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RÉSUMÉ
Mélanger des polymères conducteurs avec des polymères conventionnels est une méthode
efficace pour produire de nouveaux matériaux dotés de propriétés électriques spécifiques.
Comparés à des mélanges binaires, des systèmes de mélanges de polymères ternaires et
quaternaires doivent présenter un seuil de percolation bien plus bas si un des composants est
encapsulé par d’autres phases continue/percolée, avec un effet plus marqué si localisé à une
interface continue/percolée. Cependant, la majorité des travaux publiés s’est concentré à
l’examen du cas où la phase conductrice est située au cœur du système en raison de tensions
interfaciales intrinsèques élevées avec d’autres polymères. Assembler un composant polymère
conducteur à une interface continue directement par l’intermédiaire de mélanges à l’état fondu a
rarement été rapporté dans la littérature. Par ailleurs, des études sur le développement de la
morphologie d’une phase intermédiaire partiellement ou complètement mouillée dans des
systèmes ternaires et quaternaires sont encore très limitées.
Dans cette thèse, des mélanges de polymères destinés à des applications antistatiques avec un
copolymère PEBA conducteur ionique (composé de blocs alternés PEO et PA) au sein de
systèmes binaires, ternaires et quaternaires ont été étudiés.
Dans un premier temps, deux mélanges binaires, LDPE/PEBA et PS/PEBA, avec des tensions
interfaciales considérablement distinctes ont été préparés. La tension interfaciale du système
initial a été évaluée à 8.0 mN/m, et le développement de la morphologie du PEBA pour ce
système suit une coalescence de deux gouttes observée typiquement au sein de systèmes de
tension interfaciale élevée. Le second système possède, de façon inattendue, une tension
interfaciale de 1.6 mN/m, vraisemblablement en raison de la présence de liaisons hydrogène-π
entre le PS et le bloc PEO. Une miscibilité partielle entre le PS et le PEBA (bloc PEO) est aussi
confirmée par le déplacement de Tg pour le PS dans les mélanges. Bien qu’une continuité plus
élevée soit observée à des fractions volumiques plus faibles en PS/PEBA que en LDPE/PEBA, la
résistivité surfacique du PS/PEBA est plus élevée que celle du LDPE/PEBA sur une large plage
de compositions. Ce résultat a été attribué à la miscibilité partielle et/ou la constriction importante
au sein de la morphologie d’instabilité capillaire gelée lorsque le PEBA est mélangé avec le PS,
ce qui influence le transfert de charge au sein de la phase PEBA. Un modèle conceptuel du
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transport de charge dans le copolymère PEBA a également été proposé basé sur le phénomène de
migration des protons dans les domaines PEO.
Dans la seconde partie de ce travail, un polymère conducteur ionique (PEBA) a été directement
assemblé à l’interface continue de deux autres polymères grâce au procédé de mélangeage à l’état
fondu. Deux mélanges ternaires de LDPE/PEBA/PET et LDPE/PEBA/PVDF, ont été préparés
démontrant respectivement un mouillage partiel et un mouillage complet. Une transition
novatrice de morphologie de mouillage partiel à mouillage complet a été identifiée au sein du
système LDPE/PEBA/PET. Une analyse thermodynamique indique que le LDPE/PEBA/PET est
un système faiblement partiellement mouillé, et le phénomène de transition a été attribué à l’effet
de coalescence dominant par rapport au démouillage avec une concentration en augmentation de
PEBA. Dans le cas d’un système LDPE/PEBA/PVDF complètement mouillé, de fines couches
intactes de PEBA (~ 100 nm) ont été observées pour des concentrations de PEBA aussi faibles
que 3%. Il apparaît clairement qu’une concentration minimale est requise afin de former une
interface mouillée, et que cette concentration dépend de la valeur du coefficient d’étalement.
L’auto-assemblage de PEBA à l’interface continue réduit considérablement le seuil de
percolation dans des mélanges ternaires par rapport à des mélanges binaires. Dans le cas
d’application antistatiques requérant une résistivité surfacique plus faible que 1013 Ω/sq, 20% de
PEBA est nécessaire dans des mélange binaires conventionnels ; cette valeur se réduit à 10%
pour

