosity of any PANIPOL™
that of the PP, that is, p (already defined in section 2.6.1), would be even lower than that

sampleto

with respect to the viscosity of the SBS and LDPE, respectively.

Overdl, the results suggest that, in principle, the three analysed polymer matrices
could be suitable to be blended with the PANIPOL™ samples. This is observed
considering that the shear viscosity exhibited by these polymers is of a reasonably
higher magnitude than that of the PANIPOL™ samples, thus suggesting that these
could act as carriers for the dispersed PANIPOL ™ phase, and hence promote the in-situ
formation of polyaniline fibresin the blends. However, from the three analysed polymer
matrices, it is believed that the SBS would produce better results. This is because,
compared with the LDPE, the SBS displayed higher levels of viscosity, which would
promote best the deformability of the dispersed conducting phase. With respect to the
PP, a thermally produced blend of this polymer with any PANIPOL™ sample would
mean the exposure of the latter to temperature levels not lower than the melting point of
PP (i.e., about 168°C). Furthermore, subjecting the resultant blend to a possibly further
thermal process would result (as observed from the thermal analysis results) in the
unavoidable loss of some of the additives originaly present in the PANIPOL™
samples. On the other hand, the PANIPOL ™ phase would be considerably fluid under
these temperature conditions. Therefore, in the event that the conducting complex is
deformed into fibres, their stability would be lower than that of the elongated domains
that would be generated using LDPE or SBS. In consequence, this would increase the
probability that the fibres break up into small droplets.

With respect to the PANIPOL™ samples, it is believed that the three samples
could be deformed into fibres following an in-situ deformation process since their
viscosities were lower than those of the polymer matrices. However, the fact that
PANIPOL™ 2 proved to be the most viscous sample, suggests that its elongated

domains would be the most stable and likely to maintain the desired morphol ogy.
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4.7 CONDUCTIVITY MEASUREMENTS.

The direct current (DC) electrical conductivity was evaluated at room temperature
on the as-received cylindrical-shaped pellets of PANIPOL™ 2 and on a selected
extrudate of this sample. The main interest during the development of the present

L™ to conduct

experiments was to measure the ability of the pellets of PANIPO
electricity, especially through the bulk of the sample. Also, it was important to analyse
how the ability of the electrical conduction would be affected if the sample was
previously subjected to a processing method in which this would be exposed to the
different processing parameters, for example shear stresses and temperature. Of main
concern was aso the implementation of a straightforward technique capable of yielding
the more possible genuine results without altering, as much as possible, the
microstructure of the sample. Of primordia importance when performing the electrical
measurements is to choose the most suitable electrode system to ensure that the
conduction of electricity through the sample could take place with the less possible level
of disturbance. For this, the electrodes should be of a material that is readily applied,
allows intimate contact with the specimen surface, and introduce no appreciable errors
because of electrode resistance or contamination of the specimen. The electrode
material should also be corrosion resistant under the conditions of test. The more
common methods used for measuring the electrical conductivity of materials, the two-
and four-probe techniques, generally involve the use of pressure contacts, silver paste
and thread-cutting screws as electrodes (see for example references 176 to 179 and the
references cited therein). However, none of those methods would suit our requirements
considering the brittle nature of the materials. As explained before, the extrudates of the
PANIPOL ™ pellets were very brittle and the pellets themselves showed a considerable
degree of brittleness. Also, the dimensions of the specimens would not allow the
application of a silver paste to the polished sample surfaces. Moreover, it is very likely
that the polishing action would result in disintegration of the sample. Consequently, a
technique was implemented by using mercury as electrical probes and a Keithley 614
electrometer for measuring the electrical resistance of the samples. For this, the
electrometer employs the constant current technique [180] in which a voltage source
within the instrument drives a constant current through the sample of unknown

resistance. As the voltage developed across the sample is proportiona to its resistance,
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the instrument thus provides an output signal corresponding to the resistance of the
sample under test. The constant current values generated by the instrument are
dependent on the resistance range selected by the operator during the measurements.
These values are presented in the appendix No. 2. Figure 4.29 shows the basic circuit

configuration employed by the instrument during the resi stance measurements.

ELECTROMETER

it

Ra T

|

R.:.‘I’.

Figure 4.29. Diagram showing the basic circuit configuration [180] employed by the
Keithley 614 electrometer during the resistance measurements. Rx = sampl e resistance,
V =internal voltage source, | = current generated by the voltage source.

For the experiments, each sample was carefully enclosed in a soft temporary
fastening resin and, to assure an effective contact with the probes, special care was
taken in leaving both of its ends free of the resin. The sample so enclosed in the resin
was inserted in the middle of arectangular pool-like container (fig. 4.30). By doing this,
the origina container was thus divided into two cavities in which the liquid mercury
would eventually be poured. The container was made of the same resin used for

enclosing the samples.

MERCURY / >
CONTAINERS /

id /

SPECIMEN

Figure 4.30. Diagram showing the manner in which the specimens were mounted for the
electrical measurements.
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To avoid the flow of the mercury between the containers, extra care was taken in
ensuring that these were perfectly sealed. A very fine microspatula and a magnifying
glass were used for aiding in the operations described above. Stainless steel needles of
very low resistance, soldered to the electrometer input lead, were inserted into the
lateral walls of the containers in which the liquid mercury was further poured. The
arrangement described is depicted in figure 4.31. The dimensions of the specimens were
measured by using a vernier. Accordingly, the tested pellets were about 3 mm in
diameter and 2.7 mm in length. Selected extrudates obtained at 120°C and 1.25 mm/min
(refer to section 4.6) were also tested. Their dimensions were about 1.60 mm in
diameter and 4 mm in length.

SPECIMEN
NEEDLE v / NEEDLE
LEAD —» <«—| LEAD
MERCURY
ELECTROMETER
(RESISTANCE READINGS)

Figure 4.31. Arrangement used in the experiments performed for the volume

conductivity evaluations.

The electrical resistance readings were performed using the lowest possible
resistance range and these were taken after 5 min of sample electrification to allow the
system to stabilise. After taking the readings, the mercury was recovered and poured
into its corresponding storing flask. In all the experiments, a syringe and disposable
mi cropi pettes were used for handling the mercury. After the end of each experiment, the
sample embedded in the resin together with the resin-made containers were safely
disposed of in a flask containing a water bath. Five specimens from each type of
material were tested. Assuming that the resistance readings were performed at an ohmic
regime [179,181] and that the specimens were perfect cylinders, the volume
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conductivity was then evaluated in accordance with the dimensions depicted in fig. 4.32
and using the following equation:

o = = T T e Eq. 4.5,

where:

o = specimen volume conductivity,
[ = specimen length,

A = specimen cross sectional area,

R = measured volume resistance, and

|<_ I
: DY PRPPPRPRPRY TPITS T | direction
\ 4

Figure 4.32. Diagram exemplifying the specimen dimensions.
| = current, / = specimen length, d = specimen diameter.

d = specimen diameter.

The volume conductivity of the pellets of PANIPOL™ 2 and their extrudates are
presented in Table 4.5.

Table 4.5. Results from the volume conductivity measurements on PANIPOL™ 2,

PELLETS
Sample d (mm) | (mm) R (kQ) o (S/cm)

1 3.14 2.71 0.858 4,08 x 10°

2 2.95 2.63 0.911 422 x 10°

3 2.87 2.79 3.130 1.38 x 10

4 2.98 2.83 2.270 1.79x 10°

5 201 2.64 2.890 1.37 x 10°
Average 2.6x10°

Standard deviation 15x 107
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Table 4.5 (Continued).

PELLETSCAPILLARY EXTRUDED AT 120°C AND 1.25 mm/min
Sample d (mm) [ (mm) R (kQ) o (S/cm)
1 1.62 2.87 6.18 2.25x 107
2 1.66 4.16 3.67 5.24x 10°
3 1.62 3.26 7.86 2.01x 10°
4 1.63 4.28 9.23 2.22x10°
5 1.80 458 3.20 5.63x 10°
Average 35x10°
Standard deviation 1.8x 10°

It was observed that, during the measurements of the electrical resistance, the
values displayed by the measuring instrument rapidly increased as soon as the sample
was electrified by the electrometer. This was observed in the magority of the
experiments. However, the resistance readings stabilised after about 4-6 minutes of
sample electrification, thus indicating that the current flow driven by the electrometer
through the bulk of the sample was aso stable. With respect to this, it has been reported
[182] that the response of a polymer to an applied current may be delayed due to a
number of factors including the interaction between the polymer chains, the presence
within the chain of specific molecular groupings, and effects related to interactions
within the specific atoms themselves. Therefore, this can be a possible explanation
regarding the observed lag in the stabilisation of the resistance readings. As indicated
before, all the readings were taken after 5 min of sample electrification and, as observed
in Table 4.5, the calculated conductivity values show a considerable level of

consistency.

From the results presented in Table 4.5, it can be seen that the extruded material
exhibited a dlightly higher level of conductivity than that shown in the pellets. This may
be due to the action of elongational flows, occurring during the extrusion process, on
the macromolecules of PANI. This would promote the orientation and alignment of
these in the direction of the current flow during the experiments and the consequent
reduction on the resistance levels observed. From the results, it can be seen that the
obtained overall average value of about 3 x 10° S/cm compare well with the value of
10™* S/cm reported by Neste Oy Chemicals [71].
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4.8 MORPHOLOGICAL ANALYSIS.

This analysis was performed with the purpose of obtaining information, at a
microscopic scale, on the form and structure of the pellets of PANIPOL™. This
information, together with the information gained from the previous characterisation
analyses (specialy those concerning gravimetry and IR spectroscopy) would broaden
the knowledge about the nature of the samples’ components, providing at the same time
with some information about their microstructure. As mentioned before, the
interpretation of the results is based on the information provided by the manufacturer
and the experimenta results reported in the literature related to systems apparently
similar to the present one. For the analysis, optical and scanning electron microscopy

techniques were followed. These are detailed in the following sections.

4.8.1 OPTICAL MICROSCOPY.

The morphology of the pellets of PANIPOL™ 2 was initially examined using a
Reichert Microstar 110 optical microscope. For this, few of the as-received pellets were
pulverised with a pestle and mortar. A small amount of the powder was mounted on a
glass slide and the microscopic analysis was performed using transmitted and incident
light respectively.

Figure 4.33 presents the morphology found in different granules of the powder
pellets. It can be observed that some areas of the photographs are blurred indicating that
those sections in the granules were out of focus during the analysis. This is the result of
the irregular thickness of the granules as no specia technique was followed in the
preparation of the sample other than mere pulverisation of the pellets. However, from
the micrographs, spherical features can be seen dispersed al over the bulk of the
granules. These spherical features are more evident in the samples analysed under
incident light. For example, note the features reflecting the light in the encircled area
shown in fig. 4.33b. The granules analysed under transmitted light (fig. 4.33d) do not
show the above mentioned spherical features very clearly as the sample was too thick as
to alow the light to pass through it. However, some sections of the analysed granules do
show some features that can be associated with the aforementioned globular features.

For instance, observe the areas encircled in fig. 4.33d. These sections of the sample are
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abundant in spherical features. This can be confirmed by observation of fig. 4.33c,
which isamicrograph of the same granule but analysed under incident light.

LTM

Figure 4.33. Optica micrographs of granules of the powdered PANIPOL "™ 2. Figures
(@), (b) and (c): sample analysed under incident light. Figure (d): the same granule asin
fig. (c) but analysed under transmitted light. Figure (b) is a magnification of fig. (a).

As can be seen in fig. 4.33c the same sections encircled in fig. 4.33d contain a
great number of globular features reflecting the light. These observations seem to
suggest that the observed globular features are bound together by a different material,
thus indicating that the morphology of the pellets of PANIPOL™ 2 consists of at least
two different phases, one in the form of spherical particles and another one serving as a
dispersing medium. Through this analysis it is not possible to have a clear estimate
about the size of the observed particles as the photographs were not taken at high
enough magnifications. This will be indicated better in the section concerned with the
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scanning electron microscopy anaysis. However it can be seen that the particle
diameters should be about a few microns.

The morphology presented in fig. 4.33d resembles the ones observed by Lux et al.
[54,55] for heavily doped polyaniline with hypochloric acid. These researchers found
that their powdered samples consisted of spherical particles of conducting polyaniline
incorporated into a less dense matrix. Similar morphologies have also been observed by
other researchers for conducting polyaniline prepared by means of different routes,
namely conventional chemical [56,63] and dispersion [10,61,62] polymerisation,
respectively. It is however, worth pointing out that the diameters reported for the
polyaniline particles in the above works were all within a nanometric scale, which differ
considerable with the size of the particles observed in the present samples. However, as
is aso mentioned in the references cited above, the size of the conducting domains
depends on the synthesis route of the polymer, and what is more, diameters of about 20-
50 um have aso been reported [20,66]. Consequently, it is believed that the observed
spherical features in the powdered sample in question correspond to the conducting
polyaniline particles dispersed in a continuous phase.

4.8.2 SCANNING ELECTRON MICROSCOPY.

Scanning electron microscopy (SEM) analysis was performed on an as-received
pellet of PANIPOL™ 2 aswell as on the powdered pellet. The analyses were performed
with a JEOL JXA-840-A electron probe microanalyzer at 10 kV. For the analysis, the
samples were previously gold coated for 4 min in an E5000 (Polaron Equipment
Limited) SEM coating unit.

The morphology of the pellets is presented in figure 4.34. Figure 4.34a
corresponds to the cross sectional surface of the pellet while figs. 4.34b to 4.34d
correspond to a granule of the pulverised pellets observed at different magnifications.
As can be seen, these figures show the presence of globular features in the analysed
samples. Again, these globular features are believed to be the conducting particles of
polyaniline embedded in a continuous phase. These SEM micrographs, in contrast to the
optical ones, are more suitable for estimating the size of the polyaniline particles, which

are about 7 um in diameter or of asmaller size.
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—1L g — e

Figure 4.34. SEM micrographs of PANIPOL™ 2. Fig. (a): cross sectional surface of the
as-received cylindrical pellet. Figs. (b), (¢) and (d): powdered pellet at different
magnifications.

It is interesting to notice that the features observed on the cross sectional surface
of the pellet (fig. 4.34a) seem to reveal well-formed spheres. This differs from the
particles observed in the granule of the pulverised pellet that show irregular shapes
(figs. 4.34b to 4.34d). Moreover, most of the particles shown in the cross section of the
pellet are of alarger size than those observed in the pulverised pellet (fig. 4.34b). The
smaller size of the particles observed in fig. 4.34b might be due to the effect of the
crushing process to which the pellets were subjected during their pulverisation, thus
resulting in the break up of the original particles into particles of smaller size. Figures
4.34b to 4.34d aso revea that the analysed granules of the pellet are composed of
densely packed conducting polyaniline particles.

The knowledge of the preparation route followed during the production of the
pellets is very limited as the manufacturer provided no specific information on the
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subject. However, Virtanen and co-workers [ 28], researchers from Neste Oy Chemicals,

the company supplying the pellets, point out that fusible PANIPOL™

compositions are
produced by a reactive extrusion process in which the polyaniline salt, the plasticizer,
and other optional additives are fed into a twin-screw extruder to produce further
solidified strands of the conductive material which are subsequently cooled, pelletised
and packaged. Consequently, it is assumed that this was the production method
employed for the manufacture of the pellets subject of this study. Furthermore, it is
believed that the morphology observed in the SEM micrographs originated as a result of
the clustering of aggregates (formed of primary doped polyaniline nanoparticles) into
the globular shaped agglomerates observed in the photographs. This type of
morphology, with the characteristics of a colloidal system [183], has been reported [20]
for polyaniline-DBSA dispersions in which an excess of DBSA forms micellar
structures and aso acts as a surfactant, which also stabilises the dispersion. In
morphologies like this (fig. 4.35), the hydrophobic tails (i.e., the alkyl benzene moiety)
of free and bonded DBSA molecules are arranged in a way that they all turn to each
other, while the hydrophilic groups (i.e., the sulphonic moiety) of the free DBSA turn to

the agueous phase.

Polyaniline-DBSA
molecule

L

Figure 4.35. A schematic model of an aqueous dispersion of polyaniline with DBSA
[20].
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As mentioned before, it is difficult to be certain whether the system previously
described fully resembles the one investigated in this work. However, they are
compared based on the fact that it has been identified the surfactant character of the
doping agent (DBSA) and plasticizer (the Zn salt of DBS) used in the production of the
pellets. Furthermore, it is suspected that some DBSA may be present in excess in the
pellets. Also it may be possible that another compound, derived from the DBSA, was
used as another additive (perhaps as a compatibility agent) for the production of the
material. Therefore, it is likely that the hydrophilic (i.e., the —SOs— groups) and
hydrophobic (i.e., the akyl-phenyl group) moieties of the DBSA, simultaneously form
hydrogen bonds and ring-ring interactions with, respectively, the -NH- groups and the
phenyl rings of the electrically conducting polyaniline (fig. 4.36). This has been
reported by Ikkala et al. [184] (in a patent assigned to Neste Oy Chemicals) to occur in

conducting compositions of polyaniline.

Doped Bonds:
polyaniline : Zn(DBS), —= Coordinative

-------- Hydrogen

{ “\> Ring-ring
—<* interaction

@ Zn atom

Dodecyl
alkyl radical

Doped
polyaniline ¢ %

Figure 4.36. Schematic representation of the suggested molecular interactions in the
pellets of PANIPOL™.

The presence of DBSA in excess (or another derived compound) in the pellets
may promote the formation of a solid dispersion of conducting polyaniline particles
with the structured morphology observed (for instance see fig. 4.34b). The

aforementioned hydrogen bonds and ring-ring interactions would form an infinite
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network that stabilises the conducting dispersion. On the other hand, as also reported
[28], the metal atom from the Zn salt of DBS would form coordinative bonds [185] with
the nitrogen atoms of the doped polyaniline chains (fig. 4.36). Again, it is thus possible
that the hydrophilic and hydrophobic moieties of the dodecylbenzene sulphonate ion
(DBS) would aso form hydrogen bonds and ring-ring interactions with the polyaniline
molecules, thus enhancing the formation of the observed morphology and the

stabilisation of the dispersion.

4.9 CONCLUSIONS.

The results from the X-ray diffraction experiments revealed that the level of
crystallinity detected in the PANIPOL™ samples was relatively low. The presence of
the element Zn in the pellets was a so confirmed through this analysis.

The gravimetric analysis confirmed the amount of the conducting polyaniline salt
in the pellets of PANIPOL™ (that is, about 25 wt. %). This analysis also aided in
establishing an initial hypothesis about the use of DBSA and a Zn salt of DBS in the
manufacture of the pellets.

The concept about the use of DBSA and a Zn salt of DBS as the doping and Zn
compounds, respectively, was reinforced by the results yielded from the FTIR analysis.

The thermal limitations of the PANIPOL™ samples were established through
TGA and DSC analyses. These analyses confirmed that the samples could be safely
processed up to a maximum temperature of about 250°C without exposing them to
severe degradation and loss of their electrically conductive characteristics. However, the
DSC analysis suggested an inhomogeneous distribution of the components (especially
those of additive nature) in the samples during the manufacturing process. Also, it was
found that the pellets might not maintain their intrinsic properties even when exposed to
the so-called safe processing range of temperatures, thus implying that there are

limitations regarding their reprocessability.

The rheometry analysis performed on the PANIPOL ™ samples evinced an erratic
behaviour of pressure versus time during the experiments. This behaviour, attributed to
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the inhomogeneous character of the samples, is believed to be associated with the high
degree of brittleness and poor surface finish observed in the extrudates. It was observed,
however, that the degree of brittleness was most evident at lower extrusion speeds and
at higher temperature levels. The analysis also suggested that, compared with the LDPE
and PP, the SBS seemed to be the most suitable material to be blended with the
PANIPOL™ samples as this would best favour the in-situ formation of polyaniline
fibres in the blends. This is because the SBS possesses the required level of viscosity,
together with a suitable processing temperature for processing the conductive complex
without risking its electro-conductive performance. In the same way, the analysis
suggested that using PANIPOL ™ 2 would produce better results as this sample proved
to be the most viscous of the three PANIPOL™ samples, thus suggesting that in a
blend, with for example SBS, it would possess better stability, which would aid in
maintaining the desired morphology.

The level of electrical conductivity measured in the PANIPOL™ extrudates was
dightly higher than that in the pellets. This may be due to the action of elongational
flows occurring at the entrance of the capillary die during the extrusion process, which
in turn would promote the orientation and alignment of the polyaniline macromolecules
in the direction of the current flow. The obtained overall average value of 3.03 x 10
S/cm compares well with the value of 10* S/cm reported by the company supplying the
material.

The morphological analysis performed on the pellets of PANIPOL™ showed the
presence of spherical features surrounded by a continuous phase. These features, which
are about 7 um in diameter (or of a smaller size), are believed to be the particles of the
polyaniline salt. Furthermore, it is believed that the morphology observed was
originated as a result of the clustering of aggregates (formed of primary doped
polyaniline nanoparticles) into globular shaped agglomerates. It is likely that the
hydrophilic and hydrophobic moieties of the DBSA and its derived Zn salt
simultaneously form hydrogen bonds and ring-ring interactions with, respectively, the —
NH- groups and the phenyl rings of the electrically conducting polyaniline. The
possibly presence of DBSA in excess (or another compound derived from this) in the
pellets may enhance the formation of a solid dispersion of conducting polyaniline
particles stabilised by the af orementioned hydrogen bonds and ring-ring interactions.
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“We often discover what will do, by finding out
what will not do; and probably he who never made
a mistake never made a discovery”.

Samuel Smiles (1812—1904), Scottish writer.
Self-Help.

CHAPTER S

COMPOUNDING AND FORMING: PRELIMINARIES
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5.1INTRODUCTION.

This chapter provides details on the different mixing and compounding methods
initially experimented with in order to find the most suitable technique to incorporate
the electro-conductive complex with each of the polymer matrices. As will be seen,
after compounding, the blends were subjected to a forming process to promote the in-
situ formation of polyaniline fibres. An account of the details of the processing
techniqgue employed is also provided. Experimentation with different processing
parameters was also carried out in order to determine the optimum processing
conditions. Thisis also detailed here together with the criteria used in the evaluation. As
has been seen, the results from the rheometry analysis suggested that PANIPOL™ 2
was most likely to be successfully deformed into uniform fibres (refer to section 4.6 in
chapter 4). Therefore, the experimentation was concentrated on systems containing this
material. Experimentation was also performed with different weight compositions.
Finally, with the purpose of assessing the effect of the different polymer matrices on the
morphology of the polyaniline phase in the processed blends, these were subjected to a
morphological analysis. This analysis also assisted in the selection of the most suitable
polymer matrix to favour the in-situ production of polyaniline fibres. As in al the
processing methods described in this chapter, a general account of the details of the
technique employed will be presented followed by the results following from this.

General conclusions are also presented at the end of the chapter.

5.2 MIXING AND COMPOUNDING TECHNIQUES.
5.2.1 MANUAL MIXING.

A mixture consisting of 5 wt.% of PANIPOL™ 2 and 95 wt.% of LDPE was
prepared at room temperature. For this, the correct amounts of the as-received materials
in the form of pellets were placed in a plastic bag. The bag was tightly closed and the
mixing was performed by manual agitation. As will be seen later, this method was not
appropriate as the mixture had a high degree of segregation, thus resulting in irregular
feed of the ingredients during processing. For this experiment, a batch of 100 g was
prepared. Throughout the text, this mixture will be referred to as blend
MASPANIPOL/LDPE.
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5.22ROLL MILLING.

A BRIDGE two-roll milling machine (No. 70 M 1261), with rolls of 0.05 m in
diameter, was used for thermally preparing blends consisting of 5 wt.% of PANIPOL™
2 and 95 wt.% of LDPE, SBS and PP, respectively. These three blends will be referred
to in the text as blends RM5PANIPOL/LDPE, RM5PANIPOL/SBS and
RM5PANIPOL/PP, respectively. The blending temperatures were 200°C for the blend
containing PP and 120°C for those with LDPE and SBS. The materials were used as
received, and 5 and 95 g of PANIPOL™ and polymer matrix were respectively used in
each blend. The compounding procedure was the same for all the blends, and the details
are presented next.

The rolls, separated about 1-2 mm from each other, were heated to the
corresponding compounding temperature. Once this temperature was reached, the
polymer matrix was first fed (fig. 5.1) through the top into the gap between the counter-
rotating rolls (at ca. 20-30 rpm) where it was drawn in. The material bypassed the
dlightly faster-driven roll and was returned to the gap entry.

Feed
| Material
Heated
Heated rotating roll
rotating roll
Metal tray

Figure 5.1. Diagram exemplifying the roll milling process.

The feed of the matrix was performed slowly, in increments, to allow the material
to soften/melt. The PANIPOL™ complex was added to the polymer matrix as soon as
this was looking like a soft paste. The pellets of PANIPOL™ softened and dispersion
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was achieved as the paste was continuously passed through the gap between the rolls.
The feed was performed in increments with varying rolls clearance to obtain uniform
dispersion of PANIPOL ™ in the polymer matrix. Once all the PANIPOL™ was added,
the compounding continued (for ca. 5-10 more min) until a homogeneous paste was
observed. Afterwards, the blend was peeled from the rolls by using a wooden spatula.
The blend was collected in a metal tray aready placed below the rolls at the beginning
of the process. After cooling down to room temperature, al the blends were properly

stored in sealed plastic containers to await further experimentation.

Some problems were found when following this compounding method. For
example, the speed of the rolls was fixed. This sometimes presented a problem,
especially during the feed of the materials, as this velocity was occasionally too high so
as to make some of the pellets gect from the revolving rolls, thus causing the final
composition of the blends to be different from that originally planned. There were also
problems when trying to produce the blend RM5PANIPOL/PP. In this case the
compounding temperature was probably too high. As a result, mostly of the molten
material went to the sides of the rolls, which generated an inhomogeneous blending
process. On the other hand, when the temperature was reduced to 180°C, it took much
longer to melt the raw materials and it was not possible to obtain a homogeneous blend.
No significant improvement was observed when the compounding temperature was
increased to 190°C. As aresult, the blend was discarded.

5.2.3 EXTRUSION.

In this compounding method, it was used a single screw extruder fitted in a film
extrusion unit (Plasticisers Limited). Blends of the following compositions were

prepared:

- 5wt.% of PANIPOL ™ 2 and 95 wt.% of LDPE.
- 10 wt.% of PANIPOL ™ 2 and 90 wt.% of LDPE.

These blends will be referred to as blends EX5PANIPOL/LDPE and
EX10PANIPOL/LDPE, respectively.
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The extruder consists essentially of afeed hopper, a barrel with two heating zones
and a revolving screw (fig. 5.2). The nomina dimensions of the barrel are 380 mm in
length and 19 mm in internal diameter. The screw, with three sections (fig. 5.2), has a
compression ratio of 4/1 (that is, the relation between the channel depths in the feed and
metering sections, respectively). A flat die for producing films was attached to the end
of the barrel. For the compounding, the two zones of the barrel and the die were heated
at 200°C. The screw speed was set at 20 rpm.

Hopper Screen pack
Thermocouples and
Pellets of breaker plate
the rmaterial Balr.rel Heaters / 3
1 I 1 T .
Serew | L r T . ' 1 Die
drive _\'ﬂ-—ll'vlk L—'t :r—w'—uu-'lb-'l :-1 ..—:‘.:—'k.;—a. 4—\.'\..—\ .—-\vl i Jlllel:’l:d
! Y —
Heaters | Adapter
Sections of the screw:
Mletering
Feed section section
|*~;|—"| “—Compression seu:tion—‘f-‘
\—"‘\-:\'u.‘n— \_- TS T T Serewr
L L P O g WR\NRATR\B\ I\ FR\NRN diarneter

Ditch Channel depth

Figure 5.2. Essential components of the extruder.

Other components of the extruder include the screen pack, the breaker plate and
the adapter. These are situated between the end of the barrel and the die head. The
screen pack is a series of stainless steel screens having a very fine mesh. The screens are
stacked together starting with a coarse screen followed by a finer screen and then a
coarse screen again. These meshes serve primarily as a filter for foreign matter, which
may have got into the extruder. It also increases back pressure in the barrel, which
results in a better homogenisation of the melt. The screen pack is held in place by the
breaker plate, which is a thick metal disc drilled with holes. The adapter joins the die
head to the end of the extruder barrel.

Before compounding, the correct amounts of the as-received materials were mixed
in a plastic bag following the method described in section 5.2.1. Afterwards, the mixture
was fed to the hopper and, within the barrel; this was transported from the hopper to the
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die by the revolving screw. The mixture was melted by the external heat applied to the
barrel and the frictional heat generated by the shear action of the screw. In this way, the
melt was forced at a constant rate through the dlit in the die. The blends were obtained
in the form of thin films cast on a metal chill roll (fig. 5.3). The films were cooled by
contact with the rolls internally cooled by water. From the chill rolls the film was led to
the rubber nip rolls. The chill and nip rolls were rotating at an appropriate speed ratio so
that the nip rolls pull the film from the chill rolls just to maintain a certain tension in the
film. After the nip rolls, the film was led to the winder that rolled it on a core. Films
approximately 45 mm wide and 70 um thick were produced. These were properly stored
in sealed plastic containers to await further experimentation. Batches of 100 g were used

in the preparation of both blends.

Hopper Film
die
Nlp rolls
(_
Estruder O .

Chill rolls

L 1

Figure 5.3. Essential components of the film extrusion unit.

It was observed that the films presented a certain degree of anisotropy. That is, the
PANIPOL ™ phase was preferentially orientated in the extrusion direction. This can be
observed in the samples presented at the end of this section. In the samples, the dark
green regions correspond to the PANIPOL™ phase, whereas the whitish regions
correspond to the LDPE phase.

As can be seen from the samples provided, these display a texture that may
indicate that this compounding technique has potential for in-situ deforming the
polyaniline phase into fibres. However, this would need to be verified by further
microscopic analysis of the films' morphology. The use of this technique, however,
even only as a mere compounding method, would be restricted in that the processing

temperatures would be so high as to cause the PANIPOL™ to lose its intrinsically
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el ectro-conductive properties. For instance, processing a blend of PANIPOL™ and PP
would imply that the extrusion temperatures would have to be set at around 250°C to
allow the PP phase to have the required melt viscosity to flow through the dlit in the die.
As has been seen, for the PANIPOL™ samples, this is the maximum allowable
processing temperature without risk of loss of their intrinsic conducting properties (refer
to section 4.5.1). Moreover, as has been also found, some additives present in the
conductive complexes are affected at temperatures even lower than 250°C (refer to
section 4.5.2).