les

mélanges

ternaires

LDPE/PEBA/PET,

et

jusqu’à

1%

pour

le

système

LDPE/PEBA/PVDF.
La troisième partie de ce projet se consacre au contrôle de la localisation du PEBA dans des
mélanges de polymères polyphasés à structure hiérarchisée. Il a été montré que lorsque des
polymères conducteurs sont mélangés avec des polyoléfines et/ou du PS dans des mélanges
ternaires, ils ont tendance à être situés au cœur en raison des tensions interfaciales élevées avec
ces polymères. Néanmoins, mélanger des polymères conducteurs avec des polymères de grande
consommation tels que les polyoléfines et le PS peut présenter des gains de coûts conséquents.
Pour cette raison, un mélange ternaire de LDPE/PS/PEBA avec PEBA comme phase cœur a été
choisi comme premier cas d’étude de cette partie du travail. Afin de contrôler la localisation du
PEBA au sein de systèmes multiphasiques possédant une concentration élevée en LDPE/PS (70–
90%), un quatrième composant ou un modificateur interfacial a été ajouté. Dans les deux cas, le
PEBA a été localisé avec succès sur une interface continue, et a formé des structures percolatées
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dans les systèmes ternaires et quaternaires hiérarchiquement ordonnés. Ceci a permis une
réduction significative de la résistivité surfacique d’un facteur de l’ordre de 2 à 4 en comparaison
avec les mélanges ternaires initiaux de LDPE/PS/PEBA où le PEBA était situé au cœur.
Finalement, comme présenté dans l’annexe, afin de démontrer une approche généralisée aux
structures hiérarchiques dans les mélanges ternaires, une nouvelle stratégie a été développée
permettant de générer des polymères hiérarchiquement poreux où la taille des pores est contrôlée
grâce à un système de mélange ternaire A/B/C-B-C.
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ABSTRACT
Blending conductive polymers with conventional polymers has been an effective approach to
produce new materials with tailored electrical properties. Compared to binary blends, ternary and
quaternary polymer blend systems are expected to have a much lower percolation threshold if a
component is encapsulated by other continuous/percolated phases, with a more dramatic
influence when it is located at a continuous/percolated interface. However, almost all the
published work has examined the case where the conductive phase is situated in the core of the
system owing to its inherent high interfacial tensions with other polymers. Assembling a
conductive polymeric component at a continuous interface directly through melt blending has
rarely been reported. Also, studies on the morphology development of a partially wet or
completely wet intermediate phase in ternary and quaternary systems are still very limited.
In this dissertation, polymer blends destined for antistatic applications with an ionically
conductive PEBA copolymer (comprised of alternating PEO and PA blocks) in binary, ternary
and quaternary systems were studied. In the first part, two binary blends, LDPE/PEBA and
PS/PEBA, with significantly different interfacial tensions were prepared. The interfacial tension
for the former system was determined to be 8.0 mN/m and the morphology development for
PEBA in this system follows a droplet-droplet coalescence mechanism typically observed in high
interfacial tension systems. The latter system possesses, unexpectedly, a much lower interfacial
tension of 1.6 mN/m, possibly owing to the presence of π-hydrogen bonding between PS and the
PEO block. Partial miscibility between PS and PEBA (the PEO block) is also confirmed by the
shift of Tg for PS in the blends. Although a higher continuity is observed at lower volume
fractions in PS/PEBA than in LDPE/PEBA, the surface resistivity for PS/PEBA is surprisingly
higher than that of LDPE/PEBA over a wide range of compositions. This result was attributed to
the partial miscibility and/or the significant constriction in the frozen capillary instability
morphology when PEBA is blended with PS, which influences the charge transfer in the PEBA
phase. A conceptual model for charge transport in the PEBA copolymer based on the migration
of protons in the PEO domains is also proposed.
In the second part of this work, we assembled an ionically conductive polymer (PEBA) at the
continuous interface of two other polymers directly through melt blending. Two ternary blends of
LDPE/PEBA/PET and LDPE/PEBA/PVDF were prepared which demonstrate partial wetting and
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complete wetting respectively. A novel morphology transition from partial wetting to complete
wetting was identified in the LDPE/PEBA/PET system. Thermodynamic analysis indicates that
LDPE/PEBA/PET is a weak partial wetting system and the transition phenomenon was attributed
to the dominant effect of coalescence over dewetting with increasing PEBA concentration. In the
case of the completely wet LDPE/PEBA/PVDF system, thin intact PEBA layers (~ 100 nm) were
observed at PEBA concentrations as low as 3%. It appears clear that a minimum concentration is
required to form a completely wet interface and that this concentration depends on the value of
the spreading coefficient. The self-assembling of PEBA at the continuous interface dramatically
reduces its percolation threshold in the ternary blends as compared to binary blends. For antistatic
applications requiring a surface resistivity lower than 1013 Ω/sq, 20% of PEBA is needed in the
conventional binary blends; the value is reduced to 10% for LDPE/PEBA/PET, and to as low as 1%
for the LDPE/PEBA/PVDF system. The third part of the project focuses on controlling the
localization of PEBA in hierarchically ordered multiphase polymer blends. It has been shown that
when conductive polymers are blended with polyolefins and/or PS in ternary blends, they tend to
be located in the core due to its high interfacial tensions with these polymers. Nevertheless,
blending conductive polymers with commodity polymers such as polyolefins and PS can present
significant potential cost advantages. Thus, we started this part of the work with a ternary blend
of LDPE/PS/PEBA where PEBA is the core phase. In order to control the localization of PEBA
in the multiphase systems with high LDPE/PS content (70–90%), either a fourth component or an
interfacial modifier was added. In both cases, PEBA was successfully localized to a continuous
interface and formed percolated structures in the hierarchically ordered ternary and quaternary
systems. This led to a significant reduction of 2–4 orders of magnitude in surface resistivity as
compared to the initial ternary blends of LDPE/PS/PEBA where PEBA was located in the core.
Finally, as shown in the Appendix, in order to demonstrate a generalized approach to hierarchical
structures in ternary blends, we developed a new strategy to generate hierarchically porous
polymers with controllable pore size through a ternary A/B/C-B-C blend system.
PLA/HDPE/SEBS was used as a model system.
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CHAPTER 1

INTRODUCTION

More than two thousand years ago, the Greek scientist Thales of Miletus discovered that amber
attracts small dust particles when rubbed with animal fur – a phenomenon of static electricity. In
modern society, static electricity has emerged as a common problem in many areas associated
with the usage of polymeric materials which themselves are electrical insulators in most cases.
Electrical charge accumulation and uncontrolled electrostatic discharge (ESD) on a polymer
surface can cause issues such as dust adsorption, damage to electronic components and even
initiating explosion, which are encountered in many industrial sectors, including electronics,
medicine and pharmacy, automotive, aerospace, mining, etc. [1-3]. To avoid static charge
accumulation while maintaining the nonconductive nature, the surface resistivity of the polymeric
parts generally needs to be reduced to the range of 109–1013 Ω/sq (technically termed as antistatic
materials). However, most conventional polymers fail to meet this criterion.
Many additives have been developed and added to conventional polymers to tailor the surface
resistivity according to different applications. Among them, conductive polymers are particularly
effective in providing long-term and reliable ESD protection, and they also bear the colorable and
non-sloughing features which are desired for many applications [1, 4]. After blending with the
host polymers (e.g., PE, PP, PET, PS, etc.), conductive polymers can develop three-dimensional
conductive pathways throughout the blend for charge dissipation. Ionically conductive
poly(ether-b-amide) (PEBA) copolymers take a major share in this antistat category and the
commercial products include Arkema Pebax®, BASF Irgastat® P and Sanyo Pelestat®. These
copolymers also display very good processibility, thermal stability and mechanical properties [5].
The final product with PEBA for antistatic applications is typically a binary polymer system
(comprised of a host polymer and a conductive polymer) requiring high composition (10–25%)
for the polymeric antistat to develop electrical percolation in the host polymer, which increases
the cost and may also deteriorate certain physical properties (e.g., mechanical performance,
clarity, etc.). Meanwhile, despite the commercial success for PEBA, very limited work has been
published to study the effect of PEBA continuity/morphology on surface resistivity of the blends,
particularly in multiphase systems [6, 7]. Furthermore, the studies on the charge dissipation
mechanism in these copolymers are also very limited [8, 9].
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The study of morphology in multiphase polymer blends has been attracting increasing attention
over the past 15 years [10-14]. Different from the binary blends where dispersed phase/matrix
and co-continuous morphologies are observed, complex structures can be obtained in multiphase
polymer systems (Fig. 1.1). The multi-percolated structures generated from multiphase polymer
blends are of particular interest in terms of reducing the percolation threshold of PEBA and
achieving the required surface resistivity for antistatic applications at low PEBA compositions.
Previous studies with other conductive polymers have shown that much higher conductivity can
be obtained in these systems as compared to in traditional binary blends [15-17]. However, in
almost all the work published on the melt processing of conductive polymer blends, the
conductive component is situated in the core and encapsulated by other polymers (rather than at
the interface) [6, 15-17]. In this context, the well documented studies on conductive composites
demonstrate the significant advantage of placing the conductive inorganic fillers (e.g., carbon
black, carbon nanotube, etc.) at the interface for improved electrical conductivity [18-23]. These
results point to the great potential to significantly lower the electrical percolation threshold by
confining PEBA at the interface of the host polymers. In practice, it is desirable to obtain the
structures through melt blending since it is a cost-effective technique widely used in industry.
In ternary polymer blends with two major phases A and C and a minor phase B located at the
interface of A/C, the phase B can adapt to either layer (B completely wets the A/C interface; e.g.,
Fig. 1.1b: PS layer at HDPE/PMMA interface) or droplet (B partially wets the A/C interface; e.g.,
PS droplets at the PE/PP interface as shown in Fig. 1.1c) morphology depending on the spreading
coefficients [24, 25]. The former scenario has attracted much research effort due to its ability to
develop percolation at very low concentrations [11, 23, 26, 27]. However, some important
questions, for example, whether there exists a minimum layer thickness to achieve full
segregation and what factors may control this thickness, have been barely investigated [27]. In
the latter scenario, some studies indicate the droplets are discrete at the interface [28, 29]. Other
studies reported on the transformation from partial wetting to complete wetting by adding an
interfacial modifier (Figs. 1.1d and e) [12, 13]. To date, it is still not clear how the morphology of
the intermediate phase evolves during processing. Understanding these questions will benefit the
advanced applications of these complex but well-controllable structures.
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PE
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PS
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PS+ PS-g-MA

Figure 1.1: Examples of advanced structures developed in multi-phase polymer blends. a) tricontinuous structures in PE/PS/PMMA ternary blends (PMMA extracted) (taken from Ref. [10]);
b) PS forms completely wet layer at the interface of HDPE/PMMA with a high continuity (about
70%) achieved at 3% (taken from Ref. [11]); c) PS self-assembles into close-packed droplet array
at the PE/PP interface (taken from Ref. [28]); d-e) tune the morphology of PS at the interface of
PA/PC from partially wet droplets to completely wet layers by adding PS-g-MA (taken from Ref.
[13]); f) confine CNTs within thin EMAA layers formed at the PP/PA interface to reduce the
percolation threshold (taken from Ref. [23]).
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CHAPTER 2

LITERATURE REVIEW AND OBJECTIVES

2.1 Conductive Polymer Systems
According to the range of electrical conductivity, solid materials can be divided into three groups:
conductors, semiconductors and insulators [30]. Although polymers are traditionally used as
insulators, conductive polymer systems have also been developed which can be classified into
four types: 1) conductive polymer composites; 2) conjugated polymers; 3) ionically conductive
polymers; and 4) redox polymers. The electrical conductivity in these systems can arise from the
flow of electrons (electronically conductive polymers) and/or from the net motion of charged ions
(ionically conductive polymers) [31, 32].

2.1.1 Conductive Polymer Composites
The most widely used conductive polymers are polymer composites where electrical conductivity
is imparted by adding conductive fillers (such as carbon and metal particles) to the insulating
polymer matrix [33]. Generally, the development of conductive pathways in these systems can be
divided into three regions as a function of filler content (Fig. 2.1). At low filler loading, the fillers
remain discrete and the conductivity of the composite shows little improvement as compared to
the pure polymer (region A). After exceeding a critical point (percolation threshold), the
conductive network develops through filler contact and the conductivity increases steeply (region
B). Further increasing the filler amount leads to a slight monotonic increment approaching the
intrinsic conductivity of the filler (region C).