On the other hand, this technique would be also limited to the type of polymer
matrix. For example, this processing method is not recommended for the particular
grade of SBS used in this work because, as has been observed (refer to section 4.6), this
polymer would display a higher level of viscosity than that of the LDPE at a comparable
temperature. This would imply that, in order to have the required melt viscosity, the
polymer would have to be processed at temperatures well above 200°C. Again, the
properties of PANIPOL™ would be at risk if blends with SBS were intended to be
produced following this compounding method. What is more, processing of this
particular grade of SBSin high shear equipment can cause the temperature to rise, and it
is therefore advisable to avoid temperatures in excess of 225-230°C because of fire risk
[152].

Sample 5.1 Film of blend EX5PANIPOL/LDPE.
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Sample 5.2 Film of blend EX10PANIPOL/LDPE.

5.24MELT MIXING.

The compounding was performed in a two-piece batch mixer mounted on atorque
rheometer instrument (BRABENDER® PLASTI-CORDER® PLE 330). A similar mixer
is presented in fig. 5.4a. PP and SBS were respectively blended with PANIPOL™ 2 at
190 and 130°C, respectively.

The content of PANIPOL™ 2 in the blends were as follows:
- 5wt.% (blends MM5PANIPOL/PP and MM5PANIPOL/SBS).
- 10 wt.% (blends MM 10PANIPOL/PP and MM 10PANIPOL/SBS).
- 15 wt.% (blends MM 15PANIPOL/PP and MM 15PANIPOL/SBYS).
- 50 wt.% (blends MM 50PANIPOL/PP and MM 50PANIPOL/SBS).

The mixer, with a capacity of 60 cm®, consists essentially of two counter-rotating
rotors (roller-blade-type, fig. 5.4b) inside of a double C-shaped mixing chamber (fig.
5.5). The chamber can be closed or opened when required by means of a meta lid
pivoted on one of the mixer pieces. In this way, the lid serves as a ram that forces the
feed into the chamber and that can be removed or raised depending on the specific
compounding stage. Once the mixer is securely mounted on the torque rheometer
instrument, the rotors can be driven at any selected speed. One rotor is driven by the

motor (primary rotor), which turns the second one via connecting gears.
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Figure 5.4. The BRABENDER® batch mixer (a) and rotors (b).

The mixer is heated at the selected compounding temperature by the heat
transferred from the oil flowing through the channels within the metal chamber walls.
The temperature control occurs in the oil bath connected to the mixer and, to monitor
the temperature of the melt, a thermocouple is inserted in the bottom of the chamber.
During compounding, the mixer masticates the materials by the milling action occurring
in the shear gap between the rotor tips and the inner surface of the mixing chamber. In
practice, the mix passes through transitional stages, especially at the beginning of the
mixing operation, and finally becomes a homogeneous material. The torque in the mixer
shows a peak at the start of mixing, then decreases gradually, and finally stabilises. The
torque is generated by shearing and compressing the materials in the space between the
front face of the primary rotor and the inner wall of the mixing chamber. When the

compounding is finished, the mixer is discharged by opening one of its sides.

OPENED CHAWMEEE. CLOSED CHAWEBEE.

Rotor ' Eotor

Mang chamber

Figure 5.5. Essential components of the mixer.

Page 105





CHAPTER 5. Compounding and forming: Preliminaries.

The blending parameters initialy studied were a mixing speed of 10 rpm and a
mixing time of 2 min. The general sequence for preparing the blends is described next.

1. Depending on the materials for blending, the mixing chamber was heated to the
appropriate temperature.

2. As soon as the compounding temperature was reached, the speed of the rotors was
Set at one rpm.

3. The mixing chamber was slowly charged in small increments with the polymer
matrix.

4. The chamber was closed as soon as the feed with the polymer matrix was completed.

5. The torque was monitored and, occasionally, the chamber was opened to observe the
physical state of the material.

6. When the material was in its molten state and the torque was steady, the speed of the
rotors was increased to 10 rpm.

7. The chamber was opened and the PANIPOL ™ complex was added to the melt.

8. The chamber was closed and the compounding was performed for 2 min.

9. After the compounding time elapsed, the mixing chamber was opened and the mixer

was discharged by opening one of its sides.

The materials were used as received and the blends, in the form of a soft paste,
were peeled off the rotors and chamber with the aid of a brass spatula. These were
collected in ametal tray and after cooling down to room temperature they were properly

stored in sealed plastic containers to await further experimentation.

Initialy, three batches of 30 g each were used in the preparation of each of the
blends containing PP. However, it was observed that some of the prepared blends,
especially those with a high content of PANIPOL™ 2, were not homogeneous. That is,
the conductive complex was not well dispersed within the PP phase. The reason for this
is that the shear stresses occurring in the melt required to induce good dispersion were
not high enough because the batch size was not adequate. The batch was too small, thus
resulting in a melt that was flowing slowly between the rotors and the inner walls of the
chamber. Asaresult, it was decided to use batches of different size for the production of
the blends containing SBS. The adequate batch size was estimated using the fill factor
principle. The fill factor (FF) is the fraction of the total volume of the mixing chamber
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that the final fluxed batch should occupy in order to produce a homogeneous blend.
This factor typically ranges from 0.7 to 0.8 [186]. Accordingly, the batch size (BS) was
estimated using the following equation:

BS=(MC)Pgara NFF) ... Eq. 5.1,

where:
MC = mixer capacity = 60 cm® and
PeatcH = density of the final fluxed batch.

To estimate the density of the final fluxed batch, the following rule of mixtures
(Eq. 5.2) was used,

Peatch = (¢PANIPOL)(p PANIPOL) + ( ATRIX)(pMATRIX) ---------- Eq. 5.2,

and the following equations:

@ — VeaniroL Eq. 5.3
PANIPOL v, ixy  ereereenns .5.33,
Veaniror FVuatrix
@ — Viatrx Eq. 5.3b
MATRIX N, ing | eeeeeeeees . 5.3b,
Veanror TVatrix
V _ WL%panp01
PANIPOL — 7 . Eq. 5.4a,
PranipoL
WL\ arrix
Vuatrx =———— .o, Eq. 5.4b,
Puatrix

where:

@panipoL = vVolume fraction of PANIPOL™,

@ wmatrix = Volume fraction of the polymer matrix,
0 panipoL = density of PANIPOL™,

P matrix = density of the polymer matrix,
VpanipoL = volume of PANIPOL™,

Vumatrix = volume of the polymer matrix,
WL.% panipoL = Weight percent of PANIPOL™ in the blend, and
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WL.% matrix = Weight percent of the polymer matrix in the blend.

For the calculations of the batch size, the maximum and minimum values
recommended for the fill factor were used, that is, 0.7 and 0.8. To estimate the density
of the final fluxed batch the density values for PANIPOL™, PP and SBS presented in
chapter 3 were used. The results are presented in Table 5.1. From the results, it can be
seen that the optimum batch size for the blends containing PP should have been at least
38.6 g, which explains why the conductive complex was not well dispersed in the
blends prepared with batches of 30 g. On the other hand, it can be seen that for the
blends containing SBS, the optimum batch size ranges from 39.8 to 48.7 g depending on
the blends' composition. However, for practical reasons batches of 40 g. were used in
the preparation of the blends. In addition, it was considered that working with batches of
40 g would ensure the operation of the instrument within its safety limits, that is, at
torque levels not higher than 50 Nm.

Table 5.1. Optimum batch sizes calculated for blends containing
PANIPOL™, PP and SBS.

BLENDS BATCH SIZES(g)
Fill factor = 0.7 | Fill factor =0.8
MMS5PANIPOL/PP 38.6 4.1
MMB50PANIPOL/PP 41.8 47.8
MM5PANIPOL/SBS 39.8 45.5
MM50PANIPOL/SBS 42.6 48.7

Overall, it was noticed that the dispersion of PANIPOL™ in the blends improved
considerably. However, it was noticed that the blend MM15PANIPOL/SBS was till
showing a poor degree of homogeneity. It was thought that the main reason for this was
that the conductive complex was not being given enough time to mix properly with the
polymer matrix. At this point, it was decided to increase the mixing time to 5 min for
the preparation of blend MM50PANIPOL/SBS. Some improvement was observed.
However, the blend was still lacking the required level of homogeneity. It is believed
that better results would have been obtained if the proper batch sizes had been used in
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the preparation of the blends, that is, average sizes estimated using FF values of 0.7 and
0.8.

During the course of the blending process, it was observed that the torque levels
varied depending on the blend composition and compounding stage. In general, it was
observed that during the addition of PANIPOL™ to the polymer matrix (stage 7 of the
compounding sequence), the torque increased and then gradually decreased until it
reached a stable level (stage 8). To illustrate this variation, Table 5.2 presents the torque
levels before and after the addition of PANIPOL™ to the polymer matrix. In the Table,
stage 6 refers to the compounding stage in which the polymer matrix was already in its
molten sate. As can be seen in Table 5.2, the torque levels for the blends containing PP
are lower than those for the blends with SBS. Thisis mainly because the batches used in
the preparation of the blends were smaller (i.e., 30 g for the blends containing PP in
contrast to 40 g for those with SBS). The level of torque observed for the blend
MMS50PANIPOL/SBS during the stage 8 is higher than that of the blend
MM15PANIPOL/SBS because the conductive complex was given more time to mix
with the polymer matrix. In general, the torque decreased after adding PANIPOL™ to
the polymer matrices mainly because, as pointed out before (refer to chapter 3), this
complex acts as a processing aid in lowering the melt viscosity of the blends.

Table 5.2. Torque levels during the compounding of the blends.

BLENDS TORQUE (Nm)
STAGE6 STAGE 8
MMS5PANIPOL/PP 3 2-3
MM10PANIPOL/PP 3 2-3
MM15PANIPOL/PP 3 2-3
MMS50PANIPOL/PP 2 0
MM5PANIPOL/SBS 34-35 14-25
MM10PANIPOL/SBS 29-32 6-15
MM15PANIPOL/SBS 29-30 0-1
MM50PANIPOL/SBS 15-16 5-6
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With respect to the temperature monitored in the melt during the final
compounding stage (stage 8), an increment of only 1-4°C, with respect to the prefixed
temperature in the mixing chamber, was observed. This was observed in the mgority of
the blends.

Some additional modifications were performed to the compounding sequence,
namely mixing time and speed, respectively. These will be detailed in the relevant
section (chapter 6).

Overal, it was found that this blending technique, compared with the previous

ones, would favour best the compounding due the following reasons:

- The temperature that is required to process a specific polymer matrix is lower than
that required when using the single screw extruder. This broadens the number of
possible systems with which experimentation could be performed without exposing
the PANIPOL™ complex to temperatures that may put at risk its el ectro-conductive
performance. Moreover, when working with a specific system, this aso offers the
possibility of experimenting with different compounding temperatures even though
these are within the allowable processing temperature range for the PANIPOL™

complex.

- Contrasting with the two-roll mill machine, the instrument offers the possibility of
varying the speed of the rotors, which assists in the optimisation of the process. Also,
the special geometry of the rotors provides better dispersion and mixing action.
Moreover, the fina composition of the blends is controlled better because the
possibilities of losing some material during the feed and mixing stages are minimised
because the compounding takes place in an enclosed space, which also promotes a

cleaner process.

5.3 SIZE REDUCTION.

Before subjecting the blends to the forming process, they were granulated
(excepting blend MASPANIPOL/LDPE) using a USI-Cumberland granulating machine
(Model 5X7) with a metal screen plate drilled with holes of ca. 3 mm in diameter. The
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machine (fig. 5.6) consists essentially of three rotary knives inside a special chamber
where stationary knives are mounted.

Rotating Hopper
knife
Rotor
Stationary Stationary
knife knife
Screen plate

Figure 5.6. Diagram of the granulating machine.

Before granulation, the films of blends EX5PANIPOL/LDPE and
EX10PANIPOL/LDPE were cut into shorter sections. During the process, the blends
were collected in a bucket placed beneath the screen plate and afterwards they were

properly stored in sealed plastic containers to await further experimentation.

5.4 FORMING PROCESS.

To promote the in-situ formation of polyaniline fibres in the blends, these were
formed into filaments following a ram extrusion process. The instrument and
accessories used are the ones used in the rheological anaysis performed on the raw
materials (refer to section 4.6), that is, a Davenport extrusion rheometer and a capillary
die 35 mmin length and 0.8 mm in radius.

In order to determine the optimum processing conditions, different piston drive

speeds and temperatures were studied.

The instrument was operated in the same way as in the rheological analysis, that
is, with the capillary die securely attached to its end, the barrel (refer to fig. 4.19 in
section 4.6) was heated to the required temperature. The material was charged into the
barrel once the temperature of the barrel was stable. This operation was performed in

increments and, to minimise air inclusions, each increment was lightly tamped down
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with a metal rod before adding the next portion. Adequate amounts of the material (ca
40 g) to fill the barrel up to about its maximum capacity were used. The piston was
inserted into the barrel by manually winding it down until a slight positive pressure was
shown on the recorder. To ensure that the material reached the extrusion temperature,
this was extruded after being 10 min in the barrel. Lower piston drive speeds were used
at the beginning of the extrusion with increments to the next levels up to the maximum
selected piston drive speed. Each increment was performed after the resultant pressure
at each piston drive speed reached a constant level. To allow the pressure to stabilise,
the material was extruded at each selected piston drive speed for a maximum period of

10 min.

During the extrusion, the piston forced the melt at a constant rate through the
capillary die. After passing through the capillary die, the melt cooled down and
solidified by contact with the surrounding air. The extrudates flowed downwards aided
by gravity and were collected on a metal tray where they coiled themselves and cooled
down to room temperature. Extrudates approximately 1.6 mm in diameter were
produced. These were properly stored in sealed plastic containers to await further

examination.

As mentioned before, different piston drive speeds and temperatures were studied
to determine the optimum processing conditions. The main criterion used was the final
appearance of the extrudates, that is, the quality of the surface finish. During the
process, it was found that there was a correlation between the quality of the extrudates
and the pressure behaviour. In general, it was observed that the poorer the quality the
more erratic behaviour of pressure. In some cases, despite behaving erratically, the
pressure displayed a constant trend with respect to time. This behaviour, also observed
during the extrusion of the samples of PANIPOL™ (refer to fig. 4.20 in section 4.6), is
attributed to the inhomogeneous character of the samples. In some cases, however, even
this constant trend was not displayed. Some additional remarks on the processing of

specific blends are presented next.
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5.4.1 RAM EXTRUSION OF THE BLEND MAS5PANIPOL/LDPE.

This blend was extruded at 120°C and at piston drive speeds (V) ranging from
0.25 to 40 mm/min. The extrudates showed a very poor surface finish with isolated
inclusions of the conductive complex in the bulk. This was observed at al the extrusion
speeds used. However, the quality worsened as the speed was gradually increased. The
resultant pressure displayed very erratic behaviour arising from the high degree of
segregation initially present in the blend, which caused irregular distribution of the
components into the extruder barrel. As aresult, portions of the blend, richer in SBS and
passing through the capillary die generated higher levels of pressure than those
generated by portions richer in PANIPOL™. It was observed, however, that the erratic

behaviour of pressure was most evident at higher V.

542 RAM EXTRUSION OF THE BLENDS EXS5PANIPOL/LDPE AND
EX10PANIPOL/LDPE.

The extrusion was carried out at 120°C and at V ranging from 0.50 to 20 mm/min.
In general, the quality of the extrudates dlightly improved with respect to that of the
extrudates of blend MASPANIPOL/LDPE, indicating that these blends had a higher
degree of homogeneity. However, as observed before, the quality of the extrudates
decreased with the increase of V. Regarding the pressure, it displayed a less erratic
behaviour than that observed during the extrusion of the previous blend. However, this
behaved in a similar manner with respect to V. With respect to the content of
PANIPOL™ in the blends, the extrudates produced from EX5PANIPOL/LDPE were
dlightly better in quality than those produced from EX10PANIPOL/LDPE. To some
extent, the erratic behaviour of pressure was most evident during the extrusion of blend
EX10PANIPOL/LDPE.

543 RAM EXTRUSION OF THE BLENDS RMS5PANIPOL/LDPE AND
RM5PANIPOL/SBS.

The processing conditions were as follows:

- Blend RM5PANIPOL/LDPE. Temperatures. 120, and 150°C. Piston drive speeds:
from 0.5 to 20 mm/min.
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- Blend RM5PANIPOL/SBS. Temperatures. 120 and 150°C. Piston drive speeds. from
0.25 to 30.00 mm/min.

In general, the quality of the extrudates was better than that of the previous ones.
Overdl, the resultant pressure behaved less erratically, remaining constant at lower
piston drive speeds (i.e., 0.25, 0.50 and 1.00 mm/min) and temperatures. The reason for
this is that the homogeneity of the present blends, produced by using the two-roll mill
machine, is considerable higher than that of the previous ones. However, the level of
quality and the behaviour of pressure displayed the same tendency with respect to V as
that displayed during the extrusion of the previous blends. With respect to the
processing temperatures, it was observed that for blend RM5PANIPOL/LDPE dlightly
better results were obtained at 150°C. The worse results were obtained for blend
RM5PANIPOL/SBS extruded at 150°C. The quality of the extrudates of blend
RM5PANIPOL/LDPE processed at 150°C is comparable with that of the extrudates of
blend RM5PANIPOL/SBS processed at 120°C.

5.4.4RAM EXTRUSION OF THE BLENDS PRODUCED BY MELT MIXING.

All the blends were extruded at piston drive speeds ranging from 0.25 to 20

mm/min. The extrusion temperatures were as follows:

- Blends containing PP: 180°C.

- Blend MM5PANIPOL/SBS: 120, 130 and 140°C.
- Blend MM10PANIPOL/SBS: 120 and 150°C.

- Blend MM 15PANIPOL/SBS: 100 and 110°C.

- Blend MM50PANIPOL/SBS: 100 and 120°C.

The quality of the extrudates was generally better than that of the previous ones.
The resultant pressure behaved less erratically and remained constant for the mgjority of
the piston drive speeds. This was observed particularly in the extrudates from the blends
with the lowest content of the conductive complex (i.e., 5 and 10 wt % of PANIPOL™).
This suggested that, compared with the previous compounding methods, the melt
mixing process was best for the production of blends with a higher degree of
homogeneity. As observed during the extrusion of the previous blends, the level of
quality and the behaviour of pressure displayed the same tendency with respect to V. It
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was observed that the quality of the extrudates seemed to decrease with increase of the
content of PANIPOL™. Moreover, some sections of the extrudates, especially those
with the highest content of the conductive complex were very brittle. Thisis because the
blends with the highest content of the conductive complex (i.e., 15 and 50 wt. % of
PANIPOL™) were not homogeneous (the reasons have been aready discussed in
section 5.2.4). In consequence, the erratic behaviour of pressure also increased with
increase of the content of PANIPOL™. In general, concerning the blends containing
SBS, better results were obtained at 120°C. The worse results were obtained for the
blends MM15PANIPOL/SBS and MM50PANIPOL/SBS extruded at 100°C. The
quality of the extrudates of the blends MM5PANIPOL/SBS and MM 10PANIPOL/SBS
processed at 120°C is comparable with that of the extrudates of the blends
MM5PANIPOL/PP and MM 10PANIPOL/PP.

The reader may have noticed a common phenomenon occurring during the
processing of all the blends: The decline in the quality of the extrudates with the
increase of the extrusion speed (V) and corresponding shear rate. This is attributed to
elastic turbulences (i.e., the so-called “melt fracture” phenomenon) occurring in the
flow of the molten blends during processing. This has aso been observed by other
workers (for example Brydson [175] and other researchers cited by him) during the
processing of several types of commercial polymer. Similarly, these researchers aso
noticed that whilst smooth extrudates may be obtained at lower shear rates, above a

critical shear rate the extrudate became uneven.

The mechanisms of melt fracture are not completely understood. However, there
have been many theories proposed (see for example reference 175 and those ones cited
therein). For example, it has been proposed that relaxation of oriented materia leaving
the capillary die caused buckling. In asimilar way, the helical nature of many extrudates
was explained as a result of a fracture propagating circumferentially round the die inlet.
The origin of the fracture was believed to be the result of the stress exceeding the
strength of the melt, which in turn would result from slow relaxation times relative to
the deformation rates. On the other hand, a number of published experimenta results
suggest a fracture mechanism in which long molecular chains, adhered to the wall of the
die, are stressed in an axia direction by entanglement with other molecules flowing

down the capillary. Upon reaching a critical shear stress (and corresponding critical
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shear rate), the drag force on the molecules would exceed the adhesive force between
the molecules and the capillary wall, thus resulting in slippage. Many of these results
could be explained in terms of fracture in the melt very close to the wall where the rate
of shear is high. Other studies suggest that both “inlet fracture” (originating in the die

entry region) and “land fracture” (originating on the die walls or lands) can occur.

Summarizing, the following factors appear to have a clear influence on the quality

of the extrudates:

- The degree of homogeneity in the blends. This was in close relation with the
compounding method used. As already mentioned, extrudates of better quality were
obtained from the blends produced by melt mixing suggesting that, compared with
the other compounding methods studied, the melt mixing process was best for the

production of blends with a higher degree of homogeneity.

- Extrusion speed. Whilst smooth extrudates were obtained at lower shear rates, above
a certain critical shear rate (i.e., ca 29.53 s?, V = 2.5 mm/min) the extrudates started
to become uneven. The phenomenon is attributed to melt fracture occurring in the

flow of the molten blends during processing.

- Extrusion temperature. This seemed to relate to the polymer matrix in the blends. For
the blends containing LDPE, better results were obtained at 150°C whereas for the
blends containing SBS the optimum temperature appeared to be 120°C. Good quality

extrudates were also obtained at 180°C from the blends containing PP.

5.5MORPHOLOGICAL ANALYSIS

This section is concerned with the morphological analysis performed on the
extrudates produced from the blends (except those produced from blend
MASPANIPOL/LDPE). Throughout the text, the extrudates will be referred to in
accordance with the nomenclature used for the blends from which they were produced.
For the purpose of experimental convenience, the analysis was carried out using an
optical microscope (Reichert Microstar 110) and concentrated on the extrudates that had
a better surface appearance. For this, thin sections (ca. 100 um thick) were cut parallel

and transverse to the extrusion direction using a scalpel and a pair of tweezers with
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smooth inside jaws. Short segments of the extrudates (ca. 3.0 mm long) were placed on
a glass dide and between the tweezers jaws. The sectioning was slowly performed,
simultaneously applying pressure on the samples by the tweezers' jaws (fig. 5.7). The
sections paralel to the extrusion direction were obtained from regions as close as
possible to the centre of the specimens (fig. 5.7). A magnifying glass was used to assist
in the operations above described.

@ Cuting ) Cutting

directio djrectionl
Pressure

=
>
i "1/

Glass slide Extrudate  Glass slide

Figure 5.7. Diagram showing the sectioning of the extrudates parallel (a) and transverse
(b) to the extrusion direction.

Tweezers

Presszure Pressure
—_—

For the analysis, the sections were mounted on a glass slide and, depending on
their opacity, they were examined using transmitted or incident light, or both. The
results from the analysis as well as some additional comments on specific extrudates are
presented in the next sections.

5.5.1 EXTRUDATES RM5PANIPOL/LDPE AND RM5PANIPOL/SBS.

From the extrudates RM5PANIPOL /L DPE, those produced at 0.5 (120°C) and 1.0
(150°C) mm/min were selected for the analysis. The analysis was performed using
transmitted light and the results are presented in figure 5.8 that shows, from left to right,
the longitudinal and transverse sections of each extrudate. For the longitudinal sections,
the arrow in the figures represents the extrusion direction (this symbol will be used in
the subsequent figures of this section unless otherwise stated). In the figures some dark
regions can be seen near to the edge of the specimens (or those like the encircled areas),

which are due to high opacity resulting from irregular thickness. However, mostly of the
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dark regions in the illustrations correspond to the PANIPOL phase. On the other hand,
the whitish regions correspond to the LDPE phase.

i, @

500 pm

Figure 5.8. Transmitted light optical micrographs of longitudinal and transverse sections
of extrudates RM5PANIPOL/LDPE produced at 120°C, 0.5 mm/min (a) and 150°C, 1.0
mm/min (b).

Comparing the longitudinal and transverse sections presented in figure 5.8, some
anisotropy can be observed in the morphology. That is, the PANIPOL phase seemsto be
preferentially oriented in the extrusion direction. However, the presence of uniform
elongated structures of PANIPOL is not clearly observed. Instead, segregated features
showing some degree of orientation are abundant. The presence of irregular-shaped
featuresis also observed. All thisis better exemplified in figure 5.9 that shows the same
longitudinal sections presented in fig. 5.8 but examined at a higher magnification. In
figure 5.9, the areas encircled in red show sections of the specimens with features
showing a certain degree of orientation. On the other hand, the regions encircled in
yellow exemplify areas with irregular-shaped features. Again, the dark sections near to
the edges of the specimens are the result of irregular thickness. In the figures, the lines

perpendicular to the extrusion direction are due to cutting artifacts.

< 300 pm (5))
Figure 5.9. Asinfig. 5.8 but at a higher magnification. Longitudinal sections.
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As can be noticed from the previous figures, no significant differences are
observed in the morphology of the specimens with respect to the extrusion temperature.

With respect to the extrudates RM5PANIPOL/SBS, the analysis was carried out
on the extrudates produced at 0.5 mm/min. The anaysis was performed using
transmitted light and the results are presented in figures 5.10 and 5.11. As in the
previous figures, irregularities in the thickness of the sections (especialy near to the
edge of the longitudinal sections, fig. 5.10a) resulted in some areas showing a high
degree of opacity, causing them to appear as dark regions in the photographs. Some of
these areas are encircled in fig. 5.10. Most of the dark regions, however, correspond to
the PANIPOL phase. On the other hand, the whitish regions represent the SBS phase.

(a)

(b)

500 pm < 300 pm

Figure 5.10. Transmitted light optical micrographs of longitudinal and transverse
sections of extrudates RM5PANIPOL/SBS produced at 0.5 mm/min and 120 (a) and
150°C (b).

As in the previous extrudates, by comparing the longitudinal and transverse
sections presented in fig. 5.10, it is possible to notice anisotropy in the observed
morphology. This is observed better in figure 5.11 that corresponds to the longitudinal

sections of the extrudates presented in fig. 5.10, but examined at a higher magnification.

<4———  300um (@) «————— 30um ()
Figure5.11. Asinfig. 5.10 but at a higher magnification. Longitudinal sections.
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In figure 5.11, it can be noticed that the PANIPOL phase is preferentially oriented
in the extrusion direction. However, as in the extrudates RM5PANIPOL/LDPE, the
presence of uniform elongated structures of PANIPOL is not clearly observed. The
presence of features orientated in the extrusion direction are, however, more abundant in
the extrudates RM5PANIPOL/SBS than in the previous ones. Considering that these
extrudates have the same content of PANIPOL and comparable processing history,
these observations suggest that the SBS, apparently, would best favour the in-situ
formation of polyaniline fibres in the extrudates, providing that the processing
conditions and composition are successfully optimised. Again, the dark sections near to
the edges of the specimens (as the one encircled in fig. 5.11a) are the result of irregular
thickness. On the other hand, the lines perpendicular or oblique to the extrusion
direction are cutting artifacts. As in the previous extrudates, no significant differences
are observed in the morphology of the specimens with respect to the extrusion

temperature.

5.5.2 EXTRUDATES EX5PANIPOL/LDPE AND EX10PANIPOL/LDPE.

Extrudates produced at 0.5 mm/min were selected for the analysis. These were
examined using transmitted light and the results are presented in figures 5.12 and 5.13.
As in the previous specimens, irregularities in the thickness resulted in some opague
areas (as the ones encircled in red in the figures). However, most of the observed dark
features correspond to the PANIPOL phase. On the other hand, the whitish regions
correspond to the LDPE phase. As in the previous extrudates, even when the PANIPOL
phase in EX5PANIPOL/LDPE (figs. 5.12a and 5.13) is preferentially oriented in the
extrusion direction, the presence of uniform elongated structuresis not clearly observed.
Instead, segregated features with some degree of orientation are most evident. For
example, notice the features indicated by the white arrows in fig. 5.13. Regarding the
extrudate EX10PANIPOL/LDPE (fig. 5.12b), two types of morphologies are clearly
observed, one in which the PANIPOL phase seems to be arranged as radially expanding
concentric rings (transverse section), and another one with the already observed
conductive phase oriented in the extrusion direction (longitudinal section). This
morphology, aso observed in some of the previous extrudates (e.g.,
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RM5PANIPOL/LDPE, fig. 5.8b), suggests that during the forming process, the
PANIPOL phase is aranged in radidly expanding concentric tubular-like

configurations oriented in the extrusion direction. The observed morphology thus

suggests that the elongated features in the longitudinal section are the edges of

longitudinally sectioned tubular structures, whereas the rings in the transverse section

are the rims of these structures transversely sectioned (fig. 5.14).

<

500 pm

500pm

Figure 5.12. Transmitted light optical micrographs of longitudinal and transverse
sections of extrudates EX5PANIPOL/LDPE (a) and EX10PANIPOL/LDPE (b)

produced at 120°C and 0.5 mm/min.

300 pm

Figure 5.13. Asinfig. 5.12a but at a higher magnification. Longitudinal section.
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Figure 5.14. Schematic representation of the PANIPOL phase in the extrudates,
arranged in concentric tubular-like configurations as a result of the forming process.

As can be seen, the oriented structures in the extrusion direction are more
abundant in EX10PANIPOL/LDPE than in EX5PANIPOL/LDPE. Moreover, oriented
features with a high degree of uniformity can be observed in EX10PANIPOL/LDPE
(notice the areas encircled in yellow in fig. 5.12b). All this is the result of a higher
content of PANIPOL in the extrudate. In the micrographs, some lines perpendicular or

oblique to the extrusion direction may be noticed. Again, these are cutting artifacts.

55.3 EXTRUDATES MMPANIPOL/SBS.

Extrudates, respectively produced a 125 mm/min  and 120°C
(MM 10PANIPOL/SBS and MM50PANIPOL/SBS) and 110°C (MM 15PANIPOL/SBS),
were selected for the analysis. MM 10PANIPOL/SBS and MM 15PANIPOL/SBS were
examined using transmitted light, whereas for MM50PANIPOL/SBS the analysis was
performed using incident light. The results are presented in figures 5.15 to 5.18. As can
be noticed, some areas in some of the photographs are blurred (or extremely bright, fig.

5.18) indicating that those areas in the sections (some of them encircled in red) were out
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of focus during the analysis. Again, this is the result of irregular thickness. As in the
previous micrographs, cutting artefacts are also observed.