Figure 2.1: Development of conductive pathways in polymer composite systems as a function of
filler concentration (taken from Ref. [34]).
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2.1.2 Conjugated Polymers
Conjugated polymers are characterized by alternating single and double bonds which results in an
extended π electron system. The interest in conjugated conductive polymers started in the 1970s
when the conductivity of polyacetylene films was dramatically improved after it was exposed to
iodine vapor [35, 36]. Following this work, a variety of conjugated polymers have been
synthesized,

including,

polypyrrole

(PPY),

polythiophene

(PT),

polyaniline

(PANI),

polyparaphenylene vinylene (PPV), etc. Fig. 2.2 shows the structures of some of the conjugated
conductive polymers and their conductivities. These polymers are inherently conducting due to
the conjugated π electron system and thus are also referred to as inherently conductive polymers
(ICPs). However, their original conductivities are very low (e.g., polyacetylene from cis-isomers
has a conductivity of 10-9 S/cm at 273K [35]), but can be increased by oxidation (p-doping)
and/or, reduction (n-doping) to generate mobile charge carriers. For example, in the well-known
work on polyacetylene from Shirakawa, MacDiarmid and Heeger, the conductivity of
polyacetylene (from trans-isomers) was increased from 3.3×10-6 to 30 S/cm by iodine doping
[35]. The mechanism of this process is briefly presented in Fig. 2.3 by using oxidation as an
example [37]. After doping, an electron is removed from the π system which leads to the
delocalization of a radical ion (polaron) as shown in Fig. 2.3a. Further oxidation and radical
recombination yields two charged carriers on the chain (Fig. 2.3b). Meanwhile, a number of
neutral defects also exist in the synthesized polyacetylene (solitons) and charged soltions can be
generated after oxidation (Fig. 2.3b). These delocalized charges are mobile (but not the dopant
ions) along the polymer chain and also capable of traveling to other chains through hopping
which make current conduction through the bulk possible. Due to the intrinsic conjugated
structures on the backbone, unfunctionalized conjugated polymers are usually insoluble, infusible
and brittle, which limit their wide applications [32].
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Figure 2.2: Structures and conductivities of some conjugated conductive polymers (taken from
Ref. [33]).

Figure 2.3: Schematic of conductive mechanism in polyactylene with an oxidative dopant (taken
from Ref. [37]).

2.1.3 Ionically Conductive Polymers
Ionic conductivity is generally restricted to salt solutions (with polar solvent) or molten salts. The
ion transportation in solid polymers without a solvent was only recognized a few decades ago in
the 1970–80s [38-41]. The macromolecule acts as a solvent to partially disassociate the salt,
resulting in a complex system with electrolyte behaviour. Thus, ionically conductive polymers
are also known as polymer electrolytes [31, 32, 41]. It is generally accepted that the conductivity
originates from ion migration between coordination sites generated by the local segmental motion
of the polymer chains [31, 42-44] (Fig. 2.4). Therefore, ionically conductive polymers are
expected to bear electron-donating atoms or groups to coordinate with cations and low bond
rotation barriers (flexible bonds and weak inter-chain interactions) to facilitate segmental motion
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[32]. Poly(ethylene oxide) (PEO) (as well as its copolymers) remains the most extensively
studied ionically conductive polymer, particularly as solid polymer electrolytes in lithium
batteries, due to the high dielectric constant and strong solvating ability for lithium ions [31, 38,
43, 45].

Figure 2.4: Ion transport in PEO: a) Lateral migration of the cation through C-O bond rotation
along the AB line; b) the transfer of the cation between PEO chain segments by oxygen ligand
replacement (taken from Ref. [32]).
Generally, ionically conductive polymers are highly processable. However, with the ionic
conduction mechanism (dissociation of opposite ionic charges and ion migration through slow
polymer chain motion), these polymers normally show very low intrinsic conductivity in the
absence of water (in the order of 10-14 S/cm) [47]. The conductivity can be increased to ~ 10-4
S/cm (at room temperature) by doping (most frequently using lithium salts) and controlling
crystallinity/chain mobility of the polymers [48, 49].

2.1.4 Redox Polymers
These polymer systems contain a large number of electrostatically and spatially localized redox
centers which can be either incorporated into the backbone or associated with the pendant groups
of the chain [50]. Conductivity in such systems is realized by the electron hopping between
adjacent redox sites overcoming the insulating barrier [33]. Note that the difference in
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electroactivity of the redox centers in these polymers as compared to the previous conjugated
polymers is that the process in the former case is highly localized, while a reorganization of the
bonds

along

the

macromolecule

Poly(tetracyanoquinodimethane)

chain

(PTCNQ),

occurs

in

conjugated

poly(tetrathiafulvalene)

polymers.

(PTTF)

and

poly(vinylferrocene) (PVF or PVFc) are among those that belong to this category [50].

2.2 Conductive Polymer Systems for Antistatic Applications
2.2.1 Static Electricity
Static electricity is a phenomenon referred to the imbalance of positive and negative charges
within or on the surface of an object. Friction, conduction and induction are the three ways to
impart net static charges. A locally excess amount of static charge q0 inside/on any material will
decay with time t exponentially due to the presence of the self-field of the charge [51]:
𝑞 = 𝑞0 𝑒 −𝑡/𝜏
where q is the charge concentration after a period of decaying time t and τ is the charge
relaxation time. For conductors, τ is so small that it is even difficult to measure (e.g., τ

copper

is in

the order of 10-18 s). But for conventional polymers which normally have high resistivities, τ can
be very large. Consequently, charges generated on/in polymeric materials may be retained for
long periods of time, in some cases for years. The long lifetime of the charge accumulated on a
polymer surface can cause many problems, such as damage to electronic devices, contamination
in clean rooms or to medical devices and pharmaceuticals, initiating explosion, etc. [4].
Compared to the bulk, the surface of an object is more vulnerable to the charging effect. Thus,
surface resistivity is one of the key criteria to evaluate the charge dissipation ability of a material.
Fig. 2.5 shows the schematic to measure the surface resistivity (ρs) as per ASTM D257 Standard.
Two electrodes are attached on the surface of a material as schematically shown. After applying a
voltage of U, the electrical current can penetrate into the material from anode to cathode (see Fig.
2.5). Studies carried out by Arkema (unpublished data) have found that the current can penetrate
to a depth of about 150 μm. Thus, surface resistivity should be mostly related to the
characteristics of a region near the material surface (with a depth of hundreds of microns). It
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should be noted that the real unit for surface resistivity is Ω. However, in the literature, Ω/sq
(ohm per square) is commonly used to make it distinguished from surface resistance (which also
bears the unit Ω).

𝜌𝑠 =

𝜋𝐷0 𝑈
×
𝑔
𝐼

Figure 2.5: Schematic for the measurement of the surface resistivity. U and I are the applied
voltage and measured current; g, D0, D1 and D2 are the geometry parameters of the measuring
setup.

10

2.2.2 Classification of Antistatic Additives
In order to avoid static charge accumulation, the surface resistivity of the material generally
needs to be reduced to 109–1013 Ω/sq (antistatic materials) [4, 52]. Most conventional polymers
fail to meet this criterion with typical surface resistivities > 1014 Ω/sq. Many additives have been
developed to tailor the surface resistivity of polymeric materials and can be divided into three
main categories: migrating antistats; conductive fillers and inherently dissipative/conductive
polymers.
1) Migrating Antistats
Migrating antistats are typically low molecular weight surfactants with a non-polar chain and
a polar hydrophilic head [1]. They can be either directly sprayed or coated on the article
surface or mixed with polymers during processing. In the latter scenario, the antistats
gradually diffuse or “bloom” to the polymer surface over time, which creates a thin
hydrophilic layer attracting moisture and thus imparts a charge dissipative capacity to the
surface. The charge dissipation mechanism in this case is schematically shown in Fig. 2.6.
Although migrating antistats are widely used due to their low cost and effectiveness (they
reduce the surface resistivity to 1010 to 1012 Ω/sq), they also possess some significant
weaknesses [4]. Firstly, they only provide short-term protection since the additives are wiped
away from the surface with the lapse of time and static charges can appear again (Fig. 2.6).
Furthermore, the antistats rely on absorbing moisture to dissipate charges and thus the
antistatic performances can vary significantly with humidity in environment. Thirdly, they
cannot confer immediate antistatic properties to the host polymer since it takes time for the
chemicals to migrate to the surface. And lastly, the enrichment effect on the material surface
also limits their applications in many areas, such as packaging for pharmaceuticals and food,
cleanroom applications, etc.
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Figure 2.6: Charge dissipation mechanism of migrating antistats (adapted from Ref. [1]).
2) Conductive Fillers
Conductive fillers used for static control applications include carbon materials (carbon back,
carbon nanotube, graphite, graphene, etc.) and metal particles. The conductivity/resistivity of
the polymer/filler composite can be tailored by the concentration of the conductive filler (Fig.
2.1), viscoelasticity of the polymer and processing conditions [18]. Polymer/carbon back
composites are the most commonly seen in antistatic applications due to their versatility, low
cost and permanent conductivity. However, the shedding of the carbon particles (known as
“sloughing”) from the composite has been one major disadvantage which limit their
applications in certain areas (e.g., clean room, pharmaceutical industry, etc.). In this context,
the use of carbon nanotubes, which are non-sloughing, continues to grow and require less
concentration to percolate due to their high aspect ratio [1, 53]. One common problem to all
the polymer/conductive filler systems is that the conductivity/resistivity varies significantly
from the insulating region to the conductive region around the percolation threshold, which
makes it very difficult to precisely control the resistivity in the antistatic range.
3) Inherently Dissipative/Conductive Polymers
Inherently dissipative and conductive polymers (IDPs and ICPs) represent a new class of
additives for static control applications, which confer the host material immediate and
permanent antistatic properties through the formation of 3D dissipative/conductive pathways
(Fig. 2.7). The development of polymeric conductive networks follows the general
mechanism of morphological evolution in binary polymer blends (see Fig. 2.15). There is
currently no clear definition in the literature for “inherently dissipative polymers”.
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Technically, they refer to polymers offering a comparable charge dissipation capacity to
migrating antistats with a typical surface resistivity from 108 to 1012 Ω/sq (e.g., Arkema
Pebax®, DuPont Entira™ Antistat, BASF Irgastat®, Sanyo PELESTAT®, etc.). These
polymers normally contain PEO blocks (although not always) for charge dissipation [1], and
thus most of them are actually ionically conductive polymers. The ICPs have much higher
conductivities which are along the lines of metals (as high as 105 S/cm; e.g., polyaniline,
polypyrrole, polythiophene, etc.) [32]. As discussed previously, the key chemical structure in
ICPs is the alternating single (C–C) and double (C=C) bonds (conjugation), which allows the
electrons to be more easily delocalized and transfer between different atoms [54]. Despite the
wide range of conductivities/resistivities obtained for conventional polymers after blending
with ICPs [15, 16], IDPs have achieved much more success for antistatic applications due to
their good processibility and stability, high mechanical performances and low cost [1, 4, 5].
Other advances of using IDPs for static control over other additives include: 1) they are
colourable and non-sloughing; 2) provide permanent and immediate antistatic capacity with
precisely controlled resistivity; 3) much less vulnerable to environmental humidity (than
migrating antistats) [1, 4].