Observing the longitudinal and transverse sections of MM 10PANIPOL/SBS (fig.
5.15), a similar morphology to that observed in EX10PANIPOL/LDPE (fig. 5.12b) can
be noticed. The PANIPOL phase is preferentially oriented in the extrusion direction
(longitudinal section) and arranged as concentric rings in the transverse section. This
suggests again that, during the forming process, the PANIPOL phase is arranged in
radially expanding concentric tubular-like configurations oriented in the extrusion
direction. However, it is interesting to notice that the longitudinal section in figure 5.15
also shows elongated features, with a considerable degree of uniformity, oriented in the
extrusion direction and embedded in less dark cloud-like regions (e.g., notice the areas
encircled in yellow). In addition, some isolated elongated features (indicated by the
arrows in yellow) can also be observed.

< 300 m

Figure 5.15. Transmitted light optical micrographs of longitudinal and transverse
sections of extrudate MM 10PANIPOL/SBS produced at 120°C and 1.25 mm/min.

Regarding the transverse section of MM10PANIPOL/SBS, this shows a similar
morphology of cloud-like regions. However, contrasting with the elongated features
observed in the longitudinal section, these regions are abundant in small round features
(e.g., notice the small dark dots in the areas encircled in yellow). This morphology, aso
observed in the extrudates RM5PANIPOL/SBS (fig. 5.10), resembles that observed in
the granules of PANIPOL (refer to fig. 4.33d in section 4.8.1) in which the polyaniline
particles (the dark features) are surrounded by a continuous phase (the Zn salt of DBS,

Page 123





CHAPTER 5. Compounding and forming: Preliminaries.

possibly together with other kind of additives). It is therefore believed that the elongated
features oriented in the extrusion direction may correspond to clusters of polyaniline
particles deformed into elongated domains (perhaps fibres) by the action of the SBS. On
the other hand, the small round features observed in the transverse section may
correspond to the ends of the elongated domains of polyaniline. The less dark cloud-like
regions surrounding the features in both the longitudinal and transverse sections, may
correspond to the Zn salt of DBS (possibly together with other kind of additives).

The presence of elongated domains of polyaniline in the extrusion direction is also
evident in the extrudate MM 15PANIPOL/SBS (fig. 5.16). In figure 5.16, the elongated
features are more abundant than in MM 10PANIPOL/SBS due to the higher content of
PANIPOL.

« 300 Lm

Figure 5.16. Transmitted light optical micrographs of longitudinal and transverse
sections of extrudate MM 15PANIPOL/SBS produced at 110°C and 1.25 mm/min.

As observed in the previous extrudates, the PANIPOL phase tended to arrange in
radially expanding concentric tubular-like configurations oriented in the extrusion
direction. Figure 5.17, which corresponds to the same longitudinal section showed in
fig. 5.16 but examined at a higher magnification, shows better the presence of elongated
domains of polyaniline displaying a reasonable degree of uniformity. A high degree of
continuity can also be observed in the features (e.g., notice that indicated by the yellow
arrows). However, whether this is genuine is arguable as the sections were considerable
thick for the analysis, and the observed continuity may be a visual effect due to the
overlapping of various elongated features. Asin the previous extrudates, some irregular-
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shaped domains of polyaniline were also observed in the longitudina section (some of

them indicated by the arrows in red).

Figure 5.17. Transmitted light optical micrograph of the longitudinal section of
extrudate MM 15PANIPOL/SBS produced at 110°C and 1.25 mm/min.

With respect to the extrudate MM50PANIPOL/SBS, the analysis was performed
using incident light because the sections were extremely opaque. This, mostly due to the
higher content of PANIPOL in the extrudate (50 wt.%), also impeded, to some extent,
the production of proper sections as the specimens were very brittle. Nevertheless, some
morphological information (topographical) was obtained and the results are presented in
figure 5.18. By comparing the longitudinal and transverse sections presented in the
figure, anisotropy can be observed in the morphology of the extrudate. For example,
notice the elongated features (some of them indicated by yellow arrows in the
longitudinal section) aligned paralel to the extrusion direction and absent in the
transverse section. Through this analysis, it is difficult to be certain about the nature of
the observed features, which look like micro-cracks on the surface of the longitudinal
section. However, considering the morphologies previously observed in this section, it
is very likely that they resulted from the orientation of the polyaniline phase in the
extrusion direction.
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Figure 5.18. Incident light optical micrographs of longitudinal and transverse sections of
extrudate MM 50PANIPOL/SBS produced at 120°C and 1.25 mm/min.

554 EXTRUDATES MM PANIPOL/PP.

Extrudates, respectively produced at 0.50 (MMS5PANIPOL/PP) and 0.25
(MM15PANIPOL/PP and MMS50PANIPOL/PP) mm/min, were selected for the
analysis. MM5PANIPOL/PP was examined using both transmitted and incident light,
whereas MMI15PANIPOL/PP and MM50PANIPOL/PP were examined using
transmitted and incident light, respectively. The results are presented in figures 5.19 to
5.21. In the transmitted light micrograph (fig. 5.20), the PANIPOL phase corresponds to
the dark regions, whereas the whitish regions correspond to the PP phase. Cutting
artifacts can also be observed corresponding to the lines perpendicular to the extrusion
direction (or oblique) and the straight onesin the transverse sections.

With respect to the extrudate MM5PANIPOL/PP (fig. 5.19), the longitudinal
section shows two regions of interest. A very thick one (encircled in red), which did not
allow the light to pass through and from which topographical information was only
obtained; and another one (encircled in yellow), which was thinner and allowed an
examination through the bulk of the specimen. As observed, the morphology displayed
in the first of these regions is, to some extent, similar to that observed in a previous
extrudate (i.e., fig. 5.18). For example, notice some very fine lines (looking like micro-
cracks) paralel to the extrusion direction (indicated by the red arrows). On the other
hand, in those areas in which the light could pass through, some dark features (the

polyaniline phase), elongated and aligned parallel to the extrusion direction, can aso be
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observed. Although these features do not seem to show continuity, these suggest that the
polyaniline phase is preferentially oriented in the extrusion direction as a result of the
action of the PP phase. This concept is reinforced by the morphology observed in the
area encircled in red. Regarding the transverse section, the specimen was too thick and
only irregular-shaped domains of polyaniline were observed on the surface of the
specimen. Some of them, aso present in the longitudinal section, are indicated by the

white arrowsin fig. 5.19.

300 m

Figure 5.19. Optical micrographs of longitudinal and transverse sections of extrudate
MMS5PANIPOL/PP produced at 0.50 mm/min and 180°C, and examined using incident
and transmitted light.

The presence of elongated domains of polyaniline in the extrusion direction is aso
evident in the extrudate MM 15PANIPOL/PP (fig. 5.20). In figure 5.20, the elongated
features (some of them indicated by red arrows) seem to be more abundant than in
MMS5PANIPOL/PP. This is expected, as the content of PANIPOL in
MM15PANIPOL/PP is higher. However, compared with MM15PANIPOL/SBS (fig.
5.16), the elongated domains of polyaniline in MM15PANIPOL/PP seem to be less
uniform and barely show any sign of continuity. Once again, considering that these
extrudates have the same content of PANIPOL and comparable processing history (i.e.,
same compounding method and low extrusion speeds), these observations suggest that
the SBS, apparently, would best favour the in-situ formation of polyaniline fibresin the
extrudates. As in previous extrudates, some irregular-shaped domains of polyaniline

(indicated by yellow arrows) were also observed.
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< 300pm

Figure 5.20. Optical micrographs of longitudinal and transverse sections of extrudate
MM 15PANIPOL/PP produced at 0.25 mm/min and 180°C, and examined using
transmitted light.

Concerning the transverse section of MM15PANIPOL/PP, the specimen was
extremely thick and mostly dark irregular-shaped features (not necessarily
corresponding to the PANIPOL phase) were observed. As in previous extrudates (e.g.,
figs. 5.15 and 5.16), the less dark cloud-like regions surrounding the features in the
longitudinal section, may correspond to the Zn salt of DBS, possibly together with other
kind of additives. In figure 5.20, the white wedge-shaped area encircled in red is an
incision accidentally made on the specimen that caused the observed small section to
detach partially and misalign with respect to the rest of the specimen.

< 300 m

Figure 5.21. Optical micrographs of longitudinal and transverse sections of extrudate
MM50PANIPOL/PP produced at 0.25 mm/min and 180°C, and examined using incident
light.
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Regarding the extrudate MMS50PANIPOL/PP (fig. 5.21), the sections were
extremely opague mainly because of the high content of PANIPOL (50 wt.%) in the
specimens. However, as in the longitudinal section of MM50PANIPOL/SBS (fig. 5.18),
some elongated features aligned parallel to the extrusion direction could be observed.
Again, itisvery likely that these features resulted from the orientation of the polyaniline
phase in the extrusion direction. The transverse section did not provide any relevant

morphological information because it was extremely dark and opaque.

In summary, the micrographs presented in this section may have not been entirely
clear, perhaps because the technique used to produce the sections for the analysis was
not accurate. However, they provided a valuable first insight of the morphology of the
extrudates, and at the same time, assisted in the process of searching for the most
suitable polymer matrix to use in this work. Accordingly, the following main points can

be established as aresult of the present analysis:

- The PANIPOL phase preferentially oriented in the extrusion direction during the

forming process.

The polyaniline phase, deformed into elongated domains by the carrying action
of the polymer matrix, preferentially oriented in the extrusion direction. These
structures displayed a reasonable degree of uniformity, and in some cases, signs of

continuity were also observed.

- The presence of uniform and continuous elongated domains of polyaniline was
most evident in extrudates containing 15 wt.% of PANIPOL and in those in which

the polymer matrix was SBS.

- The extrusion temperature did not affect (apparently) the morphology of the

examined extrudates.

5.6 CONCLUSIONS.

Compared with the other compounding methods studied, melt mixing in a batch
mixer was the most favourable technique because the temperatures required to process a
specific polymer matrix are lower, which broadens the number of possible systems with

which experimentation could be performed without exposing PANIPOL to temperatures
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that may put at risk its electro-conductive performance. Moreover, the batch mixer
offers the possihility of varying the speed of the rotors, which assists in the optimisation
of the process. The special geometry of the rotors also provides better dispersion and
mixing action, which favour the production of blends with a higher degree of
homogeneity. In addition, the final composition of the blends is better controlled
because the possibilities of losing material during the feed and mixing stages are
minimised because the compounding takes place in an enclosed space, which also
promotes a cleaner process.

The degree of homogeneity in the blends together with the extrusion speed and
temperature had a clear influence on the quality of the extrudates. In general, extrudates
of better quality were obtained from blends with a higher degree of homogeneity and at
extrusion speeds below 2.5 mm/min. Above this speed, the extrudates started to become
uneven due to melt fracture occurring in the flow of the molten blends during
processing. The optimum extrusion temperature seemed to be related to the polymer
matrix in the blends. For the blends containing LDPE, better results were obtained at
150°C whereas for the blends containing SBS the optimum temperature appeared to be
120°C. Good quality extrudates were also obtained at 180°C from the blends containing
PP.

The results from the morphological analysis performed on the extrudates revealed
that the polyaniline phase, deformed into elongated domains by the carrying action of
the polymer matrix, was preferentially oriented in the extrusion direction. These
structures displayed a reasonable degree of uniformity, and in some cases, signs of
continuity were also observed. The presence of uniform and continuous elongated
domains of polyaniline was most evident in extrudates containing 15 wt.% of PANIPOL
and in those in which the polymer matrix was SBS. On the other hand, the extrusion

temperature did not appear to affect the morphology of the examined extrudates.
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CHAPTER 6. Compounding: Production of PANIPOL™-SBS blends.

“Reason, Observation, and
Experience—the Holy Trinity of Science”.

Robert G. Ingersoll (1833—-1899), U.S. lawyer.
The Gods.

CHAPTER 6
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6.1 INTRODUCTION.

As has been seen, preliminary results suggested that melt mixing in a batch mixer
(section 5.2.4) was the most favourable technique to incorporate the PANIPOL™
complex with the polymer matrices. Consequently, this chapter describes the
modifications performed to this compounding method in order to enhance the level of
homogeneity in the blends. As also seen, preliminary results from the morphological
analyses revealed that the polyaniline phase can deform under favourable conditions
into uniform and continuous elongated domains, preferentially oriented in the extrusion
direction, in extrudates in which the polymer matrix was SBS (section 5.5.3). As a
result, the research concentrates now on the system PANIPOL ™2-SBS. In order to
investigate the behaviour of the conductivity with respect to composition, electrical
resistance measurements were performed on blends containing 5, 10, 15, 20, 35 and 50
weight percent of the conductive complex. The experiments are also detailed here in the
relevant section. Finally, the morphology of the blends was analysed following different
microscopy techniques. Asin all the experimental methods described in this chapter, a
general account of the details of each technique employed will be presented followed by
the results following from them. Genera conclusions are also presented at the end of the
chapter.

6.2 BLENDS PREPARATION.

The compounding was performed using the batch mixer described in section 5.2.4
at 130°C. The modifications performed to the compounding method to enhance the
homogeneity of the blends included:

- Speed of the rotors during the feed of the polymer matrix (stage 2). This was set at 2

rpm.
- Compounding speed (stage 6). The speed of the rotors was set at 15 rpm.
- Compounding time (stage 8). The compounding was carried out for 5 min.

The rest of the compounding sequence was the same. For information on the

details, the reader is invited to consult the original sequence described in section 5.2.4.
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On the other hand, the nomenclature used to identify the blends is indicated in Table
6.1.
Table 6.1. Nomenclature used for the PANIPOL ™2-SBS blends.

wt.% of PANIPOL ™ Nomenclature
5 5PANIPOL/SBS
10 10PANIPOL/SBS
15 15PANIPOL/SBS
20 20PANIPOL/SBS
35 35PANIPOL/SBS
50 50PANIPOL/SBS

Again, for practical and safety reasons, three batches of 40 g each were used in the
preparation of each blend. The raw materials were used as received and the blends
produced were properly stored to await further experimentation.

The dispersion of PANIPOL™ in the blends improved considerably due to the
increase of the shear stresses occurring in the melt, which resulted from the increase of
the rotors' speed. In addition, the conductive complex was given more time to mix
properly with the polymer matrix. All this was reflected in the increase of the torque
during the production of the blends (Table 6.2).

Table 6.2. Torque levels during the production of the blends.

BLENDS TORQUE (Nm)
STAGE6 STAGE 8
5PANIPOL/SBS 37-39 29-31
10PANIPOL/SBS 34-36 27-29
15PANIPOL/SBS 32-34 22-24
20PANIPOL/SBS 30-33 18-20
35PANIPOL/SBS 23-26 14-16
S0PANIPOL/SBS 14-17 13-16

As can be seen in Table 6.2, the torque levels during the preparation of the blends
were higher than those observed when lower compounding speed and time,
respectively, were used to prepare blends of comparable compositions and batch sizes

(Table 5.2 in chapter 5). Again, stage 6 in Table 6.2 refers to the compounding stage in
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which only the polymer matrix, already in its molten sate, was into the mixing chamber.
On the other hand, stage 8 refers to the stage in which the compounding was actually
taking place. As previously observed, the torque decreased after adding PANIPOL™ to
the polymer matrices because this complex is less viscous than SBS and also acts as a

processing aid in lowering the melt viscosity of the blends.

Table 6.2 also shows that the torque levels decreased with the increase of the
conductive complex in the blends, the main reason being that the blends were becoming
less viscous with the increase in PANIPOL™ content. On the other hand, since batches
of the same size (i.e., 40 g) were used in the preparation of all the blends regardless of
their composition, which is not strictly correct, it is likely that the homogeneity degree
of the blends also decreased with the increase of the PANIPOL™ content. As has
already been explained, the batch size is a function of the blend composition (refer to
section 5.2.4), which can be estimated by using the fill factor principle [186]. To
illustrate this, Table 6.3 presents the optimum batch size corresponding to each blend,
which was calculated by using the maximum and minimum values recommended for the
fill factor, equations 5.1 to 5.4 (from section 5.2.4) and the density values for
PANIPOL™ and SBS (refer to chapter 3).

Table 6.3. Optimum batch sizes calculated for the blends PANIPOL ™-SBS.

BLENDS BATCH SIZES(g)
Fill factor = 0.7 | Fill factor =0.8
5PANIPOL/SBS 39.77 45.45
10PANIPOL/SBS 40.06 45.79
15PANIPOL/SBS 40.36 46.13
20PANIPOL/SBS 40.66 46.47
35PANIPOL/SBS 41.60 47.54
50PANIPOL/SBS 42.58 48.66

As can be seen in Table 6.3, the optimum batch size corresponding to each blend

should increase with the increase of PANIPOL ™

in the blends. In consequence, the
torque levels that would be generated by using the correct batch size would be higher

than those presented in Table 6.2 (stage 8). Again, as has already been mentioned
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before, batches of 40 g were used in the preparation of al the blends due to practical
and safety reasons.

The temperature of the melt during the final compounding stage (stage 8)
increased with respect to the temperature originally set for the mixing chamber (130°C).
The increment of temperature (AT) varied. Thisis presented for each blend in Table 6.4.

Table 6.4. Increment of temperature (AT) of the blends
during the final compounding stage.

BLENDS AT (°C)
5PANIPOL/SBS 16-24
10PANIPOL/SBS 13-16
15PANIPOL/SBS 11-16
20PANIPOL/SBS 3-15
35PANIPOL/SBS 5-8
50PANIPOL/SBS 9-10

As can be seen in Table 6.4, the increment of temperature was higher than that
observed (1-4°C, section 5.2.4) when lower compounding speed and time, respectively,
were used. Thisis due to the increase of the frictional heat generated by the shear action
of the rotors because of the increase of their rotational speed. Table 6.4 also shows that
AT tended to decrease with the increase of the conductive complex in the blends, which

is expected as the torque levels al'so decreased in the same manner (refer to Table 6.2).

6.3 CONDUCTIVITY MEASUREMENTS.

As pointed out before, these experiments were carried out to investigate the
behaviour of the conductivity with respect to the content of the conductive complex in
the blends. At the same time, the results were meant to provide reference data with
which compare the results from the measurements on the extruded blends in order to
observe the effect of the processing history on their level of conductivity. This will be
dealt with in chapter 7.

For the measurements, the prepared blends were compression moulded into flat
plagues of about 1 mm thick using a high temperature constant thickness film maker
(GRASEBY SPECAC). About 0.3 g of the blends were placed between the preheated
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plates of the press. The moulding was performed at 120°C and at a pressure of about 25
x 10° N/m? for 5 min. Three plagues were produced for each blend. The volume
conductivity for each blend was evaluated at room temperature on five to ten specimens
cut at random from their respective plagues. Specimens about 2.5 mm long, 2.0 mm
wide and 1.00 mm thick were tested. For the conductivity evaluations, the specimens
electrical resistance was measured using the same instrument (i.e., Keithley 614
electrometer), auxiliary equipment and method described in section 4.7. Assuming that
the resistance readings were performed in an ohmic regime [179,181], the volume
conductivity was calculated in accordance with the diagram shown in fig. 6.1 and using

the following equation:

where:

o = specimen volume conductivity,
| = specimen length,

A = specimen cross sectional area,
R = measured volume resistance,

a = specimen width, and

b = specimen thickness.

Compression
direction
A
a EEEEEEEEEEEEREEERE)R l1 |dil’€CtiOn
4
T
b
v
< >
Compression
direction

Figure 6.1. Diagram exemplifying the specimen dimensions. | = current,
| = specimen length, a = specimen width, b = specimen thickness.
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For the experiments, ten specimens of blends S5PANIPOL/SBS and
10PANIPOL/SBS were tested. However, seven specimens corresponding to blend
S5PANIPOL/SBS showed resistance levels above 200 GQ, which is the maximum
reading achievable by the electrometer. The same occurred in two of the specimens of
blend 10PANIPOL/SBS. Consequently, for the calculations, a value of 200 GQ was
taken as the estimated resistance of these specimens. On the other hand, for the blends
15PANIPOL/SBS and 20PANIPOL/SBS, eight specimens were evaluated which
showed resistance levels within the range of resistances that the electrometer could
measure. With respect to the blends 35PANIPOL/SBS and 50PANIPOL/SBS, only five
specimens were tested as no significant scatter was observed in the results. The results
of the calculations are presented in Table 6.5. The reader should therefore note that the
average conductivity values presented for blends 5PANIPOL/SBS and
10PANIPOL/SBS are only approximations, and that the conductivity levels are
overestimated, although not to a significant extent. On the other hand, the scatter
observed in the conductivity levels corresponding to all the blends is most probably due
to some degree of inhomogeneity in the composition of the blends.

Table 6.5. Results of the volume conductivity measurements on the PANIPOL ™-
SBS blends.

BLEND 5PANIPOL/SBS
Specimen | a(mm) | b(mm) | I (mm) | R(GQ) o (S/cm) Log o
1 0.75 1.90 1.41 74.8 1.32x10" | _9s88
1.09 1.33 1.06 842 | 868x10 | _1006
0.80 1.45 1.42 81.4 1.50x 10" | .98
1.12 1.29 1.90 | >200 |[<658x10 | -1018
1.13 1.25 116 | >200 |<4.11x10™ | _10.39
1.23 1.31 116 | >200 [<3.60x10" | .1044
1.05 1.01 1.24 | >200 |<585x10™ | _10.23
0.74 0.95 104 | >200 |<7.40x107| _10.13
0.67 1.03 143 | >200 |[<1.04x10™ | _10.08
10 1.02 0.98 144 | >200 [<7.20x10" | _10.14
Average o= 7.27 x 10 S/cm, Standard deviation of Log o= 0.33

OO N|O| 0B WIDN
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Table 6.5. (Continued).

BLEND 10PANIPOL/SBS

Specimen | a(mm) | b (mm) | | (mm) | R(MQ) o (S/cm) Log o
1 1.14 1.97 2.03 50.0 1.81x 10 6.74
2 1.16 1.95 | 2.00 24.1 3.67 x10” -6.44
3 1.18 1.81 | 2.44 0.398 2.87 x 10” 454
4 1.14 1.29 | 218 13.6 1.10x 10° _5.96
5 1.12 2.30 222 | >2x10° | <431x107 | .10.37
6 1.12 1.28 246 | >2x10° | <858x10™ | .10.07
7 1.17 140 | 177 100.5 1.10x 10" -6.96
8 1.15 119 | 1.57 9.63 1.19x 10° _5.03
9 1.16 111 | 175 4.3 3.16x 10° 550
10 0.77 1.06 | 1.19 85.5 1.71x 10" 6.77

Average g = 3.50 x 10° S/cm, Standard deviation of Log o= 1.88

BLEND 15PANIPOL/SBS

Specimen | a(mm) | b (mm) | | (mm) | R (kQ) o (S/cm) Log o
1 1.48 201 | 214 | 1.04x10°| 6.92x10° 5.16
2 1.42 203 | 226 133.1 5.89x 10° 4.23
3 1.31 1.95 2.13 415 2.01x 10” 470
4 1.46 1.89 | 2.08 67.1 1.12x 10 -3.05
5 1.49 1.91 | 219 121.6 6.33x 10° _4.20
6 1.01 144 | 249 |291x10° | 588x10° 523
7 1.57 200 | 211 92.0 7.30x 10° 414
8 1.06 1.52 222 |358x10° | 3.85x 10" 6.42

Average o= 4.26 x 10° S/cm, Standard deviation of Log o= 0.83

BLEND 20PANIPOL/SBS

Specimen | a(mm) | b (mm) | | (mm) | R (kQ) o (S/cm) Log o
1 0.90 206 | 278 103.0 1.46 x 10 3.84
2 1.05 1.89 2.87 73.4 1.97 x 10* 371
3 0.90 1.94 | 235 171.4 7.85x 10” 411
4 1.02 1.94 | 2.34 50.0 2.37x 10* -3.63
5 0.95 1.95 | 2.23 18.3 6.58 x 10 318
6 1.00 1.89 | 1.93 538.0 1.90 x 10” 472
7 1.03 204 | 212 40.6 2.49 x 10 -3.60
8 1.00 2.11 2.26 111.4 9.62x 10 402

Average o= 2.10 x 10* S/cm, Standard deviation of Log o= 0.45
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Table 6.5. (Continued).
BLEND 35PANIPOL/SBS

Specimen | a(mm) | b(mm) (| (mm) | R(kQ) | o(S/cm) Logo
1 1.27 1.80 207 | 218 | 415x10" | .338
1.32 1.82 222 | 576 | 1.60x10° | .280
1.23 168 | 241 | 916.0 | 1.27x10° | _4.90
1.33 175 | 210 | 368 | 245x10° | _361
1.29 1.79 222 | 253 | 380x10" | -342

Average o= 5.32 x 10* S/cm, Standard deviation of Log o= 0.78
BLEND 50PANIPOL/SBS

gl | wWN

Specimen | a(mm) | b(mm) [ (mm) | R(kQ) | o(Slcm) Log o
1 1.37 1.67 1.94 404 | 210x10° | _368
1.38 163 | 212 535 | 1.76x10° | _27s
1.40 1.54 2.03 782 [ 120x10° | _392
1.40 156 | 213 | 921 [106x10°| _ogg
1.35 164 | 236 | 1629 | 654x10" | _31g
Average o = 7.61 x 10 S/cm, Standard deviation of Log o= 0.49

g | WIN

The average volume conductivity versus PANIPOL™ 2 content in the blends is
presented in figure 6.2 together with the rest of the experimental results. In the same
way, for comparison purposes, the volume conductivity of the SBS (refer to section
3.3.1) and PANIPOL™ 2 pellets (refer to section 4.7) is also respectively presented as 0
and 100 wt.% of PANIPOL™ in the blends. In principle, the conductivity of both
materials (SBS and PANIPOL pellets) should have been evaluated on specimens
subjected to the same processing history to which the specimens of the blends were
subjected. Although this is not strictly the case, the levels of conductivity presented for
these two materials should not differ significantly from the levels that would be
measured on specimens comparable to those of the blends.

Figure 6.2 shows that the conductivity of the PANIPOL ™-SBS system does not
present a well-defined insulator (or semiconductor)-conductor transition. However, the
behaviour of conductivity with respect to composition is characteristic of a percolating
system (refer to the relevant section in chapter 2) and is consistent with the data
reported by other researchers on different polyaniline-based systems [11-13,20-
23,29,56,57,62,66,162,187-190]. The experimental results presented in this section are
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guantitatively analysed in more detail in chapter 8 where percolation and generalised
effective media theories are used to estimate the percolation threshold, together with

other parameters of interest.

1.E-02 —
1.E-03 - "
1.E-04 |
1.E-05 |
1.E-06 |
1.E-07 |
1.E-08 |
1.E-09 |
1.E-10 |
1.E-11 |
1.E-12 |
1.E-13 |
1.E-14 |
1.E-15

Volume conductivity (S/cm)

0 10 20 30 40 50 60 70 80 90 100
PANIPOL™ content (wt.%)

Figure 6.2. Volume conductivity of PANIPOL ™2-SBS blends as a function of
PANIPOL ™2 weight percent.

The experimental results presented in fig. 6.2 suggest however, that the

L™ content of about 5 wt.% (o ~ 7 x

percolation threshold seems to occur at a PANIPO
10* Slem). Additionally, the average conductivity of the blend with 10 wt.% of
conductive complex (~ 4 x 10° S/cm) represents an abrupt increase of about eight
orders of magnitude in the percolation region. Beyond this point, the conductivity level
gradually increases with the increase of PANIPOL™

conductivity of ca 2 x 10* S/cm for the blend with 20 wt.% of PANI complex. This

content, reaching an average

level of conductivity is of the same order of magnitude to that observed for the blend
with 50 wt.% of conductive complex (~ 8 x 10* S/cm). Moreover, these conductivity
values are very close to that of the PANIPOL™ pellets (o ~ 3 x 10™ S/cm) depicted in
fig. 6.2 as 100 wt.% of PANIPOL™. As noted, the difference is less than one order of
magnitude, which suggests that blending SBS with no more than 20 wt.% of

PANIPOL ™2 could produce an electrically conductive composite with a reasonably
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good level of conductivity. On the other hand, the conductivity levels of al the
PANIPOL ™-SBS blends were generally within the typical range reported by Neste Oy
Chemicals for PANIPOL ™-based blends (i.e., 10%°-10" S/cm) [71].

6.4 MORPHOLOGICAL ANALYSIS

The microstructure responsible for the blends conductance was elucidated
following a combination of analysis techniques. Initially, morphological analysis was
carried out on the fracture surface of cryogenicaly fractured specimens and on the
surface of specimens subjected to an etching process. The analysis was performed by
using scanning electron microscopy. The morphology of the blends was additionally
studied by transmission electron microscopy (TEM). The details are presented in the

following Sections.

6.4.1 SCANNING ELCTRON MICROSCOPY: FRACTURED SPECIMENS.

The analysis was performed with a JEOL JXA-840-A €lectron probe
microanalyzer at 10 kV. The specimens studied were small rectangular bars cut from
selected compression moulded blends. For comparison purposes, the morphology of a
compression moulded specimen of SBS was also examined. As for other compression
moulded specimens that will be referred to throughout the text, the compression
moulding machine and parameters used are the same ones used in the preparation of the
specimens for conductivity measurements (refer to section 6.3). Additional examination
was performed on small bars cut from selected uncompressed blends. The specimens
were fractured by immersion in liquid nitrogen. The fracture was achieved by bending
the specimens, with the help of needle pliers, while they were into the liquid nitrogen
and after 3 min of immersion (fig. 6.3). For the compression moulded specimens, the
fracture was produced across their transverse section on which the examination was
performed (refer to figs. 6.1 and 6.4). Specimens obtained from blends with 10, 20 and
50 wt.% of PANIPOL™ were selected for analysis. These, together with the specimen
of SBS, were gold coated for 4 min in an ES000 (Polaron Equipment Limited) SEM

coating unit.
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The SEM analysis showed that the specimens failed in a brittle manner, which is
expected as they were fractured at a temperature well below their glass transition point
(Ty), that is, at a temperature not higher than —195.8°C, which is the nitrogen’s boiling
point [191] (note that the T4 of the doped PANI, PB and PS are around —20, —100 and
99°C, respectively).

Figure 6.3. Schematic representation of the specimens’ fracture. The arrows indicate the
direction of the main bending forces applied on the specimens.

Fracture surface
(specimen transverse section)

Compression Compression
direction direction

Figure 6.4. Schematic representation of the compression moulded specimens
fracture surface.
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Some of the examined fracture surfaces did not provide any relevant
morphological information, that is, the PANIPOL™ and SBS phases were not clearly
identified. This was observed particularly in the uncompressed specimen of blends with
10 and 50 wt.% of conductive complex and in the compression moulded specimen of
10PANIPOL/SBS. However, the rest of the analysed fracture surfaces presented an
interesting morphology well worthy of comment. For example, the fracture surface of
the uncompressed specimen of blend 20PANIPOL/SBS (fig. 6.5) showed two types of
morphologies that can be clearly identified, one rich of particle-like features dispersed
in a continuous phase (e.g., the areas encircled in red in the figure) and another one free
of these features (e.g. the areas encircled in yellow). These morphologies can be better
observed in figure 6.5b, which corresponds to the same specimen but analysed at a
higher magnification.