Figure 2.7: Schematic of dissipative networks developed in the IDP/host polymer binary blend
(taken from Ref. [1]).
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2.3 Poly(ether-b-amide) (PEBA) Copolymers
Poly(ether-b-amide) (PEBA) is a class of segmented copolymers comprised of hard polyamide
blocks and soft polyether blocks with a low glass transition temperature [55]. The hydrogen
bonds between the amide groups of the semi-crystallized polyamide result in physical crosslinks
which provide mechanical strength to the copolymer, while the flexible polyether blocks impart
elastomeric properties. Above the melting temperature of the polyamide, the physical crosslinks
are destroyed and the materials are transformed to common thermoplastics.

2.3.1 Chemical Structure and Synthesis
The general chemical structure of PEBA is schematically shown in Fig. 2.8. The polyamide
segments in PEBA copolymers are mostly based on polyamide 6 and 12. The flexible polyether
blocks are prepared from alkylene oxide oligomers, including poly(tetramethylene oxide)
(PTMO), poly(ethylene oxide) (PEO, also called PEG), and poly(propylene oxide) (PPO, also
called PPG).

Figure 2.8: Schematic of the general chemical structure of a PEBA copolymer (adapted from
[56]).
Table 2.1 lists the main PEBA copolymers commercially available on the market and their
composition. The use of different types of polyethers affects the physical properties of the final
PEBA copolymers [55]. For example, when PEO is introduced, the hydrophilicity of the
copolymer will be improved, and breathability and antistatic capacity will also be conferred.
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Table 2.1: Commercially available PEBA copolymers and their composition (taken from Ref.
[55]).

PEBA copolymers can be synthesized through different approaches. Only the typical thermal
polymerization method with ester links will be briefly introduced since it represents how the
specific PEBA (Pebax® from Arkema) used in this project is produced [55]. These PEBA
copolymers consist of linear chains of polyamide and polyether blocks with molecular weights of
about 400–3000 g/mol and 500–5000 g/mol respectively [56]. The polymerization process is
carried out in two steps. Firstly, the α,ω-dicarboxylic acid terminated polyamide block is
synthesized from the reaction of lactam(s), aminoacid(s) and/or diacid and diamine with a chainterminating diacid. The average molecular weight of the resulted polyamide block is controlled
by the molar ratio between the chain-terminating agent and the reactant monomers. This step is
usually carried out under pressure at high temperatures. In the second step, a commercially
available α,ω-dihydroxy terminated polyether reacts with the previously synthesized polyamide
block to produce the designated PEBA copolymer in the presence of catalyst. A lower
temperature and vacuum are used to minimize the degradation of the polyether and drive the
reaction towards ester formation respectively. The two-step process is schematically shown in
Fig. 2.9.
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Figure 2.9: Synthesis of ester-linked PEBA copolymers through the two-step thermal
polymerization (taken from Ref. [55]).

2.3.2 Solid-state Structures of PEBA
PEBA copolymers present a micro-phase separated morphology in the solid-state due to the
thermodynamic incompatibility between the polyamide and polyether components (macro-phase
separation is prevented by the covalent bonds between the two blocks) (Fig. 2.10). The
polyamide segments crystallize into lamellar structures independently of the polyamide/polyether
composition [56-59]. Barbi et al. studied solvent-cast PEBA films of various grades (polyether
weight ratio varies from 53 to 80%) by SAXS [59]. They found that the layer thickness of
polyamide lamellae is on the order of 6 nm and the long period ranges from 12 to 18 nm. For the
rigid grades (the weight ratio of polyamide/polyether > 1), the lamellar structures can organize
into spherulitic superstructures with a radius of a few microns [5].