From figure 6.5b it can be observed that many of the features contained in the
areas encircled in red appear to be globular-shaped particles. The morphology observed
in these areas resemble to some extent the morphology observed in the powdered pellets
of PANIPOL™ (refer to figures 4.34a, b and c in section 4.8.2) in which globular
features, corresponding to the PANI particles, were also observed. It is therefore
believed that the globular features observed in the aforementioned areas correspond to
the polyaniline particles dispersed in the SBS matrix. On the other hand, the areas free
of these features (e.g., the areas encircled in yellow) correspond to the SBS phase.

Figure 6.5b also indicates that the polyaniline domains are of about 2 um in
diameter or of a smaller size, which is in good agreement with the sizes observed by
Davies et a. [66] in DBSA-doped PANI-SBS blends obtained by melt mixing in a
BRABENDER® mixer. This reduction in size, with respect to the original size of the
polyanilene particles observed in the powdered pellets (particles of up to about 7 um in
diameter were observed), is attributed to the high fracturing degree at which the original
PANI particles were subjected. This, resulting from the high interaction level of the
PANI phase with the SBS matrix during the mixing process.

With respect to the compression moulded specimen of blend 20PANIPOL/SBS,
its fracture surface (fig. 6.6) showed a similar morphology to that observed in the

uncompressed specimen. For example, note the spherical features dispersed all over the
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fracture surface (some of them are indicated by red arrows). In fig. 6.6, the black arrows
indicate the compression direction.

Figure 6.5. SEM micrographs of the fracture surface of a cryogi cally fractured
uncompressed specimen of 20PANIPOL/SBS analysed at different magnifications.

Again, it is believed that the spherical features observed in fig. 6.6 correspond to
the PANI particles dispersed in the SBS matrix. This hypothesis is supported by
comparing fig. 6.6 with fig. 6.7, which corresponds to the fracture surface of a

Page 144





CHAPTER 6. Compounding: Production of PANIPOL™-SBSblends,

compression moulded specimen of SBS. As can be seenin fig. 6.7, similar plateau-like
features to those observed in fig. 6.6 are observed in the fracture surface. However, in
contrast with the morphology observed in fig. 6.6, the plateau-like features in fig. 6.7

are free of spherical features.

Figure 6.6. SEM micrograph of the fracture surface of a cryogenically fractured
compression moulded specimen of 20PANIPOL/SBS. The arrows indicate the
compression direction.

20—

Figure 6.7. SEM micrograph of the fracture surface of a cryogenicaly fractured
compression moulded specimen of SBS. The arrows indicate the compression direction.
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It is interesting to note that fig. 6.6 also shows numerous elongated features
aligned perpendicular to the compression direction that are absent in fig. 6.7. Therefore,
it is possible that some of these features correspond to the edges of fractured layered
structures of polyaniline, which were formed during the compression moulding process.
It is very likely that these structures resulted from biaxia flow in which relatively large
aggregates of PANI particles contracted on planes parallel to the compression forces
and expanded (flowed) in al directions on planes perpendicular to the compression

direction.

The morphologies observed on the fracture surface of the specimens of blend
20PANIPOL/SBS, are in good agreement with those observed by Zilberman et al.
[21,23] in different cryogenically fractured systems based on DBSA-doped PANI.

The concept about the formation of layered structures of polyaniline in the
compression moulded specimens is reinforced by the morphologies observed on the
fracture surface of the compression moulded specimen of blend S0PANIPOL/SBS (fig.
6.8). As can be seen, fig. 6.8 shows many elongated features aligned perpendicular to
the compression direction, which aso display a considerable degree of continuity and
uniformity. The absence of these features on the fracture surface of the SBS specimen
(figs. 6.7 and 6.9), analysed at comparable magnifications to those used in the analysis
of the specimen of blend 50PANIPOL/SBS, suggests again that they correspond to the
edges of fractured layers of polyaniline that were formed during the compression

moulding process.

Figure 6.8 also suggests that the concentration of elongated features as well as
their degree of continuity and uniformity seem to be higher in the specimen of blend
50PANIPOL/SBS than in that of blend 20PANIPOL/SBS. This is expected as the
former blend has a higher content of PANIPOL™ which also explains the higher level
of conductivity in their specimens. On the other hand, figure 6.8b indicates that the
layers of PANI should be about 2 um thick or even thinner. However, a better estimate
of their thickness will be provided by means of the transmission electron micrographs
(section 6.4.3).

To this point, the morphological information obtained from the SEM micrographs
presented in this section indicates that the conduction of electricity occurs through
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continuous paths of polyaniline, in the form of layered structures, formed within the
SBS matrix in the compression moulded specimens. However, the morphological

analysis presented in the following sections will verify this hypothesis.

A
i - / ‘ IF‘
)
e Y

100 prm———-ro

D BT e

Figure 6.8. SEM micrographs of the fracture surface of a cryogenically fractured
compression moulded specimen of S50PANIPOL/SBS analysed at different
magnifications. The arrows indicate the compression direction.
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[ 1 e p—
Figure 6.9. SEM micrograph of the fracture surface of a cryogenicaly fractured
compression moulded specimen of SBS (asfig. 6.7 but analysed at alower
magnification). The arrows indicate the compression direction.

6.4.2 SCANNING ELCTRON MICROSCOPY: ETCHED SPECIMENS.

The analysis was carried out using the SEM instrument described in the previous
section. Similarly, the morphology of the transverse section of small rectangular bars,
cut from selected compression moulded blends, was analysed. The morphology of the
transverse section of a compression moulded specimen of SBS was also examined for
comparison purposes. Specimens obtained from blends 10PANIPOL/SBS,
20PANIPOL/SBS and 50PANIPOL/SBS were selected for analysis. The purpose of
etching the specimens was to remove selectively one of the phases from their surface,
leaving the other one (ideally the PANI phase) exposed for examination. Accordingly,
the specimens were immersed, for 72 hrs, in a mixture of chromic and phosphoric acids
comprising 100 ml of sulphuric acid (H2SO,4), 30 ml of phosphoric acid (HsPO,), 5 g of
chromium oxide (CrOs) and 30 ml of distilled water. All the chemicas, of 99 %
chemical purity, were provided by Aldrich Labs. Only one ml of mixture was used in
the preparation of the specimens. After immersion, the specimens were washed with an
excess of distilled water and, afterwards, dried overnight in a vacuum oven at 40°C.

Subsequently, the specimens were kept in a desiccator to await further analysis. For the
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analysis, the specimens were gold coated for 4 min in an E5000 (Polaron Equipment
Limited) SEM coating unit.

The etching solution used is a powerful oxidising agent commonly used in the
preparation of specimens of toughened plastics for morphological characterisation
[192]. This, which selectively attacks the unsaturated PB phase and has little effect upon
the PS phase, was originally intended to remove part of the SBS matrix from the surface
of the specimens, leaving the polyaniline phase exposed. However, it was realized that
doped PANI is also attacked (dissolved) by strong acids like H,SO, [48,58]. Therefore,
the etching agent would not only remove the SBS phase, but aso the polyaniline phase,
which would impede the interpretation of the morphology observed on the surface of
the specimens. This problem was partialy overcome by analysing the degree of
susceptibility of the polyaniline and SBS to attack by the etching agent. For this, an

experiment was performed in which PANIPOL™

and SBS pellets, of similar surface
areas, were respectively subjected to the same etching process to which the compression
moulded specimens were subjected. The analysis was performed on five pellets of each
material. After the immersion time elapsed, each pellet was washed with distilled water,
dried overnight in a vacuum oven at 40°C, and afterwards, kept in a desiccator to await
further analysis. The pellets were weighed and it was found that the average weight loss
in the PANIPOL pellets was 27 %. In contrast, the average weight loss in the SBS
pellets was only 1.35 %. Assuming that the surface areas of the PANIPOL and SBS
pellets were the same, the results suggest that about 20 times more PANIPOL than SBS
was lost due to the action of the etching agent. This suggests that the PANIPOL phaseis
more susceptible to attack, by the etching solution, than the SBS phase. Therefore, in
principle, the PANIPOL phase would be mostly removed from the surface of the
compression moulded specimens, leaving the SBS phase exposed. In other words, what
would be mostly observed on the surface of the specimens would be the “footprints’ of

the PANI phase that was washed away, by the etching solution, from the SBS matrix.

During the analysis, some marks were observed on the transverse section of the
compression moulded specimen of SBS. Therefore, it is possible that some of the marks
observed on the surface of the compression moulded blends do not necessarily
correspond to regions depleted of polyaniline, but to gaps (or voids) opened by the

etching agent on the less dense areas of the SBS matrix, which in turn may have
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resulted from an uneven compression moulding process. It is aso possible that these

voids originated because of an irregular etching process.

An example of what has been mentioned before can be seen in figure 6.10, which

corresponds to the compression moulded specimen of SBS.

%00 g ——i
¥ e T

=200 pm—
Figure 6.10. SEM micrographs of the transverse section of an etched specimen of
compression moulded SBS analysed at different magnifications.
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Asin all the micrographs that have been, and will be presented in this chapter, the
arrows in fig. 6.10 indicate the compression direction unless otherwise stated. As can be
seen in fig. 6.10, some areas of the specimen’s surface present a porous appearance (e.g.
the areas encircled in red). On the other hand, a different morphology is observed in
other areas (encircled in yellow) in which the surface of the specimen looks smoother,
which is the type of morphology expected in etched specimens of SBS observed at these
magnifications. Figure 6.10 also shows some lines (parallel or at certain angles to the
compression direction), which are cutting artefacts. All this, as the reader may have
already realized, creates some uncertainty about the interpretation of the morphologies
observed in the specimens of the compression moulded blends. Nevertheless, some
interesting structures were observed on the surface of the specimens, whose
interpretation was assisted by the microstructure observed in the cryogenically fractured

specimens previously commented on in section 6.4.1.

The morphology observed in the specimen of blend 10PANIPOL/SBS is
presented in fig. 6.11. As can be seen, a similar porous surface to that observed in figs.
6.10aand bisevident infigs. 6.11aand b (note that the magnifications are comparable).
However, differing from fig. 6.10, the latter two figures show a morphology in which
very narrow, highly elongated cavities are most abundant. Additionally, these features,
contrasting with those observed in fig. 6.10, and better observed in figs. 6.11c and d
(one of them encircled in red), appear to have a higher degree of continuity and
uniformity. Moreover, they aso seem to be more aligned perpendicular to the
compression direction than those observed in fig. 6.10. It is believed that the elongated
cavities observed in fig. 6.11 (which are about 2 um thick or thinner) mainly correspond
to regions on the surface of the specimen in which the polyaniline phase was originally
present and that was dissolved by the etching solution. As the cavities are highly aligned
normal to the compression direction, this suggests again that, during compression, the
polyaniline phase is arranged into a layered structure, within the SBS phase, parallel to
the plates of the pressing instrument. Figure 6.11 also shows the presence of some
circular (or shapeless) cavities (e.g., those indicated by yellow arrows), which perhaps
correspond to regions depleted of small polyaniline clusters that were not deformed
(elongated) during compression. It is also possible that these features correspond to
cavities made on the SBS matrix by the etching agent.
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Figure 6.11. SEM micrographs of the transverse section of an etched specimen of the
compression moulded blend 10PANIPOL/SBS analysed at different magnifications.

It is interesting to notice that figs. 6.11c and d also display numerous path-like
cavities interconnecting the elongated voids (e.g., that one indicated by the red arrow).
Whether these interconnecting cavities correspond to regions that were originally filled
with polyaniline is difficult to establish through these micrographs. Thiswill be verified
by means of the TEM micrographs presented in the next section. Regardless of this, and
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as has been noticed, the morphology observed in fig. 6.11 is consistent with that
observed in the cryogenically fractured specimens.

With respect to the specimen of blend 20PANIPOL/SBS (fig. 6.12), a morphology
of cavities of different sizes and shapes is observed. For example, note that most of the
cavities contained in the areas encircled in yellow are smaller than those contained in
the areas encircled in red. Moreover, the holes observed in the latter areas are highly
elongated and aligned perpendicular to the compression direction. On the other hand, it
is worthy of note that the elongated features contained in the areas encircled in red are
wider than those observed on the surface of the specimen of blend 10PANIPOL/SBS
(compare figs. 6.11b and 6.12b). Assuming that these features correspond to regions
that were originally filled with polyaniline, the observed morphology would be expected
as the specimen of blend 20PANIPOL/SBS has a higher content of conductive complex.
However, for the reasons already explained, it is difficult to establish through these
micrographs whether the observed cavities on the whole surface of the specimen
correspond to depleted regions of PANI or to openings made on the SBS matrix by the
etching solution.

Figure 6.12. SEM mi crographs of the transverse section of an etched specimen of the
compression moulded blend 20PANIPOL/SBS analysed at different magnifications.
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Regarding the specimen of blend 50PANIPOL/SBS (fig. 6.13), a large number of
elongated cavities aligned perpendicular to the compression direction was found. Since
these type of cavities are absent on the transverse section of the compression moulded
specimen of SBS, this suggests once again that they correspond to depleted regions of
polyaniline, which was originally on the surface of the specimen and that was dissolved

by the mixture of chromic and phosphoric acids.

-"M
8

Figure 6.13. SEM mi crographs of the transverse section of an etched specimen of the
compression moulded blend SOPANIPOL/SBS analysed at different magnifications.
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The absence of the elongated cavities, aligned perpendicular to the compression
direction, on the transverse section of the specimen of SBS is better observed in figure
6.14, which is a micrograph of the same specimen shown in fig. 6.10 but viewed at a
different angle, and analysed at the same magnification to that used for the analysis of
the specimen of blend S0PANIPOL/SBS (fig. 6.134).

Figure 6.13 also shows some shapeless (almost circular) cavities placed in
between the elongated cavities, which may correspond to regions originaly filled with
polyaniline clusters that were not elongated during compression. These cavities are
indicated in the figure by red arrows (the white and black arrows indicate the
compression direction). As can be seen, the morphology observed on the transverse
section of the specimen of blend 50PANIPOL/SBS is consistent with that observed on
the transverse section of the cryogenically fractured specimen (fig. 6.8). This supports,
yet again, the concept about the formation of layered structures of polyaniline during

compression.

i
=500 prm=——

Figure 6.14. SEM micrograph of the transverse section of an etched specimen of
compression moulded SBS (asfig. 6.10a but viewed at a different angle).

6.4.3 TRANSMISSION ELECTRON MICROSCOPY.

The morphology of the compression moulded blends was analysed in more detail
with a JEOL 2000 FX transmission electron microscope using an accelerating voltage of
100 kV. Asin the morphologica analyses previously described in this chapter, the TEM
analysis was carried out on the transverse section of specimens cut from selected
compression moulded blends. The sections for analysis were obtained by cryo-
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ultramicrotomy using a Reichert ultramicrotome (type 701701), fitted with a glass knife,
and liquid nitrogen vapour to lower the temperature of the specimens. The specimens
were embedded in a specia epoxy resin such that a flat surface was exposed for cutting.
Once the resin hardened, thin sections of about 200 nm thick were obtained for
examination. The direction of sectioning was parallel to the compression direction.
Specimens obtained from blends 5PANIPOL/SBS, 20PANIPOL/SBS and
50PANIPOL/SBS were selected for analysis.

The morphology observed in the specimen of blend 5SPANIPOL/SBS is presented
in fig. 6.15. Asin the other micrographs that will be presented in this section, the darker
features in fig. 6.15 correspond to the PANI phase, whereas the pale background
correspond to the SBS phase. Some of the figures also show some whitish features such
as small dots and lines (e.g., those ones encircled in red). These correspond to
imperfections on the negatives that were printed during the production of the
micrographs.

As can be seen, fig. 6.15 shows numerous well-defined elongated domains of
polyaniline aligned perpendicular to the compression direction that should correspond to
the cross section of layered structures of PANI, which were formed during the
compression moulding process. From the figure, it can be noticed that these structures
are about 0.08 um thick (80 nm) or even thinner. Figure 6.15 also reveals the presence
of a large number of discrete spot-like domains of PANI scattered al over the

specimen’ s transverse section.

With respect to the specimen of blend 20PANIPOL/SBS, its morphology is
presented in figures 6.16 and 6.17. Asin other micrographs presented in this section, the
areas encircled in yellow in fig. 6.16 correspond to regions of the sectioned specimen
that were damaged by the electron beam during the analysis. As can be noticed, the
specimen of blend 20PANIPOL/SBS exhibits many more polyaniline domains than that
of blend SPANIPOL/SBS. Thisis expected as the former specimen has a higher content
of PANIPOL. On the other hand, athough isolated domains of PANI are more abundant
in fig. 6.16, the presence of elongated features is also evident. Thisis better observed in
fig. 6.17, which shows that these features are highly aligned perpendicular to the

compression direction. Figure 6.17 also suggests that some of the polyaniline layers
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presumably present in the specimen of blend 20PANIPOL/SBS should be thicker than
those present in the specimen of blend SPANIPOL/SBS. For example, note that
elongated feature, about 0.5 um thick (500 nm), indicated by the red arrow in fig. 6.17.

Figure 6.15. TEM micrographs of the transverse section of compression
moulded blend 5SPANIPOL/SBS analysed at different magnifications.
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Figure 6.16. TEM micrograph of the transverse section of compression
moulded blend 20PANIPOL/SBS.

Figure6.17. Asfig. 6.16, but analysed at a higher magnification.

The formation of polyaniline layers during the compression moulding process was
also evinced in the specimen of blend 50PANIPOL/SBS (figs. 6.18 and 6.19). As can be
seen, this specimen not only exhibited numerous elongated domains of PANI, but also a
higher content of these than in the specimens of the previous blends. Again, this is
expected as blend S50PANIPOL/SBS has the highest content of conductive complex.
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Figs. 6.18 and 6.19 aso show that, although the elongated domains of PANI are
not perfectly aligned perpendicular to the compression direction, they display a high
degree of continuity. Moreover, they appear to be interconnected by numerous
elongated domains of PANI, not necessarily aligned perpendicular to the compression
direction. For instance, note the features indicated by the red arrows in the micrographs.
Whether these features also correspond to the cross sections of layered structures of
polyaniline, randomly oriented within the SBS matrix, is difficult to establish. Another
possibility is that these features correspond to interconnecting PANI paths made within
the insulating matrix during the compression moulding process. Irrespective of this, fig.
6.19a suggests a thickness of up to about 0.125 um (125 nm) for the polyaniline layers

present in the specimen in question.

It is interesting to notice that the specimen of blend S0PANIPOL/SBS aso
displays many discrete domains of PANI that seem to be connected to the elongated
ones. Some of these features, similar to those found in the previous blends, are indicated

in the figures by yellow arrows.

Figure 6.18. TEM micrograph of the transverse section of compression
moulded blend SOPANIPOL/SBS.
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Fig. 6.19. Asfig. 6.18,but different areas and magnifications.
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As has been seen, the morphology observed in the specimen of blend
50PANIPOL/SBS is consistent with that observed in the cryogenically fractured and
etched specimens, respectively. Moreover, the morphologies observed in these TEM
micrographs compare well with those observed by Zilberman et al. [23] in other
compresson moulded PANI-based systems. More generaly, the morphologies
presented in this section are consistent with those presented in sections 6.4.1 and 6.4.2,
thus confirming the hypothesis initially proposed about the formation of layered

structures of polyaniline during the compression moulding process.

In summary, the TEM micrographs presented in this section suggest that the
morphology responsible for the conduction of electricity through the compression
moulded blends consists of a continuous network of polyaniline within the SBS matrix.
As suggested by the micrographs, this network should be composed of different
morphological arrangements of polyaniline, the main ones including:

- Layered structures. Their continuity degree and content were a function of the
content of conductive complex in the blends. Not surprisingly, the higher the content
of conductive complex, the larger the number of layered structures and the higher
their continuity degree. The maximum thickness estimated for these structures was
around 125 nm. However, the occurrence of thicker layers is possible, although to a
lesser extent.

- Interconnecting paths. These, interconnecting the polyaniline layers, appeared to be
most evident in the specimen of the blend with the highest content of PANIPOL™.
However, although not visible in the micrographs corresponding to the other
specimens studied here, it is possible that interconnecting paths of PANI also occur
in compression moulded blends with lower contents of conductive complex. This

should occur however to alesser extent.

- Discrete aggregates. These, considerably smaller than the layered structures,
appeared to occur in al the specimens studied regardless of the content of conductive
complex. Moreover, they seemed to be interconnected by polyaniline paths,
especialy in the specimen with the highest content of conductive complex. This is
expected, since the higher the content of PANIPOL™ in the blends, the higher the
probability of the formation of polyaniline paths.
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A model describing one of the specimens studied in this work (the one with the
highest content of PANIPOL™) is shown in fig. 6.20.

Compression
direction

Compression
10pm direction

Figure 6.20. Schematic representation of the compression moulded specimen of blend
50PANIPOL/SBS. The black regions represent the polyaniline phase.

Finally, the morphological evidence obtained in this section enables us to
establish a corollary: The connectivity degree among the aforementioned morphologies
of polyaniline, and hence, the level of conductivity in the blends, are a function of the
content of conductive complex. This explains the increase of the conductivity level in
the blends with the increase of the PANIPOL™ content.

6.5 CONCLUSIONS.

It was found that compounding in the BRABENDER® batch mixer at 130°C and
15 rpm for 5 min, considerably improved the dispersion of PANIPOL™ in the blends
due to the increase of the shear stresses occurring in the melt, which resulted from the
increase of the rotors speed. Additionally, the conductive complex was given more
time to mix properly with the polymer matrix.
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The relationship between the volume conductivity and content of conductive
complex in the blends was found to be characteristic of a percolating system. The
percolation threshold seems to occur at a PANIPOL™ content of about 5 wt.%. The
results from the conductivity measurements suggested that blending SBS with no more
than 20 wt.% of conductive complex could produce an electrically conductive
composite with areasonably good level of conductivity.

The results from the morphological analysis suggest that the morphology
responsible for the conductivity in the compression moulded blends consists of a
continuous network of polyaniline within the SBS matrix. This network should be
composed of different morphological arrangements of polyaniline including, layered
structures, interconnecting paths and discrete aggregates. The analysis also proved that
the connectivity degree among the aforementioned morphologies is a function of the
content of conductive complex, which explains the increase of the level of conductivity
in the blends with the increase of the PANIPOL™ content.
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CHAPTER 7. Forming: Ram extrusion of PANIPOL™-SBSblends.

“Every great advance in science has issued
from a new audacity of imagination”.

John Dewey (1859-1952), U.S. philosopher and educator.
The Quest for Certainty.

CHAPTER Y

FORMING: RAM EXTRUSION OF PANIPOL ™-SBS
BLENDS
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7.1INTRODUCTION.

Following the production and characterisation of the PANIPOL™-SBS blends,
which has been the topic of chapter 6, this chapter is about the forming process to which
the blends were subjected in order to promote the in-situ formation of polyaniline fibres.
As has dready been seen in chapter 5, earlier experimentation with an extrusion
rheometer established the feasibility of producing in-situ continuous elongated domains
of polyaniline highly oriented in the extrusion direction (section 5.5). Additionally, it
was observed that, in general, extrudates of superior quality were produced at extrusion
speeds below 2.5 mm/min (section 5.4.4). Consequently, the processing of the blends
was performed, using the same instrument, at a fixed extrusion speed lower than that
previously pointed out. This, together with other relevant information, is indicated here
in the pertinent section. Based on the results from the preliminary morphological
analysis (section 5.5.3), the morphology of the extrudates was analysed in more detail
following a combination of different microscopy techniques. These, as well as the
results from the analysis, are also detailed here. This chapter also includes a section
dedicated to the evaluation of the level of conductivity in the extruded blends.
Information on the technique employed, followed by the results, is available in section
7.4. Finaly, genera conclusions are presented at the end of the chapter.

7.2FORMING PROCESS.

The processing of each blend was executed by ram extrusion with the same
Davenport extrusion rheometer and capillary die (L = 35 mm, r = 0.8 mm) used for the
rheological analysis (section 4.6) and preliminary experimentation (section 5.4). The
blends were formed into filaments at an extrusion speed of 1.25 mm/min. A temperature
of 120°C was selected for the processing as previous experiments indicated that
extrudates of improved quality were produced at this temperature (refer to section
5.4.4). The processing was performed in accordance with the procedure described in
section 5.4. Before the processing, the blends were granulated using the granulating
machine (USI-Cumberland, Model 5X7) described in section 5.3. During the extrusion,
a transducer situated near to the entrance of the capillary (see fig. 4.19 in section 4.6)
sensed the pressure of the melt so that the behaviour of pressure with respect to time for
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each blend was registered. Extrudates approximately 1.6 mm in diameter were
produced, which were properly stored to await further characterisation.

The behaviour of pressure with respect to time for each blend is presented in
figure 7.1 (note the difference in the pressure-axes scale). The variation of pressure with
time for the SBS and conductive complex, processed at the same extrusion conditions to
those used for the processing of the blends, is also depicted in fig. 7.1 for comparison

pUrpOSES.

As can be noticed, during the extrusion of the blends the pressure did not display
the characteristic behaviour observed during the extrusion of a homogeneous material
(e.g., SBS), that is, a gradua increase with time up to a level at which it remains
constant. On the contrary, the pressure gradually increased up to a certain value and
then started to display erratic behaviour. This behaviour suggests that the blends were
not completely homogeneous. Additionaly, fig. 7.1 also indicates that, in general, the
erratic behaviour of pressure appeared to increase with an increase of PANIPOL™
content in the blends, which may suggests that the homogeneity degree of the blends
decreased in the same manner. The latter trend may be due to the fact that batches of the
same size were used during the compounding regardless of the blends composition. As
explained before, the optimum batch size should increase with an increase of the content
of conductive complex in the blends (refer to Table 6.3 in section 6.2). Since the
difference between the batch size actually used and the optimum batch size increased
with the increase of PANIPOL™ content, the level of shearing occurring in the melt
required to disperse the conductive complex within the SBS phase aso decreased in the
same fashion, which in turn resulted in a reduction of homogeneity in the blends.

On the other hand, it should be noted that the higher the content of PANIPOL™
the more similar the blend is to the conductive complex. In consequence, it is possible
that the increment in the erratic behaviour of pressure was also due to the increase of the
content of conductive complex in the blends. As can be seen infig. 7.1, the behaviour of

pressure during the extrusion of PANIPOL ™

was considerably erratic. Consequently, it
is very likely that the blends “inherited” this behaviour, which was more evident at

higher PANIPOL™ contents.
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Figure 7.1. Variation of pressure with time during the extrusion of the blends
PANIPOL/SBS, SBS and PANIPOL ™2 at 1.25 mm/min and 120°C. The values to the
right of the broken lines were used in the cal culations of the apparent viscosity.

The erratic behaviour of pressure observed during the extrusion of the blends
could be explained as follows. As the blends are not homogeneous and since the
PANIPOL™ is considerably less viscous than the SBS, on emerging from the capillary,
portions of the fluid melt rich in PANIPOL™, would generate a sudden drop in the
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level of pressure sensed by the transducer. On the other hand, portions of the blend rich
in SBS would generate a sudden increase in the pressure. As the melt was constantly
flowing through the capillary, it generated the intermittent effect observed in the

pr&sure—ti me curves.

With respect to the extrudates exterior appearance, it was observed that the
quality of the surface finish improved considerably in comparison with that observed in
the extrudates produced during the preliminary experimentation (refer to section 5.4.4).
Their surface was smoother and showed a glossy texture. This is because the
compounding method was modified in such a way that it enhanced the level of
homogeneity in the blends (refer to section 6.2). The latter, as has already been
explained in section 5.4, appears to have a clear influence on the quality of the

extrudates.

It was observed, however, that although the quality of the surface finish was
enhanced, the extrudates of blends 35PANIPOL/SBS and S0PANIPOL/SBS presented
sections that were brittle. This was observed especially in the extrudates of the latter
blend, in which the brittle sections were more abundant. What is more, it was not even
possible to obtain a continuous piece of filament of regular length. The extrudate
appeared to be divided into short sections of about 3-5 mm long, which were connected
by very weak ring-like features, which in turn caused the sections to break very easily
during handling. It is believed that the ring-like “connectors’ correspond to portions of
the flowing melt that were rich in PANIPOL™, which generated the sudden drops in
the level of pressure observed in fig. 7.1b. On the other hand, the opposite should apply
to the “ connected sections’, which should correspond to regionsrich in SBS.

This phenomenon was also observed, although to a larger extent, during previous
experiments carried out using comparable processing conditions and blend's
composition (refer to section 5.4.4). As has aready been discussed, the phenomenon
observed is characteristic of melt fracture occurring in the flow of the melt during
processing. Since at a fixed extrusion speed and temperature, melt fracture was most
evident at higher concentrations of conductive complex and, assuming that the degree of
homogeneity of the blends decreased in the same fashion; this implies that its
occurrence should be a function, not only of the extrusion speed, but also of the blends
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homogeneity. In other words, the less homogeneous the blends are, the more
possibilities for melt fracture to occur.

A corollary to the above observations is that in order to obtain extrudates of
improved quality, the blends' homogeneity degree must be as high as possible, and for
this, the correct batch size must be used in their preparation.

It isinteresting to notice, however, that contrary to what was expected, the level of
pressure generated during the extrusion of the PANIPOL™ pellets was higher than that
generated by the blends with 15, 20, 35 and 50 wt.% of conductive complex processed
under the same conditions (fig. 7.1b), which implies that the pellets are more viscous
than some of their blends. This effect is better illustrated in fig. 7.2, which shows the
variation of the apparent viscosity with respect to the PANIPOL™ content. The data
presented in the figure was calculated using the Poiseuille Law for capillary flow (that
IS, EQ. 4.4 in section 4.6), the dimension of the capillary die and piston ram (19.05 mm
in diameter), the piston drive speed (V = 1.25 mm/min) and the maximum level of
pressure generated during the extrusion of each material. An average value was used
when the pressure displayed erratic behaviour. For each case, this was calculated
considering al the values to the right of the broken lines shown in fig. 7.1. The apparent
viscosity of the pellets of PANIPOL ™, together with that of the SBS are depicted in fig.
7.2 as 100 and O wt.% of conductive complex, respectively.

As commented above, one would expect that the PANIPOL™ pellets were less
viscous than their corresponding blends. The level of viscosity that one would expect
would be around the value indicated in figure 7.2, that is, the red circle at 100 wt.% of
PANIPOL™ content. This value was calculated using a power law equation (Eq. 7.1),
which described the behaviour of the experimental data with a considerably high degree
of accuracy (hence the high value of the squared correlation coefficient, r?, of 0.9982).

Apparent viscosity = (48165)(PANIPOL™ content) ... Eq. 7.1.