Figure 2.10: a) Schematic representation of PEBA solid-state structures; b) TEM image of a
poly(ether-b-amide) copolymer with a polyamide/polyether weight ratio of 23/77 (taken from Ref.
[5, 55]).
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2.4 Ion Transport in Ionically Conductive Polymers
2.4.1 Ion Transport in Block Copolymer Electrolytes
High ionic conductivity in PEO requires rapid segmental motion to accelerate ion transport,
which, on the other hand, tends to decrease the rigidity of the polymer [42]. The use of PEO
containing block copolymers has been shown to be a possible solution to decouple the electrical
and mechanical properties, where the PEO block provides ionic conductivity and the other
component(s) imparts desired mechanical properties [60]. These copolymer systems are
characterized by a micro-phase separated morphology due to the thermodynamic immiscibility
between the polymer blocks. The shape of the PEO microdomains can be spheres, cylinders,
bicontinuous (gyroid) or lamellae, which is mainly controlled by the Flory-Huggins interaction
parameter, overall degree of polymerization and the composition fraction [61, 62].
1) Effect of Morphology
The ionic conductivity of a block copolymer electrolyte (𝜎) may be expressed as follows:
𝜎 = 𝑓𝜙𝑐 𝜎0
where f is the morphology factor; 𝜙𝑐 and 𝜎0 are the volume fraction and intrinsic conductivity of
the conducting phase, respectively. According to the work of Sax and Ottino, f can be calculated
based on the morphology of the polymer electrolyte as shown in Fig. 2.11 (termed as fideal) [63].
For a spherical morphology, fideal equals 0 since no conductive pathways exist in the system. In
the case of a cylindrical morphology, one-third of the grains will statistically contribute to ion
transport in a certain direction and thus fideal takes a value of 1/3. Similarly, fideal equals 2/3 in a
lamellar morphology and 1 in a gyroid morphology. Villaluenga et al. found that adding 2 wt%
nanoparticles into lithium/polystyrene-b-poly(ethylene oxide) electrolytes resulted in an
unexpected increase in conductivity [62]. Examination of the solid state structures by SAXS and
STEM confirmed a morphology transition from lamella to gyroid and thus resulted in a
conductivity increase. The morphology factor f was determined to be 0.94 ± 0.28 in the sample of
gyroid morphology, very close to the theoretical value (fideal). Cheng et al. studied the effect of
crystalline structures on ion transport in polymer electrolytes with lamellar morphology [43].
They designed a model system comprised of single PEO crystals with controlled crystal structure
and size, crystallinity, and orientation. It was found that, at low ion content, the conductivity
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along the lamellar plane direction can be 2000 times higher than that in the direction
perpendicular to the plane due to tortuosity effects, indicating the ion transport in the system is
confined within the chain fold region and is directed by the lamellar structures. However,
Chintapalli et al. reported on the influence of grain size on the ionic conductivity of a block
copolymer electrolyte. Surprisingly, the conductivity was decreased by a factor of 5.2 as the grain
size increased from 13 to 88 nm. Results from another study also suggests that long-rang order
hinders ion conductivity since ionic conductivity may be blocked by the boundaries of large
grains [64].

Figure 2.11: Theoretical morphology factor fideal of polyelectrolytes with different morphologies.
The blue region represents the conducting phase (taken from Ref. [62]).
2) Effect of Chain Mobility
It is generally believed that ion transport is mainly restricted within the amorphous region of a
polymer electrolyte and thus should be enhanced by increasing the chain mobility. Methods to
reduce the crystallinity of PEO by adding plasticizer and inorganic particles have been shown to
be effective to increase the conductivity [65]. Decreasing the molecular weight is also expected to
increase the ionic conductivity, which has been reported in PEO homopolymer/lithium salt
complex systems [66]. However, an opposite tendency was reported in the case of block
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copolymers containing PEO [45, 60, 64]. Bouchet et al. modeled the conductivity (𝜎) of the PSPEO-PS electrolytes using the following equation [45]:
𝜎=

𝜎 0𝜀
𝜏

where 𝜎 0 and 𝜀 are the conductivity and volume fraction of the PEO phase (a complex of pure
PEO and doped lithium slat) respectively; and 𝜏 is the tortuosity of the PEO network. They
proposed that a “dead zone” of 1.6 nm independent of PEO molecular weight exists at the
interface of PS/PEO where the PEO chain mobility is impeded by the covalently bonded hard PS
domain (Fig. 2.12). That portion of the PEO chains does not contribute to the ion transport in the
system. Similar results were also obtained in another study where the interfacial zone was
estimated to be around 5 nm [64]. The argument explains the unexpected behavior in copolymer
electrolytes that ionic conductivity increases with increasing PEO molecular weight, since a
relatively larger portion of PEO would contribute to ion conduction as the PEO molecular weight
increases [45].

Figure 2.12: Schematic representation of ion transport in the PS-PEO-PS electrolytes (taken from
Ref. [45]).

2.4.2 Charge Dissipation Mechanism in PEBA Copolymers
PEBA copolymers have been widely used for antistatic applications [4, 55]. However, the charge
transportation mechanism in such copolymers has not been well understood. Young and Lin
studied the electrostatic dissipating properties of copolymers consisting of PEO blocks and amide
groups [8]. They proposed that the PEO blocks absorb water through hydrogen bonding and the
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partially ionized water molecules generate protons serving as the medium for charge transfer (Fig.
2.13). It was also demonstrated in the study that hydrogen bonding between the amide group and
the water molecule is also important to obtain low surface resistivity.

Figure 2.13: Electrostatic dissipation mechanism via hydrogen-bondings between PEO/water and
amide/water. The partial ionization of water molecules generates protons for charge dissipation
(taken from Ref. [8]).

2.5 Control of Morphology in Immiscible Polymer Blends
2.5.1 Basic Thermodynamics in Polymer Blends
The miscibility of a polymer blend is determined by the free energy of mixing (ΔGmix) defined as:
∆𝐺𝑚𝑖𝑥 = ∆𝐻𝑚𝑖𝑥 − 𝑇∆𝑆𝑚𝑖𝑥
where ∆𝐻𝑚𝑖𝑥 and ∆𝑆𝑚𝑖𝑥 are the enthalpy and entropy change on mixing respectively [67]. Fig.
2.14 shows the three states of miscibility in binary systems. Case A represents an immiscible
system since the free energy of mixing is positive in the whole composition range. Case B is an
example where complete miscibility is achieved at any composition for the two components. In
Case C, however, although ∆𝐺𝑚𝑖𝑥 is negative in all proportions, phase separation will occur over
the composition range between the two minima to achieve a lower free energy (at the minima of
the curve). Case C represents a system with partial miscibility. Therefore, complete miscibility in
a polymer blend system requires: (1) ∆𝐺𝑚𝑖𝑥 < 0; (2)

𝜕 2 ∆𝐺𝑚𝑖𝑥
𝜕𝜑 2

> 0.