The situation depicted in fig. 7.2 is due to the fact that the blends were subjected
to two processing cycles (compounding and forming), whereas the pellets of
PANIPOL ™ were subjected to only one (forming). Such an explanation is supported by
the fact that the shearing history (among other factors) of the polymer melt affects its
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viscous flow during processing. As the flow occurs when the macromolecular chains of
the polymer dide past each other, the ease of flow will depend on the mobility of the
molecular chains and the forces or entanglements holding them together. Since both the
SBS and PANIPOL ™ composing the blends were pre-sheared during the compounding,
itisvery likely that the reason for some of the blends being less viscous than the pellets
of PANIPOL™ themselves was due to a macromolecular chain disentanglement effect
occurring in both the SBS and PANIPOL ™. Additionally, it should be considered that
the blends were also subjected to a size reduction process in a granulating machine in
which they were exposed to very high levels of impact and shear, which should have
contributed to the occurrences illustrated in fig. 7.2.

2.5E+04
o

— 2.0E+04 -
E A\ S

@ SBS

< —— Regression
> - ) =

7 1.5E+04 line (power

3 law equation)
=

< 1.0E+04 1 PANIPOL ™2 .

2 y = 48165x -
o) r?=0.9982
< 50E+03 - Estimated \a

0.0E+00 +————T"—"+—"+—T1+—1 T+ 7

0O 10 20 30 40 50 60 70 80 90 100 )
PANIPOL ™ content (wt.% )

Figure 7.2. Variation of the apparent viscosity of the blends with respect to the
PANIPOL™ content.

As has been seen in section 4.8.2, the morphology of the pellets of PANIPOL™
consisted of globular shaped agglomerates formed of primary doped PANI
nanoparticles, which may be composed of highly entangled macromolecular chains of
doped PANI. Therefore, it is possible that chain disentanglement occurred upon
shearing during the processing stages. In consequence, it may aso be possible that the
chains of the DBSA-PANI complex were oriented in the direction of the extrusion

during the forming process.
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7.3MORPHOLOGICAL ANALYSIS

The effect of the forming process on the morphology of the polyaniline phase in
the extrudates was investigated by means of a combination of analysis techniques.
Morphological analysis was carried out on cryogenically fractured and etched
specimens, respectively, using scanning electron microscopy. The details are presented
in the subsequent sections.

7.3.1 SCANNING ELECTRON MICROSCOPY: FRACTURED EXTRUDATES.

The analysis was performed using the instrument and techniques described in
section 6.4.1. The specimens examined were the extrudates fracture surfaces parallel
and transverse to the extrusion direction, respectively. Short sections (ca. 10 mm long)
were immersed in liquid nitrogen for 3 min. The fracture surfaces parale to the
extrusion direction (i.e, longitudinal sections) were obtained by impacting the
specimens immediately after they were removed from the liquid nitrogen (fig. 7.3). The
“frozen” extrudates were placed on a solid metal surface and they were promptly
impacted with a hammer such that the applied impact forces, perpendicular to the
extrusion direction, opened a crack that propagated longitudinaly across the whole
body of the specimen. The latter fact initially suggested anisotropy in the morphology of
the extrudates.

Impact foree
directinm

afetal pueatd
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Crack : dr""‘-,f

IMetal plate

Figure 7.3. Schematic representation of the extrudates' fracture. Production of fracture
surfaces parallel to the extrusion direction.
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Extrudates produced from the blends with 10, 20 and 50 wt.% of conductive
complex were selected for the analysis. SBS extruded at comparable extrusion
conditions to those used in the extrusion of the blends was also analysed for comparison
purposes. As in the compression moulded blends (chapter 6), the morphological
analysis reveded that the mode of failure in the extrudates was predominantly brittle.
The reason for this is that the glass transition points of the extrudates components are
above the fracture temperature. Both phases, the PANI and SBS, failed in avery similar
manner. This, to some extent, impeded their identification on the extrudates fracture
surface during the analysis. However, by comparing the morphology of the specimens
free of the conductive complex (extruded SBS) with those in which this was present, it
was possible to establish the effect of the PANIPOL ™ phase on the morphology of the
extrudates, differentiate the conductive phase from the SBS, and assess the effect of the
forming process on the morphology of the conductive phase. The morphology observed
together with a corresponding discussion is presented in the subsequent figures. The
extrudates will be referred to throughout the text using the nomenclature of the blends

from which they were produced (refer to Table 6.1 in section 6.2).

The fracture surfaces of the extrudate 10PANIPOL/SBS are presented in figure
7.4. Figure 7.4a corresponds to the longitudinal section, whereas fig. 7.4b corresponds
to the transverse section. Asin all the figures that will be presented in this chapter, the
black arrows in fig. 7.4 indicate the extrusion direction on the longitudinal section

unless otherwise stated.

As can be seen, fig. 7.4a shows a number of interesting features well worthy of
comment. First, continuous elongated features, highly oriented in the extrusion
direction, are clearly observed. Evidently, some of these features (e.g., those encircled
in red) correspond to cracks longitudinally opened on the body of the specimen as a
result of the impact force applied. Other features however, look more like continuous
surfaced tracks instead of actual fissures (e.g., those encircled in yellow). In addition,
some elongated structures (e.g., those indicated by yellow arrows), displaying a certain
degree of continuity, are aso observed. The second types of feature, relevant to the
present discussion and observed in fig. 7.4a, are structures displaying a globular-like
morphology. These, like those encircled in black, seem to be present on the whole

fracture surface.
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—20 pm—
Figure 7.4. SEM micrographs of the longitudinal (a) and transverse (b) sections of the
extrudate 10PANIPOL/SBS cryogenically fractured.

With respect to the extrudate's transverse section (fig. 7.4b), it is interesting to
note that this presents aremarkably different type of morphology to that observed on the
longitudinal section. As can be seen, elongated features with a well-defined degree of
orientation and continuity are not present. Instead, features displaying a globular-like
morphology are most evident. These are better illustrated in fig. 7.5, which corresponds
to the same fracture surface, but analysed using a higher magnification. As can be

observed in the micrograph, numerous globular-like features are present (e.g., those
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indicated by yellow arrows). Some of these features, like those ones indicated by the

white arrows, are cavities on the surface of the specimen.

Figure 7.5. As fig. 7.4b but analysed under a higher magnification.

The analysis and comparison of the previous micrographs enable us to establish

the following hypotheses:

The elongated structures found on the longitudinal section may correspond to
polyaniline domains, whereas the continuous pathway-like features may correspond
to regions in which these elongated domains were originally present, and that were
detached from the SBS matrix during the extrudate’s fracture.

Some of the globular-like features observed on the longitudinal section may
correspond to polyaniline domains that were not deformed during the extrusion.

A certain number of the globular features found on the transverse section may
correspond to the ends of elongated polyaniline domains emerging from the SBS
matrix. It is also possible that some of the features are undeformed clusters of

polyaniline particles.

The cavities found on the transverse section may have resulted from the pull out of

elongated domains of polyaniline during the extrudate' s fracture.
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The veracity of the above stated hypotheses is reasonable considering the fact that
the morphological features were not observed on the fracture surfaces of the extruded
SBS anaysed under the same level of magnification (fig. 7.6) to that used for the
analysis of the extrudate 10PANIPOL/SBS. As can be noticed, fig. 7.6 shows different
type of morphological feature to that observed in fig. 7.4. Specifically, elongated
features oriented in the extrusion direction (i.e.,, on the longitudinal section), and

globular-like features on the transverse section, were not observed.
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Figure 7.6. SEM micrographs of the longitudinal (a) and transverse (b) sections of the
cryogenically fractured extrudate of SBS.
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Regarding the extrudate 20PANIPOL/SBS, the morphology observed on its
fracture surfaces is presented in figure 7.7. As can be noticed, a great number of
elongated features, oriented in the extrusion direction, are abundant on the longitudinal
section (fig. 7.7a). These features are not present on the transverse section (fig. 7.7b).
Instead, pointed features, like those encircled in red (or indicated by red arrows), are

most predominant.

Figure 7.7. SEM micrographs of the longitudinal (a) and transverse (b) sections of the
extrudate 20PANIPOL/SBS cryogenically fractured.
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None of the features observed in fig. 7.7 were observed on the fracture surfaces of
the SBS capillary extruded material under comparable conditions to those used for the
production of the extrudate 20PANIPOL/SBS. As an example, compare fig. 7.7 with
fig. 7.8, which corresponds to the fracture surfaces of the SBS extrudate analysed under
the same magnification to that used in the analysis of the extrudate 20PANIPOL/SBS.

e LT Ry |
Figure 7.8. SEM micrographs of the longitudinal (a) and transverse (b) sections of the
cryogenically fractured extrudate of SBS. Asinfig. 7.6, but analysed under alower

magnification.
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The fact that the morphology of the SBS extrudate's fracture surfaces was
considerably different to that of the fracture surfaces of the extrudate 20PANIPOL/SBS
reinforces even more some of the hypotheses previously proposed. More precisely, the
hypotheses that suggest that the elongated structures found on the extrudates
longitudinal section correspond to elongated domains of polyaniline, and that the
globular-like features found on the transverse section (or the tip of the pointed features,
as in the case of those seen in fig. 7.7b), correspond to the ends of the elongated

domains of PANI emerging from the SBS matrix.

A closer examination of the extrudate 20PANIPOL/SBS's fracture surfaces (figs.
7.9 and 7.10) reveals that the elongated domains of PANI are more abundant in this
extrudate than in that of blend 10PANIPOL/SBS (compare fig. 7.9 with fig. 7.4). Thisis
expected as the former extrudate has a higher content of conductive complex. Typical
elongated structures of PANI, oriented in the extrusion direction, are indicated in figs.
7.9a and 7.10 by the red arrows. The estimated diameter for these structures is about 2
pm, although, as indicated in the micrographs, thinner structures should also occur.
With respect to the transverse section, figure 7.9b shows more clearly what seems to be
the ends of the elongated structures of PANI. For example, note the features indicated in

the micrograph by the yellow arrows, or those encircled in yellow.

With regard to the extrudate 5S0PANIPOL/SBS, the transverse section showed an
undefined morphology, which did not provide any relevant information. In contrast, the
longitudinal section displayed interesting morphological features, which are presented
in figure 7.11a. As can be seen in the micrograph, numerous elongated features oriented
in the extrusion direction were found in the extrudate with the highest content of
conductive complex. Again, these features should correspond to elongated domains of
PANI. This is very likely, considering that these were not observed on the fracture
surface of the extrudate containing only SBS (compare fig. 7.11awith fig. 7.6a). As can
be noted from the figure, some of these structures display a high level of continuity.
However, in contrast to the extrudates 10PANIPOL/SBS and 20PANIPOL/SBS, very
different morphologies were found in different regions of the fracture surface. This is
exemplified in the encircled area of fig. 7.11b, which corresponds to the same specimen

shown infig. 7.11a, but analysed under alower level of magnification.
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Figure 7.9. SEM micrographs of the longitudinal (a) and transverse (b) sections of the
extrudate 20PANIPOL/SBS cryogenically fractured. Asfig. 7.7, but analysed under a
higher magnification.
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Fig. 7.10. SEM micrographs of the longitudinal section of the extrudate
20PANIPOL/SBS cryogenically fractured. Asfig. 7.9a, but higher magnifications and
different areas of the fracture surface.
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Fig. 7.11. SEM micrograph of the longitudinal section of the extrudate
50PANIPOL/SBS cryogenically fractured.

Perhaps the micrographs shown in this section do not provide enough evidence
about the formation of continuous and uniform elongated structures of polyaniline (i.e.,
fibres) in the examined extrudates. However, they do prove the occurrence of
anisotropically formed structures. As has been deduced from the analysis of the
micrographs, it is a fact that these structures correspond to the polyaniline phase that
was deformed during the ram extrusion process. As has been seen, the typical mode of
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failure in a fibre-reinforced composite was not observed, especialy in the transverse
section in which the typical fibre-pull-out effect was not clearly displayed. A possible
explanation is that the structures of polyaniline were extremely brittle and did not

sustain the failure stresses imposed during fracturing.

7.3.2 SCANNING ELECTRON MICROSCOPY: ETCHED EXTRUDATES.

The analysis was performed using the instrument and technique described in
section 6.4.2. The specimens examined were, respectively, the extrudates longitudinal

and transverse sections etched with a mixture of chromic and phosphoric acids.

The specimens for etching were produced by cutting the extrudates with a scalpel,
following the method described in section 5.5 (refer to fig. 5.7 in chapter 5). The
extrudates were longitudinally cut into halves in such away that flat surfaces paralld to
the extrusion direction, as close as possible to the extrudates' central axis, were obtained
for etching and further examination (fig. 7.12). With respect to the transverse sections,

specimens about 1.5 mm thick were obtained.

Extrusion
direction

Surface for
examination

Figure 7.12. Representation of a sectioned extrudate.

The specimens were etched by immersing them, for 72 hrs, in 1 ml of the acidic
solution described in section 6.4.2. After immersion, the specimens were washed with
distilled water, dried overnight in a vacuum oven at 40°C, and kept in a desiccator to
await further analysis. Extrudates 10PANIPOL/SBS, 20PANIPOL/SBS and
50PANIPOL/SBS were selected for the analysis. SBS extruded at comparable extrusion

conditions was also analysed for comparison purposes.
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The etching was performed with the primary purpose of removing selectively the
SBS phase from the specimens’ surface, leaving the polyaniline phase exposed for
examination. However, as has been seen in section 6.4.2, the conductive phase is more
susceptible to attack, by the etching agent, than the SBS matrix. In principle, as was
explained in the aforementioned section, PANIPOL™ is at least about 20 times more
susceptible to attack than the SBS phase. Therefore, what was shown on the surface of
the specimens examined, were mostly elongated cavities (in the case of the longitudinal
sections) formed by the removal of the conductive complex, which was washed away
(dissolved) by the acidic solution during the etching. On the other hand, the transverse
sections presented a porous morphology, which is mainly attributed to cavities created
on the surface of the specimens as aresult of the polyaniline domains being removed by

the etching agent. The results from the analysis are presented next.

Figure 7.13 corresponds to etched surfaces of the extrudate 10PANIPOL/SBS. As
can be noticed, fig. 7.13a, which corresponds to the extrudate’'s longitudinal section,
shows the presence of numerous elongated cavities aligned parallel to the extrusion
direction. These features present, in some cases, a high degree of continuity and
uniformity along almost all of the extrusion direction. It is also clear that most of the
elongated cavities are concentrated in central regions of the extrudate. By comparing
fig. 7.13a with fig. 7.14a, which corresponds to the etched surface of the extrudate
containing only SBS, it is clear that the observed morphology resulted from the
presence of the conductive complex in the composite. As commented before, the
majority of the elongated cavities should correspond to regions on the surface of the
specimen that were originally filled with polyaniline structures.

A very different morphology is observed in fig. 7.13b, which corresponds to the
transverse section of the extrudate. This porous morphology is consistent with the
morphology observed in fig. 7.13ain such away that some of the observed pores should
correspond to cavities on the surface of the specimen formed by the removal of the ends
of elongated polyaniline structures, which were dissolved by the etching solution.
However, it is aso possible that some of the pores correspond to voids opened by the
etching agent on less dense regions of the SBS matrix. For example, compare fig.7.13b
with fig. 7.14b, which correspond to the transverse section of the extrudate of SBS. As

can be seen, the transverse section of the SBS extrudate shows two types of
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morphologies, a porous one, and another one displaying a smoother appearance
(encircled in yellow in fig. 7.14b). The latter, is the type of morphology expected to see
(under the level of magnification at which the analysis was performed) on an etched
SBS surface. In consequence, it is very likely that an irregular etching process occurred

on the SBS specimen as well as on the specimens of the extruded blends.

P S iR ]
Figure 7.13. SEM micrographs of the etched surfaces of the extrudate
10PANIPOL/SBS. Longitudinal (a) and transverse (b) sections.
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Figure 7.14. SEM micrographs of the etched surfaces of extruded SBS. Longitudinal (a)
and transverse (b) sections.

In fig. 7.13b two types of morphologies can be seen, one in which the diameter of
the pores seems to be bigger (centre of the specimen) and another one in which the pore
diameter is smaller. It is believed that the regions showing pores of bigger diameter
correspond to areas in the extrudate in which the ends of the elongated structures of
polyaniline were highly concentrated. On the other hand, the regions showing pores of
smaller diameter should correspond to the SBS matrix that was attacked irregularly by
the etching solution. The above observation is based on the fact that the morphologies
observed in fig. 7.13 are in good agreement with those observed by optical microscopy
during the preliminary morphological analysis, that is, fig. 5.15 in section 5.5.3. As has
been seen, the latter figure showed that elongated domains of polyaniline, oriented in

the extrusion direction, were highly concentrated in the extrudate’ s central regions.
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The presence of elongated cavities formed by the removal of the polyaniline phase
is shown more clearly in fig. 7.15, which corresponds to different regions of the
specimen shown in fig. 7.13a, but viewed under different levels of magnification.
Moreover, fig. 7.15c gives an indication about the possible diameter of a typical
elongated cavity. Assuming that the elongated cavities are in the form of long
longitudinally sectioned microtubes (as exemplified in the model presented in fig. 7.16),
and that they were created by the polyaniline phase that was originally in the form of
elongated continuous structures, an average diameter for these in-situ formed PANI
structures of about 4 um can be estimated. This dimension compares very well with that
of 2 um estimated through the SEM analysis performed on the cryogenically fractured
specimens (refer to figs. 7.9aand 7.10 in section 7.3.1).

-
el L | —

Figure 7.15. Asfig. 7.13a, but different areas and magnifications. Micrographs (a) and
(b) correspond to views at the centre and near to the edge of the specimen, respectively.
In micrograph (c), d indicates the diameter of atypical elongated cavity.
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Elongated cavity
/-?ormed by the removal
of the'PANI phase

Extrusion
direction

SBS matrix

Figure 7.16. Model exemplifying atypical elongated cavity of diameter d, formed on
the SBS matrix by the removal of the PANI phase.

The presence of the elongated “footprints’ of PANI, aigned paradlel to the
extrusion direction is exemplified more markedly in fig. 7.17, which corresponds to the
etched surfaces of the extrudate 20PANIPOL/SBS. From the figure, a much higher
content of elongated cavities is observed (fig. 7.17a). These features, as well as the
cavities of relatively bigger diameter on the transverse section (fig. 7.17b), seem to be
concentrated in central regions of the specimens. The degree of continuity and
uniformity of the elongated cavities, also appears to be higher than that observed in the
specimens of the extrudate 10PANIPOL/SBS. This is most evident in fig. 7.18, which
corresponds to different regions near to the edges of the specimen (refer to fig. 7.19)
shown in fig. 7.17a that were analysed using higher levels of magnification. The
observations about the concentration of elongated cavities on the longitudinal section,
and cavities of bigger size on the transverse section, are consistent with the content of

conductive complex in the extruded blends.

Very different morphologies to those previously described were observed on the
etched surfaces of the extrudate 50PANIPOL/SBS (fig. 7.20). Fig. 7.20a, corresponding
to the longitudinal section, shows some oriented structures (see the encircled area in the
micrograph). However, the typical elongated “trails’” of PANI oriented in the extrusion
direction were not identified. Moreover, even when a porous morphology is observed in
the transverse section (fig. 7.20b), the characteristic pores formed by the removal of the
ends of the elongated structures of PANI were not identified either. Also, both

longitudinal and transverse sections show a very irregular surface (e.g., cracks and
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different types of morphological features) that may have resulted from irregular flow of
the melt, taking place in the capillary die entry region or, perhaps, even inside the
capillary die itself. The morphologies observed in fig. 7.20 thus corroborate the
phenomenon of melt fracture that occurred in the flow of the melt during the extrusion
of blend S50PANIPOL/SBS (refer to section 7.2). Moreover, the morphol ogies observed,
also suggest that the PANI phase could co-exist in this particular extrudate as both
randomly dispersed aggregates and oriented structures, respectively.

[t L N T | e |
Figure 7.17. SEM micrographs of the etched surfaces of the extrudate
20PANIPOL/SBS. Longitudinal (a) and transverse (b) sections.
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Figure 7.18. Asfig. 7.17a, but higher magnifications. Areas near to the edges of the
specimen.
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Areas
examined

Figure 7.19. Schematic representation of the regions observed in fig. 7.18

Figure 7.20. SEM micrographs of the etched surfaces the extrudate
50PANIPOL/SBS. Longitudinal (a) and transverse (b) sections.
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The micrographs presented in this section reinforce the concepts about the in-situ
formation of polyaniline structures highly oriented in the extrusion direction. Although
the structures themselves were not seen, signs of their existence in the extruded blends
were evident. As has been seen, their footprints left on the surface of the examined
specimens displayed a considerably high level of continuity, especialy in the extrudate
20PANIPOL/SBS. This suggests, as was also observed by optical microscopy, that the
elongated structures of PANI should be highly continuous. However, whether the
elongated structures are in the form of continuous and intact fibres, extending all along
the extrusion direction inside the body of the extruded blends is difficult to establish
through the present SEM analysis.

The formation of elongated structures of polyaniline oriented in the extrusion

direction is thus ascribed to a combination of factors, the main ones including:

- Thetype of flow field occurring during processing. The convergent flow at the entry
of the capillary die should have generated a strong elongational flow that drew the
polyaniline domains into elongated structures. It is also possible that the shear flow
taking place inside the capillary contributed to generate elongated structures,
especialy in the neighbourhoods of the melt near to the capillary walls. In addition,
the sudden drop in the temperature of the melt leaving the die, and cooling down in
the surrounding air, should have aided in retaining the morphology.

- The degree of viscosity of the SBS. The apparent shear viscosity of the SBS matrix
was considerably higher than that of the PANIPOL™ complex (refer to fig. 4.26 in
section 4.6). Therefore, it is possible that significant stresses were transferred from
the matrix to the dispersed polyaniline phase, thereby aiding the drawing process.

- The surfactant character of the SBS. It is very likely that the SBS phase lowered the
surface energy of the dispersed polyaniline domains thus promoting their

deformation into continuous elongated structures.

- The content of PANIPOL™ in the blends. Except for the blend 50PANIPOL/SBS, it
was observed that the formation of elongated structures of PANI was most evident in
the extruded blends with higher content of conductive complex. As discussed before,
irregular morphological features were found on the specimens of the extrudate
50PANIPOL/SBS, the main reason being the occurrence of a melt fracture
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phenomenon in the met during processing associated with a lower degree of
homogeneity.

In one way or another, the concepts above stated have also been studied and
applied by other researchers in the production of polymer-based composites, which
involved in-situ deformation of the dispersed phase into elongated structures. For
example, consult the works of Wong et al. [116], Lee et al. [122], Ehtaiatkar et al. [102],
Folkes et a. [103], many other workers [117-120,123,124], and the references cited

therein.

7.4 CONDUCTIVITY MEASUREMENTS.

The volume conductivity was evaluated by measuring the extrudates electrical
resistance using the same instrument (Keithley 614 electrometer), auxiliary equipment
and method described in section 4.7. For each extrudate, five to ten specimens, whose
length ranged from about 0.5 to 2 mm, were tested. The specimens’ diameter was about
1.6 mm. The specimens were cut at random from different sections of the extrudates.
The extrudates sections produced at the beginning of the extrusion process
(stabilization stage) were excluded from the analysis. Assuming that the resistance
readings were performed in an ohmic regime and that the specimens were perfect
cylinders, the volume conductivity was calculated in accordance with the diagram
presented in fig. 4.32, using EqQ. 4.5 (refer to section 4.7).

Except for the specimens corresponding to the extrudate 50PANIPOL/SBS, al the
specimens showed resistance levels above the maximum reading achievable by the
electrometer (i.e., 200 GQ). The results from the measurements corresponding to the
extrudate SOPANIPOL/SBS are presented in Table 7.1.

As can be realized, the level of conductivity of the extrudates was considerably
lower than that of their corresponding non-extruded blends. As can be seen from the
results presented in Table 7.1, the average conductivity of the extrudate
50PANIPOL/SBS (i.e., 2.15 x 10°® S/cm) was even lower than that of 4.26 x 10° S/cm
measured on the compression moulded specimens of blend 15PANIPOL/SBS (refer to
Table 6.5 in chapter 6).
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Table 7.1. Results form the volume conductivity measurements on the extrudate

SOPANIPOL/SBS.

Specimen d (mm) [ (mm) R(MQ) o (S/cm)

1 1.53 1.85 1.77 5.69 x 10°

2 1.54 1.49 39.7 2.02x 10"

3 1.59 1.48 3.21 2.32x10°

4 1.62 0.91 2.71 1.63x 10°

5 1.50 0.75 14.34 2.96 x 10"

6 1.59 0.80 1.21 3.33x10°

7 1.56 0.54 1.76 1.61x 10°
Average| 2.15x10°

Standard deviation | 1.90x 10°

Note: d = specimen diameter, | = specimen length, R = volume resistance,
o = volume conductivity.

Initialy, it was believed that the decay in the conductivity was due to a negative
effect of the heating-cooling-heating cycle (i.e., compounding-cooling-forming cycle)
on the conductivity of the PANIPOL™ complex. This could be possible, especialy if
the number of cycles is very high. However, this was not the case in the present work.
What is more, the average conductivity of some of the compression moulded blends
(i.e., subjected to athermal mixing-cooling-therma moulding cycle) was only one order
of magnitude lower than that of the unprocessed PANIPOL™ pellets (refer to fig. 6.2 in
section 6.3). Furthermore, it is clear that the conductivity of the PANIPOL™ complex,
extruded under the same conditions to those used for the processing of the blends, was
not affected (refer to Table 4.5 in section 4.7).

Therefore, it is very likely that the decrease in the conductivity of the extrudates,
relative to that of the compression moulded blends, is due to a lack of continuity in the

polyaniline structures produced in-situ inside the SBS matrix.

7.5 CONCLUSIONS.

The quality of the extrudates improved considerably in comparison with that
observed in the extrudates produced during the preliminary experimentation. This is
attributed to a higher level of homogeneity in the blends, which resulted from the
optimisation of the compounding method.
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The pressure generated during the forming process behaved erratically with
respect to time, which implied that the blends were not completely homogeneous. This
behaviour increased with the increase of PANIPOL ™ content, which suggested that the
degree of homogeneity in the blends decreased in the same fashion. The diminishment
in the homogeneity is attributed to the fact that the batches used in the preparation of the
blends were not of the optimum size. Thisindicated that the shearing levels occurring in
the melt required to disperse fully the conductive complex within the SBS matrix were

not adequate.

The extrudate 50PANIPOL/SBS was very brittle due to the occurrence of melt
fracture in the flow of the molten blend during processing, which is associated with a

lower degree of homogeneity in the blend.

The level of pressure generated during the forming process decreased with the
increase of PANIPOL™ content. This was attributed to the fact that the conductive
complex is much less viscous than the SBS and al so acts as a processing aid.

The apparent shear viscosity of the blends with 15, 20, 35 and 50 wt.% of
conductive complex was lower than that of the PANIPOL™ pellets. It is likely that this
was due to disentanglement of the macromolecular chains of SBS and doped PANI as a
result of them being pre-sheared and impacted during the compounding and size
reduction processes, respectively. It may aso be possible that the chains of the DBSA-
PANI complex were oriented in the direction of the extrusion during the forming

process.

The morphological analysis evinced the in-situ formation of elongated polyaniline
structures highly oriented in the extrusion direction. The maximum diameter estimated
for these structures was about 2 um. The formation of these structures was ascribed to a
combination of factors including elongational and shearing flows occurring in the
molten blends during the processing, the stresses transferred from the SBS to the PANI

phase, and the lowering of the PANI domains' surface energy by the SBS.

Except for the extrudate 50PANIPOL/SBS, which showed irregular
morphological features, it was observed that the formation of elongated structures of
PANI was most evident in the extruded blends with higher content of conductive

complex. The irregular morphology observed in the extrudate 5S0PANIPOL/SBS was
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associated with the occurrence of melt fracture and a lower degree of homogeneity in
the blend.

The conductivity of the extrudates was considerably lower than that of their
corresponding non-extruded blends. This was mainly attributed to alack of continuity in

the polyaniline structures produced in-situ inside the SBS matrix.
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“All science requires mathematics”.
Roger Bacon (12207-1292), English monk,

philospher, and scientist.
Opus Majus.

CHAPTER 8

MODELLING OF THE CONDUCTIVITY
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8.1 INTRODUCTION.

This chapter is intended to analyse the behaviour of the conductivity with respect
to the content of conductive complex. As has been seen in the previous chapter, the
measurement of the conductivity was only achieved for the extruded blend with the
highest content of PANIPOL™. Therefore, the analysis concentrates on the conductive
behaviour of the compression moulded blends (refer to section 6.3). For the analysis,
two approaches were followed. The first one was the percolation theory and the second
one was a generalisation of effective media theories. As will be seen in the relevant
section, both approaches require expressing the conductivity of the composite as a
function of the volume fraction of the conductive phase. Literally, the term conductive
phase refers, in the case of the present work, to the conducting polyaniline salt, whose

content in the as-received pellets of PANIPOL™

is about 25 wt.% (refer to sections 3.2
and 4.3.1). However, in this particular study the entire PANIPOL™ complex was
regarded as the conductive phase, whose volume fraction in the blends (Table 8.1) was
calculated using EqQ. 5.3a (refer to section 5.2.4) and the density values of 1100 and 940
kg/m® corresponding to the PANIPOL™ and SBS, respectively (refer to the relevant
sections in chapter 3). The average volume conductivity of each compression moulded

blend is also presented in Table 8.1 (refer to Table 6.5 in section 6.3). Similarly to the

previous chapters, general conclusions are presented in the final section.

Table 8.1. Volume fraction of PANIPOL™ in the compression moulded blends and
their corresponding average volume conductivity (0).

W1t.% in the Volumefraction | Average o(S/cm)
blend in the blend
0 0.0000 1.00x 107 *
5 0.0430 7.27x 10"
10 0.0867 3.50x 10°
15 0.1310 4.26x 107
20 0.1760 2.10x 10™
35 0.3151 532x 10"
50 0.4608 7.61x10™
100 1.0000 2.57x 107 **

* gof the SBS (refer to section 3.3.1)
** g of the PANIPOL™ pellets (refer to Table 4.5 in section 4.7)
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8.2 PERCOLATION THEORY APPROACH.

The percolation theory has been used to interpret the behaviour of conductivity in
mixtures of conducting and non-conducting particles [22,57,62,78,79,189,193,194]. The
sudden transition in such materials from insulator to conductor is evidence of a
percolation threshold. As has been seen in chapter 2, the percolation equation (i.e., EQ.
2.1 from section 2.4.2) describes the relationship between the composite conductivity
and conductive filler concentration in the vicinity of the percolation threshold. To
facilitate following the sequence of the present analysis, the percolation equation,
together with the definition of its terms is presented again in this section. The equation

is referred to as EQ. 8.1.

Om= conductivity of the composite.

Oh = conductivity of the conductive filler.
¢@= volume fraction of the conductive filler.
@ = percolation threshold.

t = critical exponent.

Equation 8.1 is valid at concentrations above the percolation threshold, that is,
when @> @. The critical volume fraction and the exponent t are used to classify the
microstructure of percolating systems. They are sensitive to various factors, one of the
more important being the relative size of the conducting and insulating particles.
Therefore, EQ. 8.1, can be used to fit experimental data and find values of @ and t which
can be compared with previous model predictions. However, some researches, for
example McLachlan et al. [80], argue that the percolation theory is also limited in that
the percolation equation is valid near the threshold, only when the ratio of the
conductivities of the two components is infinite. This can be a problem when dealing
with real systems where all components have finite conductivities. Strictly speaking, the
percolation theory only applies when either the conductivity of the low conductivity
filler (g;) 1s equal to zero or when the resistivity of the high conductivity filler (1/ o),
with conductivity o, is also equal to zero. In spite of its limitations, the percolation
theory can help to elucidate the mechanisms and microstructure that control the

conductivity process in conductive composites.
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In principle, to predict the conductivity of the composite, a non-linear iterative
fitting method should be used to evaluate the unknown parameters @ and t in Eq. 8.1
from experimental {¢, on} pairs. Then the predicted and experimental data can be
correlated, and the maximum value of the squared correlation coefficient [195], %, is
searched for. However this method implies that it is necessary to exclude the
experimental {@ Om} pairs for which @ < @ because the condition ¢> @ must be
fulfilled to evaluate the term (¢— @)' in Eq. 8.1 for any given value of t. This reduces
the data set and usually distorts the results as r* may reach several maximum values
even at @ far from the percolation region. A more suitable method is to express EQ. 8.1

in the following form:

Ut _ t Ut
[ow] ™ = [on(9p— @)1,
which reduces to:
1 1t - 1t 1t
On = 0Oh (P—@)=0h ¢~ G @
Rearranging the above expression, the following equation is obtained:

on' = — '@+ ov''g.......Eq. 8.2.

Eq. 8.2 has the mathematical form of the equation that describes a straight line
with the intercept on the axis y and also allows including all the experimental {@ O}
pairs to determine the unknown parameters. Therefore, by plotting ot vs. @ for a
varying exponent t and applying a linear regression analysis to find the plot with the
maximum r?, it is possible to find the best estimate of the value of t. Moreover, this
analysis also aids in finding the equation that describes the plots making it possible to
estimate the value of @ and predict a value for on, which can be compared with the

actual value.

Accordingly, all the equations obtained by applying the regression analysis will

have the form of the equation of a straight line, which is:

Therefore, by comparing Eq. 8.2 with EQ. 8.3, it is possible to realise that in EqQ.

8.3, y will correspond to a predicted value of o and that x will correspond to the
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actual value of @ Additionally, the terms a and b in Eg. 8.3 will correspond to
expressions from which the values of @ and 0Oy can be predicted (equations 8.3a to

8.3d).

821 EVALUATION OF THE CRITICAL PARAMETERS.

Following the method previously described, several plots of (Um)llt vS. @ were
performed by varying the value of the exponent t (the values of o0y, and @are presented
in Table 8.1). A linear regression analysis was applied to each plot, and an iterative
process was performed in order to find the value of the exponent t that yielded the
maximum r’. As a mere example, one of the several plots obtained is presented in fig.
8.1. The regression analysis was carried out using the statistics package of the software

Microsoft Excel 2000.

T.E-a

&.F-D6 4 =——Linear regressian line

L] L]
¥ = ~{Bx1l §+ &.5x10
SE-Mi o |' .
r = DHE43

4. - o (1= 05y

' 1%
% F -0 & |Ezpssimvatal g |

low ™ (®icmi

I+
LE-IMi o

0.E =0 4 Y

-1.E-0 T T T L] T T T T T T L]

Figure 8.1. Plots of (o) vs. @ fort=0.5.
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The results from the iterative process are presented in fig. 8.2. Note that fig. 8.2b
corresponds to the data between the broken lines in fig. 8.2a, but plotted reducing the
scale of the main axes. Figure 8.2 also presents the predicted values of @ for each value
of t that were obtained by using the equation of the regression lines (Eq. 8.3) and Eq.
8.3c.

m.14
Lo
000 — a
097 4 o Sy Y
(I S -
(I
0.e5 o =| - nos L
k. SR 1
C
| @5 4 Bl | - oan g
Ty =
-I 1 -r';.,_‘___—) L ong 8
= 11.5‘1 = 1 1 k\‘\ -E
1 1 ...‘L - 00X -
0ED - (I Ny
| | .._H = 0
(I !
087 4 Lo ~ | .00
055 e T .04
i3 ns .7 o 1.1 1.3 1.5 1.7 1.0 1.1
N
meRglrls i.n45
i b
"".-\ [
i L 0.0445
0001165 o (—._L_;.
i \ 1
> i i r = 1044
I \ ! - -
| D.99I116 o H-._). . =
" ;. | L =
i 'f LN - 0.0435 =
e i -3
f | 1\"‘-1- a
0091155 o . i -
I L \ - 0043
I
I 1
: ]
nev11s . ! " " 0.0415
1.345 1.23 1,555 T 1.365 13T

Figure 8.2. Variation of r* with respect to the value of the exponent t in the o, vs. @
plots. The values of @ were obtained for each value of t using equations 8.3 and 8.3c.
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From fig. 8.2b it can be observed that the maximum value of * (i.e., 0.99117) was
obtained for a value of t equal to 1.355, while the corresponding value of @ was
0.04376 (note the broken line in fig. 8.2b). Figure 8.3 presents the (Um)1/t vs. @ plots
using the previously obtained value of t. This figure also shows the equation of the
regression line, with the values of a and b equal to 5.571 x 10™* and 1.273 x 107,
respectively. As commented before, these values were used in EQ. 8.3C to estimate the
value of @. It can be observed that this value (i.e., 0.04376) compares very well with
that of 0.0430 corresponding to 5 wt.% of PANIPOL™ in the blends (refer to Table
8.1), which was originally estimated as the percolation threshold (refer to fig. 6.2 in
section 6.3). The predicted value for g, was obtained using the values of b and t in Eq.
8.3d. This was equal to 2.7 x 10” S/cm, which is also in well agreement with the
experimental value for the PANIPOL™ pellets of 2.57 x 10~ S/cm. It should be stressed
that the value of the critical parameters depends on the number of experimental data
available to perform the curve-fitting method. However, the more experimental data

available, the more accurate the method is to evaluate the critical parameters.

ald
= iinear regression ine
0oL -
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2 = 1A55j
T 000E H
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:' nhondgG -
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n.0mz
Li} LI | 1.2 1.3 0.4 0nx 0.6 .7 0= LIRY 1
L]

Figure 8.3. Plots of (o) vs. @ fort=1.355.

The values of t = 1.355 and @ = 0.04376 were used in Eq. 8.1 to predict the
conductivity of the blends (0,) at each PANIPOL™ volume fraction (¢). In Eq. 8.1, the
experimental value of 2.57 x 10° S/cm for the conductivity of the PANIPOL™ pellets

(on) was used. For the reasons already discussed, the predictions only included the
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experimental {¢@ O} pairs for which ¢> @. The results are presented in Table 8.2 and
the predicted and experimental ¢ vs. Oy curves are presented in figure 8.4 for
comparison. The predicted and experimental data were correlated with the value of the

squared correlation coefficient equal to 0.99687.

Table 8.2. Predictions of gy using EQ. 8.1 with t = 1.355 and @ = 0.04376. Percolation

theory approach.
Q Experimental on* Predicted o,
(S/cm) (S/cm)
0.0000 1.00x 10"
0.0430 727 x 10"
0.0867 3.50x 10° 3.61x 107
0.1310 426x 107 9.43x 107
0.1760 2.10x 10 1.66 x 10
0.3151 532x 10" 439x 107
0.4608 7.61 x 10 7.86x 107
1.0000 2.57x 107 2.42x 107

* Average val

ues (refer to Table 8.1)

1.E-02
1.E-03
1.E-04 4
1.E-05
1.E-06
1.E-07 4
1.E-08
1.E-09 1
1.E-10 4
1E-11 -
1.E-12 4
1.E-13 4
1E-14 -
1E-15 ™7

o, (S/cm)

@ Experimental
=@= Average
=== Py edicted

0

Figure 8.4. The predicted and experimental ¢ vs. g, curves (t = 1.355 and @ = 0.04376

¢

01 02 03 04 05 06 07 08 09 1

in Eq. 8.1). Percolation theory approach.
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As has been observed, the value obtained for the critical exponent t is below the
theoretical value for composites, which is most often found to lie in the range 1.65 to 2
[79,80]. However, values of t are reported to be below those limits, and sometimes
values in excess of 2.0 have also been obtained. It should be stressed however, that the
values of t (and the corresponding values of @) are strongly dependent on the systems
involved and on the blending techniques used to produce them. Additionally, the value
of the critical parameters also depends on the mathematical form in which the

percolation equation is used to perform the predictions [22,57,62,189,193,194].

As has been mentioned before, the percolation threshold (i.e., around 5 wt.% of
conductive filler, or @ = 0.0430) was calculated based on the content of the
PANIPOL™ pellets in the blends. Now, in view of the fact that the content of the
conducting PANI salt in the pellets is about 25 wt.%, the percolation threshold, based
on the PANI salt content would be around 1.25 wt.%. The company supplying the
pellets did not provide any specific information about the respective density values for
the polyaniline salt and zinc compound that could have been used to calculate the
correct volume fraction of the PANI salt in the blends. However, an approximate
estimation, assuming that the density of the aforementioned compounds is the same as
that of the pellets (i.e., 1100 kg/m’), yields a ¢ equal to 0.01076 corresponding to 1.25
wt.% of the conducting polyaniline salt in the blends. Irrespective of the accuracy of this
estimation, it is clear that the value of @ based only on the content of the PANI salt

should be lower than 0.0430.

The critical parameters calculated for the present compression moulded
PANIPOL™-SBS system are consistent with those calculated by Ktivka et al. [194],
who followed a similar method to the one used in this work. Ktivka and co-workers
studied mechanically blended mixtures (obtained with a pestle and mortar) of
conducting PANI with potassium bromide and ammonium sulphate salt, respectively,
which were subsequently pressed in a manual hydraulic press into small pellets. The
values for the exponent t were also below the theoretical ones, being equal to 1.43 and
1.53, respectively. Moreover, the critical volume fractions obtained for those
composites were respectively 0.016 and 0.023. Ktivka et al. observed that at @, their

materials showed a morphology of segregated conducting PANI domains within the
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matrix phase. This observation is also in good agreement with the morphology observed
in the present PANIPOL™-SBS system at @, in which the conducting PANI particles
are segregated into small clusters that were formed into layered structures during the
compression moulding process (refer to fig. 6.15 in section 6.4.3). Therefore, the
conductivity at @ may be attributed to the incipient formation of very long layers of

PANI in the direction of the current flow.

8.3 GENERALISED EFFECTIVE MEDIA THEORY APPROACH.

As explained before, experimental and theoretical data can be correlated to
explain how the volume fraction and the morphology of the components affect the
electrical behaviour of the composites. In general, previous theoretical work has only
relied on percolation and effective media theories. As discussed before, the percolation
theory is limited. Effective media theories (refer to section 2.4.3 in chapter 2, or to
references [80] and [85]) are used to try to predict the effective or large-volume average
of the electrical conductivity of composites. As explained in chapter 2, there are two
special cases for which effective media theories exist, the symmetric and asymmetric
cases. As has been seen in the relevant section, when one component is a perfect
insulator, the symmetric media theory contains a conductor-insulator transition at a
specific conductor volume fraction, which depends on the shape of the particles,
whereas the asymmetric theory does not contain a transition. In practice, conductor-

insulator transitions occur over a wide range of volume fractions.

A generalized effective media (GEM) equation that describes the conductivity of
binary mixtures as a function of the conductivity of the components, the volume fraction
of each, and the two percolation parameters, has been proposed by McLachlan
[80,85,86]. One parameter is the critical volume fraction, @, the other is the exponent t
which depends on @ and a characteristic depolarisation coefficient, L, for the dispersion
(refer to section 2.4.3). This coefficient depends on the shape of the particles and
whether the dispersion is oriented, partially oriented or random. The equation, which
was derived as an interpolation between the symmetric and asymmetric effective media

theories, is valid for all volume fractions. Furthermore, the shape of the conducting and
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insulating particles in the media can be deduced by analysing the experimental results.

The GEM equation written in terms of the electrical conductivity is

l/t l/t l/t l/t
), g

ot + E;Ejm ot %7%1” .......... Eq. 8.4,

@= volume fraction of the higher conductive component (filler),

where:

@ = critical volume fraction of the higher conductive component (percolation
threshold),

0, = conductivity of the lower conductive component (matrix),

Oh = conductivity of the higher conductive component (filler),

Om = conductivity of the medium (composite),

t = critical exponent.

Equation 8.4 reduces to the symmetric and asymmetric theories and has the
mathematical form of the percolation equation in the appropriate limits. Accordingly, in
the appropriate limits, and depending on the spatial distributions of the composite’s
phases, EQ. 8.4 reduces to the equations given below. In those equations, f=1— @and
fc = 1 — @ are the volume and critical volume fractions of the lower conductive

component, respectively.

- For oriented ellipsoids.

When g, =0,
fC
f I-Ly )
Um:UhE_f_ .......... Eq. 8.5a,
C
and when p, ,
@
o™
pm:phE—a .......... Eqg. 8.5b,

In the previous equations, Lf and Ly are the depolarisation coefficients for the

lower and higher conductive phases, respectively. Egs. 8.5a and 8.5b reduce to the
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equations from the symmetric theory when fc = 1 — L; or @& = L. In the equations given
above and in the following ones, the terms pm (1/0m), p, (1/on) and p, (1/0;) stand for
the resistivities of the composite, the lower and higher resistive phases, respectively.

Also, it is clear that p, = 0 when O = .

- For randomly oriented ellipsoids.

When g, =0,
f ffc
omzohé—f—g .......... Eq. 8.6a,
and when p, = 0,
P
pm:phé—2 .......... Eqg. 8.6b,
@

In equations 8.6a and b M and m, are exponents for the randomly oriented

ellipsoids of the lower and higher conductive phases, respectively.

Equations 8.5a to 8.6b take the form of the equations from the asymmetric theory
when fc = 1 or @ =1. In general, the equations given above take the mathematical form
of the percolation equation as follow:

When g, =0,

and when p = 0,

Therefore, the GEM equation (EQ. 8.4) can also be viewed as a matched
asymptotic expression as it interpolates between the equations given above (Egs. 8.7a
and 8.7b), from which the relationship of the exponent t with the parameters Ls, L, f,
@, my and my can be deduced as follow:

- For oriented ellipsoids.

f. _@
t= c =T
I-L, L(p .......... Eg. 8.8a
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- For randomly oriented ellipsoids.

t=m; T, =ma@.......... Eqg. 8.8b.

Equations 8.8a and 8.8b can be solved together with the relation fc = 1 — @ to
give:

t= 1 SR
I-L,+L, m +m,

Accordingly, these equations can be used to deduce the particles shapes and their
spatial distributions in composites, for which values of the involved parameters can be
found in the literature [84,85]. Although the morphological analysis performed on the
compression moulded blends suggested that the morphology responsible for the
conductivity mainly consisted of layered structures of the conductive filler within the
insulating matrix (refer to section 6.4), for the purpose of the present modelling it will
be assumed that the PANIPOL™-SBS blends are similar to a system containing
oriented spheroids. Therefore, EQ. 8.8a will be appropriate to deduce the morphology of
the blends. For this, typical values of L for spheroids (of different shapes) oriented in
the direction of the current flow are presented in Table 8.3 [84]. Defining the three
principal axes of the spheroid as a, b and c, the values of L are for particles in which
two of the axes are of equal length (that is, b = €). The term L is purely numerical and

depends only on the axial ratios of the dispersed particles [84,181].

Table 8.3. Values of L for spheroids in which b= c.
(from Meredith and Tobias [84]).

Shape b/a L Shape b/a L
Rods 0 0.5000 Oblate 2 0.2383
Prolate 1/6 | 0.4784 spheroids 3 0.1823
spheroids 15 | 04720 4 | 01477
1/4 | 0.4624 5 0.1245
113 | 0.4465 6 0.1077

1/2 | 04134
Spheres 1 0.3333 Disks 00 0.0000
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8.3.1EVALUATION OF THE CRITICAL PARAMETERS.

The GEM equation (Eg. 8.4) was written as a quadratic equation as follows:

acg'+Balt +y=0..... Eq. 8.10.

Solving EQ. 8.10 for oy, the true solution for any given value to the variables is

found to be
2 —
am:H_B+ paayfl Eq. 8.11,
H 2o {

where:
a=A(l+B)
p=(8- Ao} +(1- AB))"
y = _(1 + B)O.Il1/t0.|1/t
A=1"%

Q@
B = I__qo

Q@

To predict the conductivity of the blends (0m), an iterative process was performed
in which the parameters @ and t were varied freely in EQ. 8.11. The values of @used for
the predictions are those presented in Table 8.1. On the other hand, on and G
correspond to the volume conductivity of the PANIPOL™ pellets (i.e., 2.57 x 107
S/cm) and SBS (i.e., 1 x 10 S/cm), respectively. For each {@, t} pair, the predicted
data were correlated with the experimental ones in order to find the maximum value for
r*, which would suggests the correct values for the parameters ¢ and t. The results from
the iterative process are presented in fig. 8.5, which shows that the highest values for r*
were obtained for {@, t} pairs corresponding to {0.03, 1.4} and {0.06, 1.3}. This is
observed more clearly in fig. 8.6 (note the broken arrows), in which the scale of the
main axes was reduced. These results suggested that the correct values of t and @
should be in the intervals 1.3 <t < 1.4 and 0.03 < @ < 0.06, respectively. To increase
the accuracy of the calculations, a similar iterative process to the previous one was

performed for {@, t} pairs in the intervals 1.3 <t < 1.4 and 0.03 < @ < 0.064. The
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results are presented in fig. 8.7, which suggests that the correct values for t and @
should lie in the intervals 1.34 <t < 1.36 and 0.044 < @ < 0.050, respectively (note the
broken arrows in the figure). Accordingly, the values calculated for t and @ are,
respectively, 1.35 + 0.010 and 0.047 + 0.003, although it must not be assumed that these
values should be exactly halfway between the limits above quoted. These values are,
however, in good agreement with those obtained from the percolation theory approach
(i.e., 1.355 and 0.04376, respectively). Moreover, the numerical quantity of 0.047
assigned to @, also compares well with that of 0.0430 corresponding to 5 wt.% of
PANIPOL™ in the blends (originally estimated as the percolation threshold). The
predicted conductivities, using the values obtained for t and @ in Eq. 8.11, are presented
in Table 8.4 together with the experimental results. The value for r* was 0.99724. The

predicted and experimental @ vs. Oncurves are presented in figure 8.8 for comparison.

099 - —i=1
—=—1=11
—o0—t=12
097 <
t=135
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Figure 8.5. Results from the iterative process followed by using Eq. 8.11 for different
{@, t} pairs.
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Figure 8.6. Results from the iterative process followed by using Eq. 8.11 for different
{@, t} pairs. As fig.8.5 but with a reduced scale for the main axes.
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Figure 8.7. Results from the iterative process followed by using Eq. 8.11 for {@, t}
pairs in the intervals 1.3 <t <1.4 and 0.03 < @ < 0.064.
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Table 8.4. Predictions of oy, using EQ. 8.11 with t=1.35 and @ = 0.047. GEM

approach.
Q Experimental on* Predicted on,

(S/cm) (S/cm)
0.0000 1.00x 10 1.00x 10
0.0430 727x 107" 278 x 107"
0.0867 3.50x 10° 3.52x 107
0.1310 426x 107 9.68x 107
0.1760 2.10x 107 1.73x 10
0.3151 532x 10" 4.64x 10"
0.4608 7.61x 10" 8.33x 10™
1.0000 2.57x 107 2.57x 107

* Average values (refer to Table 8.1)

1.E-02
1.E-03 -
1.E-04 1
1.E-05 -
1.E-06 -
1.E-07 1
1.E-08 -
1.E-09 -
1.E-10 -
1.E-11 1
1.E-12 1
1.E-13 -
1.E-14 1
1.E-15

on (Slcm)

@® Experimental
--@-- Average
Predicted

0 01 02 03 04 0506 07 0809 1
¢

Figure 8.8. The predicted and experimental ¢ vs. gncurves (t = 1.35 and @ = 0.047 in
Eqg. 8.11). GEM approach.

The values of t and @ obtained were used in equations 8.8a and 8.9, to calculate
the values for Ly and Ly, being these equal to 0.0348 and 0.2941, respectively. It should

be stressed however, that the previous values were calculated based on the content of
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the PANIPOL™ pellets in the blends, which is not strictly correct. As has been
mentioned before, the evaluation of the critical parameters and other ones derived from
them should have been performed taking into account the content of the conducting
polyaniline salt in the blends. Assuming that the value calculated for L, corresponds to
the depolarisation coefficient for the PANI salt would suggest that, at the percolation
threshold, the polyaniline particles would exhibit a morphology of extremely flattened
spheroids as indicated in Table 8.3 for spheroids with e > b/a> 6. This is in agreement
with the morphology observed for the compression moulded blend with 5 wt.% of
PANIPOL™ complex, which is being regarded as the percolation threshold. As has
been seen, the aforementioned blend displayed a morphology of layered structures of
the conductive filler (refer to fig. 6.15 in section 6.4.3), which now could be visualized
as aggregates of flattened polyaniline particles within the SBS matrix. Again, the
incipient formation of very long layered structures of the conductive phase in the

direction of the current flow may be responsible for the conductivity at @.

8.4 CONCLUSIONS.

Percolation theory and a generalisation of effective media theories were used to
model the conductivity behaviour in the compression moulded PANIPOL™-SBS
blends. Both approaches yielded similar values for the critical parameters, these being t
=1.355 and @ = 0.04376 from the percolation theory, and t = 1.35 and @ = 0.047 from
the GEM approach. The values calculated for @ are in good agreement with that of
0.0430 corresponding to the compression moulded blend with 5 wt.% of PANIPOL™,

which was initially suggested as the percolation threshold.

The critical parameters calculated from the percolation theory are consistent with
those calculated by other researchers for other PANI-based systems following a similar
method to that employed in this work. The morphology observed in those composites at
@ consisted of segregated conducting PANI domains within the matrix phase, which is
also consistent with the morphology observed in the PANIPOL™-SBS blend with 5

wt.% of conductive filler.

The low value of the depolarisation coefficient calculated through the GEM
approach for the PANIPOL™ phase suggests that, at the percolation threshold, the

Page 213





CHAPTER 8. Modelling of the conductivity.

polyaniline particles would exhibit a morphology of extremely flattened spheroids,
which is in well agreement with the layered structures of the conductive filler observed
in the compression moulded blend with 5 wt.% of PANIPOL™ complex. This enables
us to visualize the morphology of the composite at the percolation threshold as

aggregates of flattened polyaniline particles within the SBS matrix.

The conductivity at the percolation threshold may be attributed to the incipient

formation of very long layers of polyaniline in the direction of the current flow.
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CHAPTER 9. Concluding remarks and recommendations.

“Reasoning draws a conclusion and makes us grant the conclusion,
but does not make the conclusion certain,
nor does it remove doubt”.

Roger Bacon (12207-1292), English monk, philospher, and scientist.
Opus Majus.

CHAPTER9

CONCLUDING REMARKSAND RECOMMENDATIONS

“Advice is seldom welcome;
and those who want it the most
always like it the least”.

Lord Chesterfield (1694-1773),
British statesman and writer, January 29, 1748.
Letters to his Son.

Page 215





CHAPTER 9. Concluding remarks and recommendations.

9.1INTRODUCTION.

This chapter summarizes the conclusions drawn through the course of the present
work. For this purpose, the chapter is divided into sections entitled according to the
topics studied. In the same way, recommendations for further work, when applicable,
are also presented. A final section is presented at the end of the chapter, which concisely
states the important conclusions and emphasises the main significance of the present

work.

9.2 RAW MATERIALSCHARACTERISATION.

The basis about the use of dodecylbenzenesulfonic acid (DBSA) and zinc
dodecylbenzene sulphonate (Zn(DBS),) as the doping and Zn compounds, respectively,
in the manufacture of the pellets of PANIPOL™ was elucidated by means of a
combination of analysis techniques, namely X-ray diffraction, gravimetry and infrared
spectroscopy. The gravimetric analysis confirmed that the content of the polyaniline salt
and Zn(DBS), in the PANIPOL™ complexes was about 25 and 75 weight percent,
respectively.

The thermal limitations of the PANIPOL™ complexes were established through
TGA and DSC analyses. These analyses confirmed that the samples could be safely
processed up to a maximum temperature of about 250°C without exposing them to
severe degradation and loss of their electrically conductive characteristics. However, the
DSC analysis suggested an inhomogeneous distribution of the components (especialy
the additives) in the samples during the manufacturing process. Also, it was found that
the pellets might not maintain their intrinsic properties even when exposed to the so-
caled safe processing range of temperatures, thus implying that there are limitations

regarding their reprocessability.

The rheological analysis evinced the inhomogeneity of the samples of
PANIPOL ™ and a high degree of brittleness and poor surface finish in their extrudates.
It was observed, however, that the degree of brittleness was most evident at lower
extrusion speeds and at higher temperature levels. The analysis also suggested that,
compared with the LDPE and PP, the SBS seemed to be the most suitable materia to be
blended with the PANIPOL ™ samples as this would best favour the in-situ formation of
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polyaniline fibres in the blends. This is because it possesses the required level of
viscosity, together with a suitable processing temperature for processing the conductive
complex without risking its electro-conductive performance. In the same way, the
analysis suggested that using PANIPOL ™ 2 would produce better results as this sample
proved to be the most viscous of the three samples studied, thus suggesting that in a
blend, with say SBS, it would possess better stability, which would aid in maintaining
the desired morphology. PANIPOL™ 2 was therefore selected to be the conductive
filler in the polymer systems further investigated.

The overall average value of conductivity of about 3 x 10° S/cm, measured in the
PANIPOL™ complex, compares well with that of 10* S/cm reported by the supplier.

The morphological analysis showed the presence of spherical features surrounded
by a continuous phase in the pellets of PANIPOL™. These features, which were about 7
pum in diameter or smaller, are believed to be the particles of the polyaniline salt. It is
believed that the morphology observed originated as a result of the clustering of
aggregates (formed of primary doped polyaniline nanoparticles) into globular shaped
agglomerates.

9.3 COMPOUNDING AND FORMING: PRELIMINARIES.

Regarding the experimentation with different compounding techniques in order to
find the most appropriate one, it was noted that melt mixing in a batch mixer was the
most favourable one because the instrument offered the possibility of varying the
mixing speed, which assisted in the optimisation of the process. The special geometry of
the mixer rotors also provided better dispersion and mixing action, which favoured the
production of blends with a higher degree of homogeneity. In addition, the final
composition of the blends was better controlled because the possibilities of losing
material during the feed and mixing stages were minimised due to the fact that the

compounding took place in an enclosed space, which also promoted a cleaner process.

It should be kept in mind, however, that the films PANIPOL ™2/LLDPE obtained
by using a single screw extruder and aflat die (refer to the samples provided in section

5.2.3) displayed a texture that may indicate that this compounding technique has
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potential for the in-situ deformation of the polyaniline phase into fibres. It is therefore
recommended that this process be explored further, paying especia attention to the
methodical analysis of the extrudates microstructure in order to verify whether the
observed morphology truly corresponds to fibres of the PANI complex fully aligned
within the LDPE matrix.

With respect to the preliminary experiments carried out in the forming instrument
(i.e., an extrusion rheometer) with the purpose of determining the optimum processing
conditions, it was observed that the degree of homogeneity in the blends together with
the extrusion speed and temperature had a clear influence on the quality of the
extrudates. In general, extrudates of better quality were obtained from blends with a
higher degree of homogeneity and at extrusion speeds below 2.5 mm/min. Above this
speed, the extrudates started to become uneven due to melt fracture occurring in the
melt during processing. The optimum extrusion temperature seemed to be related to the
polymer matrix in the blends. For the blends containing LDPE, better results were
obtained at 150°C whereas for the blends containing SBS the optimum temperature
appeared to be 120°C. Good quality extrudates were also obtained at 180°C from the
blends containing PP.

The morphological analysis carried out on the extrudates revealed that the
PANIPOL™ phase was deformed into elongated domains by the carrying action of the
polymer matrices. The elongated domains were preferentially oriented in the extrusion
direction and aso displayed a reasonable degree of uniformity. Furthermore, signs of
continuity were also observed in some cases. The presence of uniform and continuous
elongated domains of polyaniline was most evident in extrudates containing 15 wt.% of
PANIPOL™ and in those in which the polymer matrix was SBS. Therefore, this
polymer was selected to serve as the matrix in the blends subjected to additional
experimentation. The extrusion temperature did not appear to affect the morphology of
the examined extrudates.

Although elongated structures of the conductive complex were most evident in the
extrudates containing SBS, it is also possible that a great number of these structures
were also present in the extrudates containing LDPE and PP. With respect to this, it is
possible that the limitations of the technique used for obtaining proper sections for
morphological analysisimpeded the observation of elongated structures of PANIPOL ™
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in the two aforementioned matrices. A more sophisticated technique is thus called for.
For example, the use of ultramicrotomy to produce thinner sections, which could be
further analysed using a transmission electron microscope. The specimens for analysis
could be obtained by embedding the extrudates in an epoxy resin such that flat surfaces

are exposed for microtomy.

9.4 PRODUCTION OF PANIPOL ™-SBSBLENDS.

The compounding was performed in the BRABENDER® batch mixer a 130°C.
The modifications performed to the compounding conditions, namely the increase of the
mixing speed and time to 15 rpm and 5 min, respectively, considerably improved the
dispersion of PANIPOL™ in the blends due to the increase of the shear stresses
occurring in the melt. Additionally, the conductive complex was given more time to mix
properly with the polymer matrix. Although the degree of homogeneity was increased,
some of the blends, especially those with the higher contents of conductive complex,
were dtill lacking the required level of homogeneity. As has been seen in section 6.2,
this was due to the fact that batches of the same size were used in the preparation of the
blends regardless of their composition. As explained in the aforementioned section, this
is not strictly correct, as the batch size should increase with the increase of conductive
complex in the blends (the reader isinvited to revisit Table 6.3, which shows the correct
average batch size for each blend composition). It is therefore recommended that the
correct batch sizes should be observed in the preparation of the blends to attain the

desired levels of homogeneity.

On the other hand, one must be more critical when selecting the correct
compounding conditions. For this, a proper experimental design is recommended in
which the most important processing conditions are varied between certain limits and
the desired properties of the blends evaluated for each combination of processing
conditions. For example, if it is assumed that the more homogeneous the blends are the
higher their level of conductivity, this could help in choosing the correct processing
conditions. More specifically, assessing the effect of different levels of mixing speeds
and times on the level of electrical conductivity in the blends at a fixed blend
composition could aid in indicating which levels of these parameters (i.e., time and
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mixing speed) are the most suitable ones. An analysis like this could be carried out
following the Taguchi’ s technique for the design of experiments [196].

The blends were compression moulded into flat plaques and the relationship
between the volume conductivity and content of conductive complex was evaluated. It
was found that this was characteristic of a percolating system. The percolation threshold
seemed to occur at a PANIPOL™ content of about 5 wt.%. The results from the
conductivity measurements suggested that blending SBS with no more than 20 wt.% of
conductive complex could produce an electrically conductive composite with a

reasonably good level of conductivity.

The morphological analysis suggested that the morphology responsible for the
conductivity in the compression moulded blends consisted of a continuous network of
polyaniline within the SBS matrix. There were strong evidences that this network was
mainly composed of layered structures of polyaniline together with other morphological
arrangements of PANI, including interconnecting paths and discrete aggregates. The
analysis also proved that the connectivity degree among the aforementioned
morphologies is a function of the content of conductive complex, which explains the
increase of the level of conductivity in the blends with the increase of the PANIPOL ™
content.

9.5 RAM EXTRUSION OF PANIPOL "™-SBS BLENDS.

The forming process was carried out at a piston drive speed and temperature of
1.25 mm/min and 120°C, respectively. The quality of the extrudates improved
considerably in comparison with that observed in the extrudates produced during the
preliminary experimentation. This is attributed to a higher level of homogeneity in the
blends, which resulted from the modifications performed to the compounding method.
The pressure generated during the forming process behaved erratically with respect to
time, which implied that the blends were still l1acking the desired level of homogeneity.
This behaviour increased with the increase of PANIPOL™ content, which suggested
that the degree of homogeneity in the blends decreased in the same fashion.

The apparent shear viscosity of the blends with 15, 20, 35 and 50 wt.% of
conductive complex was lower than that of the PANIPOL™ pellets. It is likely that this
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was due to disentanglement of the macromolecular chains of SBS and doped PANI as a
result of the aforementioned materials being pre-sheared and impacted during the
compounding and size reduction processes, respectively. It may also be possible that the
chains of the DBSA-PANI complex were oriented in the direction of the extrusion

during the forming process.

The morphological analysis evinced the in-situ formation of elongated polyaniline
structures highly oriented in the extrusion direction. The maximum diameter estimated
for these structures was about 2 um. The formation of these structures was ascribed to a
combination of factors including elongational and shearing flows occurring in the
molten blends during the processing, the stresses transferred from the SBS to the PANI
phase, and the lowering of the PANI domains surface energy by the SBS. Except for
the extrudate 50PANIPOL/SBS, which showed irregular morphological features, it was
observed that the formation of elongated structures of PANI was most evident in the
extruded blends with higher content of conductive complex. The irregular morphology
observed in the extrudate S0PANIPOL/SBS was associated with the occurrence of melt

fracture and alower degree of homogeneity in the blend.

The conductivity of the extrudates was considerably lower than that of their
corresponding non-extruded blends. This was mainly attributed to alack of continuity in
the polyaniline structures produced in-situ inside the SBS matrix. Regarding this, it is
advisable to conduct a set of controlled experiments following a similar experimental
design like the one recommended in the previous section in order to fully optimise the

forming process.

Experimenting with different extrusion speeds is recommended. For example, the
use of piston drive speeds below that at which the blends were processed, and other
ones above that level but below 2.5 mm/min, which was observed to be the average
critical extrusion speed above which melt fracture occurred (refer to section 5.4.4). In
the same way, experimentation with different capillary die dimensions could also help
to increase the possibilities of forming continuous fibres of the conductive filler within
the matrix. For example, it has been reported that fibres of the dispersed phase, initially
formed in the converging region of the capillary, retained their shape when extruded in
very short capillary dies [144,145]. However, when longer dies were used no el ongated
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structures were observed. The loss of the fibrillar form during flow through a long
capillary is attributed to high shear near the walls of the capillary, which caused breakup
of the fibrils. In addition, the orientation relaxation time of the elongated phase could

have been lower than the average time for the polymer to flow through the capillary.

Another approach would be to “freeze” the fibrous morphology so that there is
amost no time for the fibres to recoil. This could be achieved by promptly cooling
down the extrudate emerging from the die in a water bath so that the fibres' recoiling
energy is minimised. Additionally, a drawing force could be applied, at the same time

that the extrudate is cooling down in the bath, to maintain the elongated morphology.

9.6 MODELLING OF THE CONDUCTIVITY.

Percolation theory and a generalisation of effective media theories were used to
model the conductivity behaviour in the compression moulded PANIPOL™-SBS
blends. Both approaches yielded similar values for the critical parameters, these being t
= 1.355 and @ = 0.04376 from the percolation theory, and t = 1.35 and @ = 0.047 from
the GEM approach. The values calculated for @ are in good agreement with that of
0.0430 corresponding to the compression moulded blend with 5 wt.% of PANIPOL™,
which was initially suggested as the percolation threshold. The critical parameters
calculated from the percolation theory are consistent with those calculated by other
researchers for other PANI-based systems following a similar method to that employed
in this work. The morphology observed in those composites at the percolation threshold
consisted of segregated conducting PANI domains within the matrix phase, which is
also consistent with the morphology observed in the PANIPOL ™-SBS blend with 5
wt.% of conductive filler (refer to fig 6.15 in section 6.4.3).

The low value of the depolarisation coefficient calculated through the GEM
approach for the PANIPOL™ phase suggests that, at the percolation threshold, the
polyaniline particles would exhibit a morphology of extremely flattened spheroids,
which isin good agreement with the layered structures of the conductive filler observed
in the compression moulded blend with 5 wt.% of PANIPOL™ complex. This enables
us to visualize the morphology of the composite at the percolation threshold as

aggregates of flattened polyaniline particles within the SBS matrix. The conductivity at
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the percolation threshold may be attributed to the incipient formation of very long layers
of polyanilinein the direction of the current flow.

As has been seen in this section and explained in chapter 8, the modelling of the
conductivity was not performed on the extruded blends because, for most of them, their
electrical resistance was higher than the maximum reading achievable by the measuring
instrument. This impeded the calculation of their conductivities and resulted in alack of
experimental data to perform the mathematical modelling. However, in the event of
having enough experimental data for the analysis, a simple approach for modelling the
behaviour of the conductivity would be the rule of mixtures, assuming that the

composites displayed an anisotropic morphology (refer to section 2.4.4).

9.7 CONCLUSIONS.

The morphological analysis performed on the extrudates of PANIPOL™-SBS
blends suggested that the conducting phase was deformed into elongated domains,
aligned parallel to the extrusion direction, which in some cases displayed a considerable

degree of continuity and uniformity.

The feasibility of producing electrically conductive polyaniline fibres within a
suitable polymer matrix by means of an in-situ deformation process, so as to alow the
fabrication of an anisotropically conducting composite, was therefore established.

Morphological analysis also evinced the formation of layered structures of the
conducting filler within the matrix material in compression moulded specimens of
PANIPOL™-SBS blends. The observed morphology was in good agreement with that
inferred by means of a mathematical model.
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Appendices.

“I knew one that when he wrote a letter,
he would put that which was most material in the postscript,
as if it had been a by-matter”.

Francis Bacon (1561-1626), English philosopher, statesman, and lawyer.
Essays "Of Cunning".
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Appendix No. 1

Behaviour of pressure with respect to time during the rheometry analysis of the
PANIPOL™ samples

The extrusion temperature corresponding to all the presented data is 100°C. The
piston drive speed is indicated between brackets. Conversion factor: 1 psi = 6.895 x 10°
N/m?. 1 N/m? = 1 Pa. In all the charts, the lowest level of pressureis zero.
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Appendix No. 2

Test currents used by the 614 Keithley electrometer during the resistance readings

[180]
RESI STANCE RANGE TEST CURRENT

2kQ 100 PA
20 kQ 100 PA
200 kQ 10 pA
2MQ 100 nA
20 MQ 100 nA
200 MQ 100 nA
2GQ 100 pA
20 GQ 100 pA
200 GQ 100 pA
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Research products
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In-situ production of electrically conductive fibres
in polyaniline-SBS blends

R. H. CRUZ-ESTRADA, M. J. FOLKES
Department of Materials Engineering, Brunel University, Uxbridge, Middlesex, UB8 3PH, UK
E-mail: michael.folkes@brunel.ac.uk

Blending of electro-conductive monofilaments with more traditional insulating materials is
a promising approach for the production of composites for applications in static dissipative
packaging and in industrial textiles. Accordingly, we report on a favourable method for
manufacturing these kinds of material which involves generating the fibres in-situ, that is,
during the actual forming process. Electrically conductive polyaniline {PANI) was thermally

blended with polystyrene-polybutadiene-polystyrene (SBS) at different weight
compositions. The resultant blends were capillary extruded in order to induce a drawing
process in the dispersed phase {PANI) of the blend and hence, the in-situ formation of PANI
fibres within the above mentioned polymeric matrix. Microscopic analysis on the
extrudates revealed that PANI was deformed during the process to produce elongated
structures, i.e. ellipsoids or even short fibres, in the blends. Electrical measurements were
performed and it was found that blending SBS with no more than 20 weight percent of
PANI could produce an electrically conductive composite with a good leve! of conductivity.
The relationship between the volume conductivity and content of PANI in the PAN{-SBS
blends, was found to be characteristic of a percolation system, with a threshold as low as 5
weight percent of PANI. © 2000 Kluwer Academic Publishers

1. Introduction

Polymers and polymér-based composite materials with
electro-conductive properties, respectively, are materi-
als with potential applications in energy storage [1],
antistatic packaging [2], electro-optical devices [3, 4],
welding of plastics [5], etc. New materials are being
offered in every area and novel products are constantly
being introduced. Among these new materials, com-
posites made of electro-conductive monofilaments and
insulating polymers are nowadays being used for elec-
trostatic discharge protection and in the textile, carpet
and packaging industries [6]. One promising approach
for the manufacture of this kind of material, is to gen-
erate the electrically conductive fibres in-situ, that is,
during the actual forming of the component.

Polyaniline (PANI) is cne of the most promising con-
ductive polymers due to its excellent chemical stabil-
ity combined with relatively high levels of conductiv-
ity [7, 8]. The electrically conductive form of PANI
(emeraldine salt), obtained when the neat polymer is
doped with a specific functionalized protonic acid, is
soluble in particular common soclvents and also can be
used to prepare melt processable blends with a low per-
colation limit [6, 9-11].

For the in-situ production of electrically conductive
fibres, it is necessary to consider two areas of research
activity. The first is related to the study of the rheolog-
ical properties and microstructure of extruded speci-
mens of two-component blends. This has been the sub-
jectof extensive investigation and ithas been shown that

0022-2461 © 2000 Kluwer Academic Publishers

under appropriate conditions, the dispersed phase can
deform during processing to produce elongated struc-
tures, i.e. ellipsoids or even short fibres. Evidence of
fibrillation in the flow of polymer blends is widespread
in studies which are concerned with the microstructure
and rheological properties of melt processed blends of
polymers. For example, studies performed by Folkes
et al. [12] concerning the microstructure of extruded
samples of SBS block copolymer-polystyrene blends,
revealed that the homopolymer polystyrene formed a
separate phase, which in some cases was in the form
of well-developed fibrils aligned parallel to the ex-
trusion direction. Similar micro-morphoplogy was ob-
served by Ehtaiatkar et al. [13] in extruded specimens
of SBS block copolymer-polyethylene blends. In this
work, the careful control of the blending process and
subsequent extrusion led the dispersed polyethylene to
form well-developed fibres aligned parallel to the ex-
trusion direction. Ehtaiatkar and co-workers concluded
that these fibres were produced primarily as a result
of the elongational flow field pertaining at the die en-
trance and by the lowering of the surface energy of
the polyethylene by the block copolymer matrix. The
second area of research to be considered is the produc-
tion of electrically conductive fibres, especially those
based on PANI. Gel and solution spinning methods are
techniques that have been well developed in the past.
Among these techniques, Andreatta and Smith [14] re-
port on the production of continuous monofilaments
of electro-conducting PANI at room temperature by
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extruding a solution of PANI-dodecyl-benzene sulfonic
acid (DBSA) in xylene through a spinneret into an ace-
tone bath. Andreatta and Smith [14] also report on the
production of polyblend fibres of PANT and ultra high
molecular weight polyethylene (UHMW-PE) by a spin-
ning technique. A solution of PANI-DBSA in decaline
was combined with an UHMW-PE-decaline solution
and the resultant mixture was transferred to a minia-
ture twin screw extruder for blending and processing.
The resulting viscous solution was extruded through a
spinneret into an acetone bath that cooled and gelled
the monofilaments. On the other hand, Virtanen ef al.
[6] give an account of the production of conducting
PANI-polypropylene fibres in industrial scale process-
ing equipment. The as-spun and subsequently oriented
fibres showed a unique morphology with a phase sepa-
rated continuous conductive PANI-network embedded
in the polypropylene matrix. Chacko et al. [15] also re-
port on the production of conducting PANI by means
of a solution spinning method. The fibre generation
was accomplished using an in-house pilot scale wet
spinning unit. Finally, the work that Mattes et al. [16]
carried out involved the generation of emeraldine base
(the non-conducting form of PANI) fibres using a gel-
inhibitor, following a spinning procedure. The as-spun
fibres were subjected to a further drawing process and,
afterwards, were immersed in an acidic solution for
doping. They were removed from the doping solution
and then dried. These fibres exhibited good mechanical
strength and high electrical conductivities.

Consequently, our main objective was to establish the
feasibility of producing electrically conductive PANI
fibres, fully aligned within a suitable polymer matrix,
using a straightforward and suitable technique, so as to
form an anisotropically conducting composite.

2. Materials

Electrically conductive meit processable PANI com-
plex, provided by NESTE Oy Chemicals, was used as
received. According to the supplier, the approximate
composition of the PANI complex is 25% of emeral-
dine salt and 75% of an organometallic zinc compound.
SBS copolymer, Shell Cariflex TR1102 (Kraton 102),
was used as a polymer matrix.

3. Experimental

3.1. Blends preparation

Blends consisting of PANI and SBS were prepared
by melt mixing in a Brabender, PLE 330. PANI-SBS
blends with 5, 10, 15, 20, 35 and 50 weight per-
cent (wt%) of PANI, respectively, were prepared at
15 rpm for 5 min. The blending temperature used was
130°C. For conductivity measurements, flat plagues of
about 1 mm thickness were prepared by compression
moulding.

3.2. Blends extrusion

Each PANI-SBS biend was capillary extruded using
a Davenport extrusion rheometer and a capillary die
with a length (L) and radius (R) of 35 and 0.8 mm,
respectively. The extrusion temperature and the piston
drive speed were 120°C and 1.25 mm/min (wall shear
rate of 14.77 s71), respectively.
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3.3. Thermogravimetric analysis
The thermal stability of PANI within the range of
temperatures from 40 to 740°C, was investigated us-
ing a Perkin-Elmer TGS-2 thermogravimetric anal-
yser (TGA). The analysis was carried out at a rate of
10°C/min under a nitrogen atmosphere.

3.4. X-ray diffraction

X-ray diffraction experiments were carried out on PANI
with a Philips 1050 Goniometer X-ray diffractometer,
using Ni filtered Cu K|, radiation with A = 0.15406 nm.
The diffractometer was operated at 36 kV and 26 mA.
The diffraction pattern of powdered PANI was obtained
by scanning this in an interval of 26 = 6 to 80 degrees
at a rate of 0.02 degree/s.

3.5. Infrared spectroscopy

The Fourier transform infrared (FTIR) spectrum of
PANI was measured at room temperature with a Nicolet
710 FT-IR spectrometer in a spectral range of 4000 to
400 cm~!. The specimens for analysis were prepared
by grinding powered PANI with KBr powder and then
pressing the mixture into a tablet. The number of scans
and the resolution of the measurements were 150 and
4 cm™, respectively.

3.6. Rheometry

The rheological behaviour of PANI and SBS was in-
vestigated using a Davenport extrusion rheometer. A
capillary die with an L of 35 mm and an R of 0.8 mm
was used. Apparent viscosity-wall shear rate relation-
ships were calculated at different temperatures for each
material. The rheological behaviour of PANI and SBS
was analysed at 80, 100, 120 and 150°C, respectively.

3.7. Conductivity measurements

Electrical measurements were carried out using a
Keithley 614 electrometer for measuring the electri-
cal resistance of the samples. The volume conductivity
was evaluated for five to ten specimens using mercury
as electrical probes. Electrical resistance readings were
taken from the electrometer after S min of sample elec-
trification.

The conductivity evaluation for PANI was carried out
on the as-received cylindrical shaped pellets.

For the PANI-SBS blends, the volume conductivity
was evaluated for specimens obtained from the respec-
tive compression moulded plaques. Specimens of about
2.5 mm length, 2.0 mm width and 1.00 mm thickness
were tested. At this stage of the work, no conductivity
measurements have been performed on the extrudates.

3.8. Morphological characterisation

The microstructure of the extrudates was initially ex-
amined using transmission light microscopy. For this,
thin sections were cut parallel to the extrusion direction
using a microtome. The direction of cutting, however,
was oblique to the axis of the extrudate to eliminate
any possibility of cutting artefacts. The sections were
examined using a Reichart Microstar 110 optical mi-
croscope.





4. Results and discussion

4.1. Characterisation of PANI

Fig. 1 is a TGA thermogram of PANI that shows a
small weight loss (about 3%) below 260°C, presum-
ably due to the loss of water. It is also shown that, be-
tween 260 and 540°C, PANI undergoes a considerable
weight loss (about 68%). This weight loss is attributed
to dopant loss. Degradation of the polymer is observed
above 540°C. This result served to indicate an upper
limit temperature for the processing of PANI in order
to avoid the loss of its intrinsic properties.

The X-ray diffraction pattern of PANI is presented in
Fig. 2. Four main reflections can be found at 28 of about
9°, 17.4°, 19° and 47°. However, the intensity of the
reflection at 26 of 47° is very low. These results indicate
that the degree of crystallinity in PANI is relatively low.

Fig. 3 shows the X-ray diffraction pattern of a yel-
low powder found after pyrolysing PANL The relative
intensities of the main reflections found in this figure
coincide with those of zinc oxide (ZnO). These results
confirm the presence of the element zinc (Zn), origi-
nally present as part of the organometallic zinc com-
pound.
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Figure 1 TGA thermogram of polyaniline.
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Figure 3 X-ray diffraction pattern of the pyrolysed PANL

1413564
AN

Absorbance

2500 1500 500
Wavenumbers (cm ™)

Figure 4 FTIR spectra of PANL

Fig. 4 shows the FTIR spectra of PANI. The inten-
sities of the main absorption peaks are assigned as fol-
low: C-H bending for para-substituted berzene rings
at 1011 and 1040 cm—*. The absorption peaks at 1130
and 1184 cm™~! can be considered as characteristic ab-
sorptions of the doping band since these two peaks are
characteristic of -SO,- stretching for sulfonic salts. C-N
stretching vibration is assigned at 1299 cm™! since this
kind of vibration is found in the 13501280 cm™! band.
The deformation of benzene and quinone rings are as-
signed at 1465 and 1612 cm™!. The absorption peaks
at 2853 and 2924 cm™~! correspond to -CH;- stretching
vibrations whereas the absorption at 2956 cm™! is as-
signed to CH3- stretching vibrations. The OH band at
3564 cm™! exists because of residual water. There are
no features in the spectra between 1700 and 2800 cm™!
because no functional groups of PANI show vibration
absorption peaks in this region. These results indicate
that the doping agent used to yield electrically conduc-
tive PANI is a sulfonic acid with benzene rings, proba-
bly dodecyl-benzene sulfonic acid, which is commonly
used as a protonating acid for PANI [17, 18]. Also,

_ the presence of the element Zn in the pyrolysed PANI,
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Figure 5 Apparent viscosity-wall shear rate relationships for PANI and
SBS at different temperatures.

suggests that possibly a Zn salt of DBSA was also used
as plasticizer.

The evaluated average volume conductivity of the
PANI peliets was 2.57 x 10~ S/cm and this compares
with the value of 107 S/cm reported by NESTE Oy
Chemicals.

4.2. Rheometry

Apparent viscosity-wall shear rate relationships for
PANI and SBS at different temperatures are shown in
Fig. 5. The results presented indicate that the viscosity
of SBS is higher than that of PANI at comparable extru-
sion temperatures. These results suggest that the SBS
phase could act as a carrier for the dispersed PANI parti-
cles, and hence promote in-situ fibre formation of PANI
in the biends.

4.3. PANI-SBS blends

The average volume conductivity versus PANI content
for compression moulded PANI-SBS blends is pre-
sented in Fig. 6. The percolation threshold occurs at
about 5 wt% of PANI. The blend with 10 wt% of PANI
is already conductive (4.48 x 10~% S/cm), which rep-
resents an abrupt increase of about four orders of mag-
nitude in the percolation region. Beyond the percola-
tion point, the conductivity level gradually increases
with the PANI content, reaching an average conductiv-
ity of 2.10 x 10~* S/cm for the blend with 20 wt% of
PANI. This degree of conductivity is of the same order
of magnitude as that of the maximum level observed for
the blend with 50 wt% of PANI (7.61 x 10~* S/cm).
Moreover, these conductivity values are very close to
those of the neat electrically conductive PANI in the
form of pellets (the difference is less than one order of
magnitude), depicted in Fig. 6 as 100 wt% of PANL
These results suggest that blending SBS with no more
than 20 wt% of PANI could produce an electrically
conductive composite with a reasonably good level of
conductivity (when compared with the conductivity of
PANI).

The light microscopy analysis of the extruded blends
revealed the formation of elongated structures (or even
short fibrils) of PANI, aligned parallei to the extrusion
direction, as indicated by the arrow in Fig. 7. In Fig. 7,
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Figure 6 Volume conductivity of PANI-SBS blends as a function of
PANI weight percent.

Figure 7 Optical micrograph of the extruded PANI-SBS blend with
10 wt% of PANI. The arrow indicates typical elongated structures in
PANL

which corresponds to the extruded blend with a PANI
content of 10 wt%, the polyaniline phase is represented
by the dark regions, whereas the white regions corre-
spond to the SBS phase.

The microstructure detailed above arises from a com-
bination of critical factors. Of primary importance is





the development of elongational flow at the capillary
entrance which enables the dispersed phase to be lo-
cally stretched. However, the dispersed phase will only
be effectively elongated if there is sufficient shear stress
transfer from the matrix. This requires a matrix poly-
mer that has a high viscosity and yet whose processing
temperature allows for a “processing window” to be
established for the blend. Earlier work [12, 13] also
demonstrates the beneficial effects of using a block
copolymer as matrix in that it stabilizes the drawing
process occurring in the dispersed phase. As a result
of these considerations, we are now optimising the ex-
trusion process to generate a larger concentration of
elongated structures throughout the whole body of the
extrudate. Parameters to be investigated will include
temperature and rate of extrusion. This should result in
an enhancement of the level of conductivity along the
extrusion direction, thus producing an anisotropically
conducting composite.

5. Conclusions

The microstructure of extruded specimens of PANI-
SBS blends has been studied using light microscopy.
By controlling the blending process and subsequent
capillary extrusion, it was found that some elongated
structures of PANI were formed and aligned parallel to
the extrusion direction. These structures, in the form of
short fibrils, are presumably produced as a result of the
elongational flow taking place at the die entrance and
by lowering of the surface energy of the PANI by the
SBS.

The relationship between the volume conductivity
and content of PANI in the PANI-SBS blends was
found to be characteristic of a percolation system, with
a threshold as low as 5 wt% of PANL. The results sug-
gested that blending SBS with no more than 20 wt%
of PANI could produce an electrically conductive com-
posite with a reasonably good level of conductivity.
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IN-SITU PRODUCTION OF ELECTRICALLY CONDUCTIVE FIBRES
IN POLYANILINE-SBS BLENDS

R H. Cruz-Estrada and M.J. Folkes.
Department of Materials Engineering, Brunel University.
Uxbridge, Middlesex, UB8 3PH, United Kingdom.

Abstract

Electrically conductive polyaniline (PANI) was
thermally blended with polystyrene-polybutadiene-
polystyrene (SBS) at different weight compositions. The
resultant blends were capillary extruded in order to
generate a drawing process in the PANIL.

Microscopic analysis of the extrudates revealed that
the PANI was deformed during the process to produce
elongated structures. Electrical measurements showed the
relationship between the electrical conductivity and the
weight fraction of PANI in the blends.

Introduction

Polymers and polymer-based composite materials with
electro-conductive properties, respectively, -are materials
with potential applications in energy storage (1),
electromagnetic interference shielding (2), electro-optical
devices (3, 4), etc. New materials are being offered in
every area and novel products are constantly being
introduced. Among these new materials, composites made
of electro-conductive monofilaments and insulating
polymers are nowadays being used in static dissipative
packaging (2) and in the industrial textiles field (2). One
promising approach for the manufacture of this kind of
material, is to generate the electrically conductive fibres
in-situ, that is, during the actual forming process of the
component.

Polyaniline (PANI) is one of the most promising
conductive polymers due to its excellent chemical stability
combined with relatively high levels of conductivity (5, 6).
The electrically conductive form of PANI (emeraldine
salt), obtained when the neat polymer is doped with a
specific functionalized protonic acid, is soluble in
particular common solvents and also can be used to
prepare meit processable blends with a low percolation
limit (2, 7, 8).

For the in-situ production of electrically conductive
fibres it is necessary to consider two areas of research
activity. The first is related to the study of the rheological
properties and microstructure of extruded specimens of
two-component blends. This has been the subject of
extensive investigation and it has been shown that under
appropriate conditions, the dispersed phase can deform

during processing to produce elongated structures, i.e.
ellipsoids or even short fibres (9). The second area of
research to be considered is the production of electrically
conductive fibres, especially those based on PANI. Gel and
solution spinning methods are techniques that have been
well developed in the past (10).

Consequently, our main objective is to establish the
feasibility of producing electrically conductive PANI
fibres, fully aligned within a suitable polymer matrix so as

to form an anisotropically conducting composite.

Materials

Electrically conductive melt processable PANI
complex, provided by NESTE Oy Chemicals, was used as
received. The approximate composition® of this complex is
25% of emeraldine salt and 75% of an organometallic zinc
compound. SBS copolymer, Shell Cariflex TR1102
{Kraton 102), was used as a polymer matrix.

Experimental

Blends preparation.

Blends consisting of PANI and SBS were prepared by
melt mixing in a Brabender, PLE 330. PANI-SBS blends
with 5, 10, 15, 20, 35 and 50 weight percent (wt%) of
PANI, respectively, were prepared at 15 rpm for 5 min.
The blending temperature used was 130°C. For
conductivity measurements, flat plaques of about 1 mm
thickness were prepared by compression moulding.

Blends extrusion.

Each PANI-SBS blend was capillary extruded using a
Davenport extrusion rheometer and a capillary die with a
length (L) and radius (R) of 35 and 0.8 mm, respectively.
The extrusion temperature and the piston drive speed were
120°C and 1.25 mm/min (wall shear rate of 14.77 s),
respectively.

* Proprietary information. Neste Oy Chemicals.
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Thermogravimetric analysis.

The thermal stability of PANI within the range of
temperatures from 40 to 740°C, was investigated using a
Perkin-Elmer TGS-2 thermogravimetric analyser. The
analysis was carried out at a rate of 10°C/min under a
nitrogen atmosphere.

X-ray diffraction.

X-ray diffraction experiments were carried out on
PANI with a Philips 1050 Goniometer X-ray
diffractometer, using Ni filtered CuKa radiation with
2=1.5406 A. The diffractometer was operated at 36 kV and
26 mA. The diffraction pattern of powdered PANI was
obtained by scanning this in an interval of 26 = 6 to 80
degrees at a rate of 0.02 degree/s.

Infrared spectroscopy.

The Fourier transform infrared (FTIR) spectrum of
PANI was measured at room temperature with a Nicolet
710 FT-IR spectrometer in a spectral range of 4000 to 400
cm’. The specimens for analysis were prepared by
grinding powered PANI with KBr powder and then
pressing the mixture into a tablet. The number of scans and
the resolution of the measurements were 150 and 4 cm®,

respectively.

Rheometry.

The rheological behaviour of PANI and SBS was
investigated- using a Davenport extrusion rheometer. A
capillary die with an L of 35 mm and an R of 0.8 mm was
used. Apparent viscosity-wall shear rate relationships were
calculated at different temperatures for each material. The
rheological behaviour of PANI and SBS was analysed at
80, 100, 120 and 150°C, respectively.

Conductivity measurements.

Electrical measurements were carried out using a
Keithley 614 electrometer for measuring the electrical
resistance of the samples. The volume conductivity was
evaluated for five to ten specimens using mercury as
electrical probes. Electrical resistance readings were taken
from the electrometer after 5 min of sample electrification.

The conductivity evaluation for PANI was carried out
for the as-received cylindrical shaped pellets.

For the PANI-SBS blends, the volume conductivity
was evaluated for specimens obtained from the respective
compression moulded plaques. Specimens of about 2.5
mm length, 2.0 mm width and 1.00 mm thickness were
tested.
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Morphological characterisation.

The microstructure of the extrudates was initially
examined using transmission light microscopy. For this,
thin sections were cut parallel to the extrusion direction
using a microtome. The sections were examined using a
Reichart Microstar 110 optical microscope.

Results and Discussion

Characterisation of PANI.

A TGA thermogram of PANI is presented in Figure 1.
This Figure shows that there is a small weight loss (about 3
%) below 260°C, presumably due to the Ioss of water. It is
also shown that, between 260 and 540°C, PANI undergoes
a considerable weight loss (about 68 %). This weight loss
is attributed to dopant loss. Degradation of the polymer is
observed above 540°C. This result served to indicate an
upper limit temperature for the processing of PANI in
order to avoid the lost of its intrinsic properties.

The X-ray diffraction pattern of PANI is presented in
Figure 2. Four main reflections can be found at 28 of about
9°, 17.4° 19° and 47°. However, the intensity of the
reflection at 20 of 47° is very low. These results indicate
that the degree of crystallinity in PANI is relatively low.
Figure 3 shows the X-ray diffraction pattern of a yellow
powder found after pyrolysing PANI. The relative
intensities of the main reflections found in this Figure
coincide with those of zinc oxide (ZnO). These results
confirm the presence of the element zinc (Zn), originally
present as part of the organometallic zinc compound.

Figure 4 shows the FTIR spectra of PANI. The
intensities of the main absorption peaks are assigned as
follow: C-H bending for para-substituted benzene rings at
1011 and 1040 cm™. The absorption peaks at 1130 and
1184 cm™ can be considered as characteristic absorptions
of the doping band since these two peaks are characteristic
of -SO,- stretching for sulfonic salts. C-N stretching
vibration is assigned at 1299 cm™ since this kind of
vibration is found in the 1350-1280 cm™ band. The
deformation of benzene and quinone rings are assigned at
1465 and 1612 cm™. The absorption peaks at 2853 and
2924 cm™ correspond to -CH,- stretching vibrations
whereas the absorption at 2956 cm™ is assigned to CH,-
stretching vibrations. The OH band at 3564 cm™ exists
because of residual water. There are no features in the
spectra between 1700 and 2800 cm™ because no functional
groups of PANI show vibration absorption peaks in this
region. These results indicate that the doping agent used to
yield electrically conductive PANI is a sulfonic acid with
benzene rings, probably dodecyl-benzene sulfonic acid
(DBSA), which is commonly used as a protonating acid





for PANI. Also, the presence of the element Zn in the
pyrolysed PANI, suggests that, possibly a Zn salt of DBSA
was also used as plasticizer.

The evaluated average volume conductivity of the
PANI pellets was of 2.57 x 16 S/cm and this compares
with the value of 10* S/cm reported by NESTE Oy
Chemicals.

Rheometry.

Apparent viscosity-wall shear rate relationships for
PANI and SBS at different temperatures are shown in
Figure 5. The results presented indicate that the viscosity
of SBS is higher than that of PANI at comparable
extrusion temperatures. These results suggest that the SBS
phase could act as a carrier for the dispersed PANI
particles, and hence promote in-situ fibre formation of
PANI in the blends.

PANI-SBS blends.

The average volume conductivity versus PANI
content for compression moulded PANI-SBS blends is
presented in Figure 6. The percolation threshold occurs at
about 5 wt% of PANI. The blend with 10 wt% of PANI is
already conductive (4.48 x 10 S/cm), which represents an
abrupt increase of about four orders of magnitude in the
percolation region. Beyond the percolation point, the
conductivity level gradually increases with the PANI
content, reaching an average conductivity of 2.10 x 10™
S/cm for the blend with 20 wt% of PANIL. This degree of
conductivity is of the same order of magnitude as that of
the maximiim level observed for the blend with 50 wt% of
PANI (7.61 x 10* S/cm). Moreover, these conductivity
values are very close to those of the neat electrically
conductive PANI in the form of pellets (the difference is
less than one order of magnitude), depicted in Figure 6 as
100 wt% of PANI. These results suggest that blending SBS
with no more than 20 wt% of PANI could produce an
electrically conductive composite with a reasonably good
level of conductivity (if compared with the conductivity of
PANI).

The light microscopy analysis of the extruded blends
(Figure 7) revealed the formation of elongated structures
(or even short fibrils) of PANI, aligned parallel to the
extrusion direction, as indicated by the arrow in the Figure.
In this Figure, which corresponds to the extruded blend
with a PANI content of 10 wt%, the polyaniline phase is
represented by the dark regions, whereas the white regions
correspond to the SBS phase.

We are now optimising the extrusion process to
generate a larger concentration of elongated structures
throughout the whole body of the extrudate. This will
result in an enhancement of the level of conductivity along

the extrusion direction, thus producing an anisotropically
conducting composite.

Conclusions

The microstructure of extruded specimens of PANI-
SBS blends has been studied using light microscopy. By
controlling the blending process and subsequent capillary
extrusion, it was found that elongated structures of PANI
were formed and aligned parallel to the extrusion direction.
These structures, in the form of short fibrils, are
presumably produced as a result of the elongational flow
taking place at the die entrance and by lowering of the
surface energy of the PANI by the SBS.

The relationship between the volume conductivity and
content of PANI in the PANI-SBS blends, was found to be
characteristic of a percolation system, with a threshold as
low as 5 wt% of PANI load. The results suggested that
blending SBS with no more than 20 wt% of PANI could
produce an electrically conductive composite with a
reasonably good level of conductivity.

Acknowledgements

The authors want to thank to the Mexican Ministry of
Science and Technology (“CONACyYT”) that supported
this research. Gratitude is also expressed to NESTE Oy
Chemicals for the supply of the PANI.

Bibliography

1. Dalas, E., Journal of Materials Science, 27:2 453-457
1992).

2. Virtanen, E., Laakso, J., Ruohonen, H., Vikiparta, K.,
Jdrvinen, H., Jussila, M., Passiniemi, P. and Osterholm,
L.E., Synthetic Metals, 84 113-114 (1997).

3. Harlev, E., Gulakhmedova, T., Rubinovich, 1. and
Aizenshtein, G., Advanced Materials, 8:12 994-997
(1996).

4. Cao, Y., Treacy, G.M., Smith, P. and Heeger, A.],
Synthetic Metals, 55-57 3526-3531 (1993).

5. Chiang, J.C. and MacDiarmid, A.G., Synthetic Metals,
13:1-3 193-205 (1986).

6. Lux, F., Polymer, 35:14 2915-2936 (1994).

7. Jousseaume, V., Morsli, M., Bonnet, A., Tesson, O. and
Lefrant, 8., Journal of Applied Polymer Science, 67 1205-
1208 (1998).

8. Shacklette, L.W., Han, C.C. and Luly, M.H., Synthetic
Metals, 57:1 3532-3537 (1993).

9. Ehtaiatkar, F., Folkes, M.J. and Steadman, S.C., Journal
of Materials Science, 24 2808-2814 (1989).

10. Andreatta, A. and Smith, P., Synthetic Metals, 55-57
1017-1022 (1993).

Key words: Polyaniline, In-situ, Electro-conductive,
Composites.

ANTEC 2000 / 2497





100

2
3 z
3 80
; £

g

50 120 190 260 30 400 470 540 610 60 I { l
) - ! l._l_lh N
Temperature ( * C) ' T4 M8 D2 6 WD M4 S8 B2 666 4D
Figure 1. TGA thermogram of polyaniline. 20 (d )

Figure 3. X-ray diffraction pattern of the pyrolysed PANL
2
/]
$ 0
= (7]
k: E
f :

E]
2 <

W W 0 I 0 W W

Wavenumbers (cm)
Figure 4. FTIR spectra of PANL

T4 WS 71 B8 70 44 S8 91 666 D

20 (degrees)
Figure 2. X-ray diffraction patten of PANL

2498 / ANTEC 2000





13

o \ -Pmaw:c)
g 0 AN Q)
i u“‘. asps(12°0)
> ', AN
£ by, 8§85(150°)
0 s
2 . ' h
I4 '
g [ ]
g w? .,
2 ; !
§ °
-] 0
0
A

1o? S—

1 1 10 ]
Log shear rae (s1)

Figure 5. Apparent viscosity-wall shear rate relationships
for PANI and SBS at different temperatures.

10

104
10
10¢

10*
109

Log volume conductivity (S/cm)

e

1ot

10°)

2

w60 %0 10

PANI content (¥t %)

Figure 6. Volume conductivity of PANI-SBS blends as a

function of PANI weight percent.

200 pm

Figure 7. Optical micrograph of the extruded PANI-SBS
blend with 10 wt% of PANI. The arrow indicates typical

elongated structures in PANI.

ANTEC 2000 / 2499






CHARACTERISATION OF AN ELECTRICALLY CONDUCTIVE
POLYMER COMPLEX

Ricardo H. Cruz-Estrada and Michael J. Folkes
Faculty of Technology, Brunel University, Uxbridge, Middlesex UB8 3PH, UK

ABSTRACT.

Polyaniline (PANI) is at present one of the most promising conductive polymers due to
a number of important reasons including its chemical stability combined with high
levels of electrical conductivity. Additionally, we have found that, following an in-situ
deformation process, this polymer is suitable for the production of composites
exhibiting a phase separated morphology with continuous fibrils of PANI in an
insulating matrix. Nowadays, this type of material has potential applications in static
dissipative packaging and industrial textiles. Accordingly, we report on the
characterisation techniques performed to evaluate the suitability of three different
samples of a PANI complex (PANIPOL™) for the production of this type of composite,
following an in-situ process.

The characterisation techniques included thermogravimetry, differential scanning
calorimetry and rheometry. Additionaly, techniques such as X-ray diffraction,
gravimetry, infrared spectroscopy, conductivity measurements, and optical and scanning
electron microscopy were used to fully characterise the samples. The thermal limitations
and stability of the samples were established and the flow properties of the materialsin
their molten state under different levels of shear rate were aso analysed. The
experimental results suggested low levels of crystalinity in the samples, aided in the
identification of the samples components, and revealed that the PANI particles were 7
pm in diameter or of asmaller size.

INTRODUCTION.

PANI is one of the most promising conductive polymers due to its excellent chemical
stability combined with relatively high levels of conductivity [1,2]. The electrically
conductive form of PANI (emeraldine salt, ES), obtained when the neat polymer is
doped with a specific functionalized protonic acid, can be used to prepare melt
processable blends with low percolation limits [3,4-6]. Recently, we have established
the feasibility of processing this type of blend, following an in-situ deformation process,
to produce extrudates exhibiting a morphology of continuous PANI fibres embedded in
an insulating polymer matrix [7]. This type of composite could have potentia
applications as antistatic materials in the textile, carpet and packaging industries. In an
in-situ process, the fibres are generated during the actual forming of the component.
This has been the subject of extensive investigation [5,8-12] and it has been shown that
under appropriate conditions, the dispersed phase can deform during processing to
produce elongated structures, for example ellipsoids or even short fibres. Accordingly,
in this paper we report on the characterisation techniques performed to evaluate the
suitability of three different samples of a PANI complex (PANIPOL™) for the
production of thistype of composite following an in-situ deformation process.
Theoretical and experimental studies indicate that the morphology of a polymer
blend is determined by parameters such as interfacial tension, viscosities of the
materials, composition and processing conditions including temperature, residence time,
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flow patterns and shear rate levels [9,13,14]. However, among these parameters, the
ratio of the viscosity of the dispersed phase to that of the matrix (That is, the viscosity
ratio, p), can be used initially to suggest the size and, what is more relevant in this case,
the shape of the dispersed phase. For example, it has been shown experimentally that
when p is less than or near unity, the dispersed phase easily deforms into el ongated
structures [9]. On the other hand, when p is greater than one, the deformability is
reduced. The theories developed to describe the deformability of the dispersed phase in
a binary blend are mostly concerned with Newtonian systems [13]. However, these can
be used as general guides to describe the deformability in pseudoplastic systems. For
instance, the lower the viscosity ratio the lower the stability of the elongated domains
(the higher the probability to break up into small droplets) [13]. This can be used as a
general principle, when experimenting with different materias, to select the system
most likely to exhibit afinal morphology of fibres embedded in a continuos phase.

Great effort was put in the characterisation of the three samples of PANIPOL™ asiit
was important to have more detailed information on their inherent limitations,
especially those related with their thermal processing. In respect of this, the company
supplying the samples provided some information. However, as we shall see later,
differences in the thermal behaviour and stability were found. Moreover, we found that
their rheology was also different. Therefore, we needed to find those distinctive
characteristics that, eventually, would aid in selecting the most suitable sample to be in-
situ deformed into fibres. At the same time, through these analyses we were able to
establish the basis for selecting the processing conditions. The chemistry of the samples
was elucidated by means of a combination of analysis techniques including infrared
spectroscopy, X-ray diffraction and gravimetry. The morphology was aso analysed by
using optical and scanning electron microscopy techniques. This was correlated with the
chemistry of the samples and, eventually, assisted in the interpretation of the
morphology observed in the extrudates. Finally, the level of electrical conductivity in
the samples was also evaluated.

MATERIALS.

The PANI complexes (PANIPOL™ CX) were provided by NESTE Oy Chemicals.
They are identified as PANIPOL 1 (code CX100X23), PANIPOL 2 (code CX100X03)
and PANIPOL 3 (code CX300X33). The samples were supplied in the form of dark-
green-coloured cylindrical compressed pellets. Their approximate composition was 25
weight % (wt.%) of ES and 75 wt.% of an organometallic zinc compound. The basic
chemistry is the same in al the samples. The typical density, volume conductivity and
maximum recommended processing temperature are, respectively, 1100 kg/m®, 1 x 10
S/em and 230°C. The samples are hygroscopic and the processing temperatures range
from 100 to 225°C.

CHARACTERISATION TECHNIQUES.
X-ray diffraction.

Wide-angle X-ray diffraction experiments were performed on the three PANIPOL
samples with a Philips 1050 Goniometer X-ray diffractometer using nickel-filtered
copper-Ka radiation with awavelength of 1.5406 A. The diffractometer was operated at
36 kV and 26 mA. For the experiments, a few of the as-received PANIPOL pellets were
powdered with a pestle and mortar. The diffraction pattern was obtained by scanning the
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powder in an interval of 20 = 6 to 80 degrees at a rate of 0.02 degree/s. Experiments
were also carried out on the pyrolysed pellets. About 25 gr. of the pellets were placed in
a crucible and the pyrolysis was performed in a furnace (Lenton) at 850°C for 2 hrs.
Afterwards, the crucible containing the pyrolysis product was cooled down in a
desiccator where it was kept to await further analysis.

Gravimetry.

As the basic chemistry is the same in al the samples, the analysis was concentrated on
one of the samples (PANIPOL 2). The main purpose of the analysis was to confirm the
amount of ES in the as-received pellets. In addition, a first insight on the identity of the
doping agent used was aso provided. Four suspensions of the powdered pellets (ca. 2
gr.) in an excess (ca. 12 ml) of acetone (C3HgO, 99 % purity, from Aldrich) were
sonicated in an ultrasonic bath (Kerry’s LTD) for 15 min. Afterwards they were
centrifuged (MSE centrifuge) for 15 min at 3000 rpm. The resultant solutions were
decanted and a sample was collected for further examination. An excess of clean
acetone was further added to the remaining sediments and the suspensions so obtained
were subjected to the same sonication, centrifugation and decanting processes. This was
caried out several times until the decanted solution was clean and transparent,
suggesting that the process of dissolution in acetone of any additives susceptible to
dissolution, and originally present in the sample had been completed. After the
conclusion of seven dissolution cycles, the remaining sediments were placed in a
Gallenkamp vacuum oven at 40°C where they were kept overnight to evaporate any
possible remains of acetone. After cooling down in a desiccator the remaining
sediments were weighed and the wt.% in each sample was cal cul ated.

Infrared spectroscopy.

Fourier transform infrared (FTIR) spectroscopy experiments were performed on the
three as-received samples. Similarly, the same analysis was performed on the decanted
solutions obtained from each of the seven dissolution cycles in acetone. The samples are
identified as solutions 1 to 7, where solution 1 is the sample collected after the first
dissolution cycle, and solution 7 the sample collected after the last cycle. The FTIR
spectrum of the PANIPOL complexes and solutions 1 to 7 was measured at room
temperature with a Nicolet 710 FT-IR spectrometer in a spectral range of 4000 to 400
cm™. The PANIPOL specimens were prepared by grinding the powered pellets with
potassium bromide (KBr) powder and then pressing the mixture into a tablet. The
solutions were analysed by placing them, with the help of disposable micropipettes,
between aready prepared KBr discs.

Thermal analysis.

The thermal stability of the PANI complexes within the temperature range from 40 to
750°C was investigated using a Perkin-Elmer TGS-2 thermogravimetric analyser
(TGA). The powdered pellets were analysed at a heating rate of 10°C/min. The thermal
behaviour of the complexes over the range of temperature from 325 to 680°K (51.85 to
406.85°C) was initially investigated using a Perkin-Elmer DSC-2C Differentia
Scanning Calorimeter (DSC). For each complex, the powdered pellets were analysed at
a rate of 10°K/min. The thermal behaviour of the complexes during exposure to a
heating-cooling-heating cycle was also analysed. For this, the analysis was performed in
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a Perkin-Elmer DSC-7 Differential Scanning Calorimeter. The powdered complexes
were heated at rate of 10°C/min from 35 to 110°C. The samples were kept for 10 min at
the maximum temperature, after which they were cooled down to 35°C at a rate of
5°C/min. The samples were kept at this temperature for 0.5 min and afterwards they
were heated up again to the maximum temperature at a rate of 10°C /min. All the
experiments were performed in duplicate under a nitrogen atmosphere using samples
with aweight of about 5 mg.

Rheometry.

The rheological behaviour of the three PANI complexes was investigated using a
Davenport extrusion rheometer. The Poiseuille Law for capillary flow was used to
calculate apparent viscosity-apparent wall shear rate relationships at different
temperatures for each material. No end pressure drop correction was performed for the
calculations. For the experiments, the materials were extruded using a capillary die with
a length and radius of 35 and 0.8 mm, respectively. The rheological behaviour was
analysed at 80, 100, 120 and 150°C.

Conductivity measurements.

The volume conductivity was evaluated at room temperature on the as-received pellets
of a selected complex (PANIPOL 2). A Keithley 614 electrometer was used for
measuring the electrical resistance of the samples. Mercury was used as electrical
probes. The electrical resistance readings were taken after 5 min of sample
electrification. The volume conductivity was evaluated on five specimens in accordance
with Ohm’'s law assuming that the resistance readings were performed in an ohmic
regime and that the specimens were perfect cylinders.

Morphological analysis.

The analysis was performed on one selected complex (PANIPOL 2). A small amount of
the powdered pellets was mounted on a glass slide and the analysis was performed with
a Reichert Microstar 110 optical microscope using incident light. Scanning electron
microscopy (SEM) anaysis was aso performed on the powder. The analyses were
performed with a JEOL JXA-840-A electron probe microanalyzer at 10 kV. For the
analysis, the sample was previously gold coated for 4 min in an E5000 (Polaron
Equipment Limited) SEM coating unit.

RESULTSAND DISCUSSION.

The X-ray diffraction patterns of the complexes were similar with slight differences
among them. This suggested some differences in the composition of the samples. For
simplicity, only the diffraction pattern of PANIPOL 2 is presented (Fig. 1a). As can be
seen, the level of crystallinity detected is relatively low. From the reflections presented
only a few can be clearly associated with crystalline regions (20 = 8.96, 17.47 and
46.89°). The X-ray diffractograms of a yellow powder collected from each of the
pyrolysis products of the three PANIPOL samples were identica. A selected
diffractogram is presented in Figure 1b. The relative intensities of the main reflections
are in good agreement with those reported for zinc oxide (ZnO). This confirms the
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presence of the element zinc in the pellets, originally forming part of the organometallic
zinc compound.
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Figure 1. X-ray diffraction patterns of PANIPOL 2 (@) and the pyrolysis product (b).

With respect to the gravimetric analysis, it was noticed that after a few minutes of
being collected, the decanted solutions from the first dissolution cycles in acetone
showed a whitish precipitated solid. This colour is reported by Kérnad et al. [15,16] as
characteristic of the reaction product of the mixture of ZnO with dodecyl-benzene
sulphonic acid (DBSA). It is thus believed that the precipitate may be a Zn salt of
DBSA, that is, Zn(DBS), (the organometalic zinc compound, Zn dodecyl-benzene
sulphonate). It was also noticed that these solutions became frothy when they were put
in contact with water, which is characteristic of surfactants, for example DBSA or its
derived salts [17,18]. Therefore it is very likely that the solutions decanted consist of
acetone and ions of Zn and DBS in solution. The average wt.% corresponding to the
final sediment in the samples after the conclusion of the dissolution cycles was 24.31.
As doped polyaniline does not dissolve in acetone, it is believed that this corresponds to
the wt.% composition of the ES in the original powdered PANIPOL samples. On the
other hand, the weight loss, that is the 75.69 %, mainly corresponds to Zn(DBS),. As
the powdered pellets were not previously dried for the analysis, then it is possible that
the weight loss also includes some residual water initially absorbed from the
environment because of the hygroscopic nature of the DBS salt. These results are in
good agreement with the information provided by the supplier regarding the
composition of the samples.

Regarding the FTIR experiments, it was found that the three PANIPOL samples
presented a very similar spectrum. For simplicity, only a selected spectrum (PANIPOL
2) is presented in Fig. 2. The intensities of the main absorption peaks are assigned as
follow: C-H bending for para-substituted benzene rings at 1011 cm™. The absorption
peaks at 1184, 1130, and 1040 cm™ can be considered as characteristic absorptions of
the doping band since these peaks are characteristic of —SO,- stretching in sulphonic
acids or their derived salts. The absorption at 1299 cm™ is assigned to C-N stretching
vibration. The deformation of benzene and quinone rings are assigned at 1465 and 1612
cm't, respectively. The absorption peaks at 2853 and 2924 cm™ correspond to —CH.-
stretching vibration whereas the absorption at 2956 cm™ is assigned to CHs- stretching
vibrations. The OH band at 3564 cm™ exists because of residual water absorbed from
the environment. This results suggest that the doping agent is a para-substituted benzene
sulphonic acid or its derived salt. The presence of saturated aliphatic hydrocarbons
chains in the samples suggests that these may be the substituent group in the benzene
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ring p-positions. Despite the fact that the FTIR technique cannot yield a conclusive
estimate about the size and isomeric structure of the hydrocarbons chain, all these
results in conjunction with the results obtained from gravimetric analysis, reinforce the
concept about the use of DBSA as the doping agent. The FTIR results presented are in
good agreement with those presented by Levon et al. [19] and Hsu et a. [20] for
polyaniline doped with DBSA.

Absoarbance

3500 2500 1500 500
Wavenumbers (cm '1)

Figure 2. The FTIR spectrum of PANIPOL.

The FTIR spectrum of the solution 1 is presented in Figure 3a. To facilitate the
interpretation of the spectrum, a sample of clean acetone was aso analysed by FTIR.
The two FTIR spectra are overlapped in Figure 3a to indicate better the identity of the
chemical species extracted from PANIPOL by the solvent. The absorption peaks at
2999, 1710, 1417, 1363, 1222, 1095, 903 and 532 cm™ are the characteristic ones for
acetone, whereas the characteristic absorption peaks corresponding to the DBSA and its
derived salt, al'so found in the spectrum of PANIPOL, are represented by the rest of the
peaks, thus indicating the extraction of these compounds from the original sample.
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Figure 3. The FTIR spectra of solution 1 and acetone (a) and solution 7 (b).
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The relative intensity of the majority of the absorption peaks corresponding to the
DBSA and/or its derived salt decreased as the number of dissolution cycles in acetone
was increased, indicating that the ES in the origina PANIPOL sample was gradually
being freed of the initially present DBS salt. For simplicity, only the FTIR spectrum
corresponding to solution 7 (Fig. 3b) is presented to exemplify this process. As can be
seen, Figure 3b aso shows the characteristic peaks for the sat of DBS, indicating that
the sample was not totally free of this, thus suggesting an incompl ete extraction process.
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However as can be observed, the absorption peaks corresponding to the acetone are
more predominant. The peaks at around 3500 cm™ (OH) appear as a result of residual
water absorbed from the environment.

With respect to the thermal analysis, the TGA thermograms of the complexes were
similar with dlight differences among them. Again, this suggested some differences in
the composition of the samples. For simplicity, only a selected thermogram (PANIPOL
2) is presented in Fig. 4a. The thermogram shows that there is a small weight loss (ca.
2.8 %) below 250°C corresponding to loss of water and low molecular weight
oligomers. Between ca. 250 and 540°C an abrupt weight loss is observed (68.89 %)
attributed to dopant loss and degradation of the polyaniline and Zn(DBS),, in that order.
Above 540°C only about the 28.33 % of the original weight of the sample is left,
corresponding to decomposition products, mainly containing Zn and carbon atoms. In
general, these results, suggest that the complexes could be safely processed up to a
maximum temperature of about 250°C without exposing them to severe degradation and
loss of their electrically conductive characteristics. All the samples analysed by DSC
over the range of temperatures from 51.85 to 406.85°C also presented a very similar
thermal behaviour. For simplicity, only a selected DSC thermogram (PANIPOL 2) is
presented in Figure 4b. This Figure shows a broad endotherm between about 75 and
110°C, mainly attributed to the evaporation of water absorbed from the environment.
An exothermic range is observed between about 140 and 150°C (characteristic of
polyaniline doped with DBSA) due to a homogeneous phase transition occurring in the
doped complex [15,19]. A group of endotherms is observed between about 150 and
250°C, possibly attributed to transitions in the internal structure of additives present in
the sample. As in the TGA analysis, it is possible that loss of low molecular weight
oligomers also occurs in this interval. Above ca. 250°C, a constant rising endotherm is
observed which is attributed to the loss of the doping agent and degradation of the
polyaniline and Zn(DBS),. These results are in good agreement with those obtained
from the TGA experiments. None of the endotherms are associated with the melting of
polyaniline as this polymer only soften and then decomposes at about 320°C. The
presented TGA and DSC thermograms compare well with the observations reported by
Zilberman et al. [21] on the thermal behaviour of polyaniline doped with DBSA.
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Figure 4. The TGA (a) and DSC (b) thermograms of PANIPOL 2.

Temperature (°C)

The resultant thermal behaviour of the three PANIPOL complexes exposed to the
heating-cooling-heating cycle is presented in Fig. 5. From this Figure, it can be
observed that the thermal behaviour of the samples showed some differences. For
example, the first heating scan in the thermogram of PANIPOL 1 shows what seems to
be amelting peak at about 87.7°C. Thisis confirmed by the crystallisation peak at about
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70°C in the cooling scan and further reappearance of the melting peak at about the same
temperature (87.7°C) in the second heating scan. In contrast, the thermograms of
PANIPOL 2 and 3 do not indicate these thermal transitions in the samples during the
same analysed interval of temperature. Moreover, the thermograms of PANIPOL 2 and
3 show some similarities, that is, two amost imperceptible endothermic regions at about
80 and 100°C. These endotherms, as also observed in Fig. 4b, may be associated with
moisture and possible loss of low molecular weight oligomers. We believe that the
endotherms observed in the thermogram of PANIPOL 1 (Fig. 5a) represent the melting
point of a certain additive present in the sample, not used in the preparation of the
samples 2 and 3.
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Figure 5. The heating-cooling-heating DSC thermograms of PANIPOL 1 (a), 2 (b)
and 3 (c).
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Concerning the rheological analysis, the extrusion of PANIPOL 2 and 3 at 80°C was
not possible even at the lowest piston drive speed. It was initialy anticipated that this
could happen as the recommended processing temperature ranges from 100 to 225°C.
However, we performed experiments at this temperature because the recommended
processing range could vary depending on the equipment used. Regarding PANIPOL 1,
the extrusion was accomplished at all the planned temperatures. This initialy indicated
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that this sample was less viscous than the other two samples. As we shall see later, this
was the case at all comparable extrusion conditions. Apparent viscosity-apparent wall
shear rate relationships for the three complexes at 100, 120 and 150°C are presented in
Figure 6. The results suggest that the samples behave like a materia obeying the power
law (which is commonly proposed to describe pseudoplastic behaviour) in the shear rate
interval from 3.59 to 717.00 s™.
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Figure 6. Apparent viscosity-apparent wall shear rate relationships for the PANIPOL
complexes at 100 (a), 120 (b) and 150°C (c).

In general, the results indicate that PANIPOL 2 and 3 exhibit similar levels of
viscosity at all comparable extrusion conditions. However, PANIPOL 2 proved to be
the most viscous of the three samples. We believe that the three samples could be
deformed into fibres following an in-situ deformation process, especialy if the viscosity
of the polymer matrix is higher than that of the complexes. However, the fact that
PANIPOL 2 is the most viscous, suggests that the elongated domains of this sample
would be the most stable and likely to maintain the desired morphology.

The evaluated average volume conductivity was 2.57 x 10™ S/cm and this compares
with the value of 1 x 10* S/cm reported by the company supplying the materials.

With respect to the morphological analysis, Figure 7a presents the morphology
found in a granule of the powder pellets analysed under the optical microscope. It can
be observed that some areas of the photograph are blurred indicating that those sections
in the granule were out of focus during the analysis. This is the result of irregular
thickness as no special technique was followed in the preparation of the sample other
than mere pulverisation of the pellets. However, form the micrograph, spherical features
can be seen dispersed all over the bulk of the granule. For example, note the features
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reflecting the light in the encircled area. The observed morphology seems to suggests
that the globular features are bound together by a different material, thus indicating that
the morphology of the samples consists of at least two different phases, one in the form
of spherical particles and another one serving as a dispersing medium. Through this
analysis it was not possible to have a clear estimate about the size of the particles as the
photograph was taken at insufficient magnification. This is shown better in the SEM
micrograph (Fig. 7b) which indicates that the particles are about 7 um in diameter or of
a smaller size. Figure 7b also reveal that the analysed granule is composed of densely
packed particles. The morphology presented in Fig. 7 resembles the morphology
observed by some researchers for conducting polyaniline prepared by different routes
such as conventional chemical [22,23] and dispersion [24-26] polymerisation,
respectively. It is however worth pointing out that the diameters reported for the
polyaniline particles in the above works were all within a nanometric scale, which differ
considerable with the size of the particles observed in our samples. However, asis also
mentioned in the references cited above, the size of the conducting domains depends on
the synthesis route of the polymer, and what is more, diameters of about 20-50 um have
also been reported [27,28]. Consequently, we believe that the observed spherical
features in our sample correspond to the conducting polyaniline particles dispersed in a
continuous phase.

100 pm

CONCLUSIONS.

The results from the X-ray diffraction experiments revea ed that the level of crystallinity
detected in the PANIPOL complexes was relatively low. The presence of the element
Zn in the pellets was aso confirmed through this analysis. The gravimetric anaysis
confirmed the amount of the conducting polyaniline salt in the pellets (that is, ca. 25
wt.%). This analysis also aided in establishing an initial hypothesis about the use of
DBSA and a Zn salt of DBS in the manufacture of the pellets. The concept about the
use of DBSA and a Zn salt of DBS as the doping and organometallic compounds,
respectively, was reinforced by the results yielded from the FTIR analysis.

The thermal limitations of the PANIPOL samples were established through TGA
and DSC analyses. These analyses confirmed that the samples could be safely processed
up to a maximum temperature of about 250°C without exposure to severe degradation
and loss of the electrically conductive characteristics. The rheometry analysis showed
that PANIPOL 2 was the most viscous of the three samples. This suggests that, when
blended with a highly viscous matrix, this sample would be most successfully deformed
into uniform fibres by the carrying action of the matrix during the forming process.
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The level of electrical conductivity measured in the samples was 2.57 x 10° S/cm
comparing well with the value reported by the supplying company. The morphological
analysis performed on the pellets showed the presence of spherical features surrounded
by a continuous phase. These features, which are about 7 um in diameter (or of a
smaller size), are believed to be the particles of the conducting polyaniline.
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