In polymer blends, immiscibility is the most common scenario since ∆𝐻𝑚𝑖𝑥 is normally positive
(lack of specific interactions) and ∆𝑆𝑚𝑖𝑥 is very small (high molecular weight of the components).
In many cases, immiscibility is actually desirable since the final product is ideally a polymer-
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polymer mixture which synergistically combines the characteristic properties of each component
[67].

Figure 2.14: Three typical states of miscibility in a binary system: (A) completely immiscible;
(B) completely miscible; and (C) partially miscible (taken from Ref. [67]).

2.5.2 Morphologies of Immiscible Binary Polymer Blends
In immiscible binary polymer blends, when a minor phase is added to a matrix, a type of
dispersed phase (e.g., droplets, fibers or lamellar structures)/matrix morphology can be obtained
[68]. As the composition of the minor phase increases, more dispersed domains are present in the
system and after a crucial concentration (percolation threshold), percolated structures can be
developed. Further increasing the composition results in the so-called co-continuous morphology
which is characterized by each component being interconnected throughout the blend (100%
continuity for each phase). Fig. 2.15 schematically shows the morphology development in binary
polymer blends. The transition from dispersed phase/matrix morphology to co-continuous
morphology is affected by many factors, including interfacial tension, viscosity (ratio), elasticity
and shear stress, and the final morphology is a balance between phase deformation-disintegration
and coalescence [69].
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Figure 2.15: Schematic presentation of morphology development in binary polymer blends (taken
from Ref. [10]).
2.5.2.1 Morphology Development in Binary Polymer Blends
The morphology in binary polymer blends develops through the coalescence of the dispersed
phase [70]. The shape of the dispersed phase (droplets, fibers, etc.) depends on the deformability
of the dispersed phase as well as its stability after deformation [69]. The deformability of the
dispersed phase can be characterized by the capillary number (Ca) as developed by Taylor [71,
72]:
𝐶𝑎 =

𝜂𝑚 𝛾̇ 𝑅
𝜎

where η𝑚 is the matrix viscosity, 𝜎 is the interfacial tension, 𝛾̇ is the shear rate, and R is the
radius of the dispersed phase. Ca is the ratio between the deforming stress (η𝑚 𝛾̇ ) imposed by the
flow and the interfacial forces (𝜎/R). If Ca is small (e.g., in the case of high interfacial tension),
the interfacial forces dominate and a steady droplet morphology develops. Upon exceeding a
critical value, the dispersed phase can be deformed and finally breaks. The stability of a deformed
thread (known as capillary instability) can be estimated by the time of breakup ( 𝑡𝑏 ) from
Tomotika’s equation [73]:
𝑡𝑏 =

2η𝑚 𝑅0 0.82𝑅0
ln(
)
Ω𝑚 𝜎
𝛼0
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where Ω𝑚 is a tabulated function related to the viscosity ratio, 𝑅0 is the initial radius of the thread
and 𝛼0 is the initial distortion amplitude. For polymer blends with a low interfacial tension, the
dispersed phase will present as a stable thread-like morphology owing to the much longer thread
lifetime as compared to droplet lifetime [74-76].
The flow-induced coalescence of two droplets in a Newtonian system can be divided into three
steps: (i) the two droplets approach each other due to the flow field; (ii) the matrix film between
the droplets is drained to a critical thickness; and (iii) the film ruptures and the coalescence of the
droplets occurs [77] (Fig. 2.16). The coalescence in polymer blend systems, however, is less
understood. Fortelný and Kovář reported that coalescence is significantly decreased if the matrix
viscosity is above a critical value and if the volume fraction of the dispersed phase is below a
critical value [78]. However, Sundararaj and Macosko showed that significant coalescence
occurred in a system with high matrix viscosity and a low dispersed phase concentration (as
compared to the work from Fortelný and Kovář) [77]. They also argued that interfacial
modification (compatibilization) suppresses coalescence by stabilizing the interface instead of
through decreasing the interfacial tension. Tokita derived an expression for the particle size of the
dispersed phase by considering both the breakup and coalescence processes in dynamic state [79].
At equilibrium, the particle size of the dispersed phase (De) can be expressed as:

where Pr is the probability that a collision leads to coalescence; γ12 is the interfacial tension; τ is
the shear stress; ϕ is the volume ratio of the dispersed phase; EDK is the bulk breaking energy.
The model predicts that the particle size of the dispersed phase is reduced by increasing the shear
stress, and by decreasing the interfacial tension and the composition of the dispersed phase. The
dependence of phase size on composition was further confirmed in a later study with different
polymer blend systems [80]. However, the influence of shear stress in the theory was considered
to be overestimated.
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Figure 2.16: Schematic representation of flow-induced coalescence of two droplets in a
Newtonian system. The two droplets are brought close to each other and rotate in the flow filed;
the film in-between thins and finally raptures; the two droplets contact and emerge into one
(taken from Ref. [77]).
Li et al. systematically examined the effect of interface type on polymer blend morphology and
proposed different mechanisms for the formation of the co-continuous morphology [74]. In
compatible

binary

blends,

such

as

high-density

polyethylene

(HDPE)/styrene-

(ethylene/butylene)-styrene (SEBS), the dispersed phase is readily deformed into a stable thread
during melt mixing owing to the very low interfacial tension (0.7 ~ 1.0 mN/m) (Fig. 2.17a). Thus
the continuity is developed mainly through a thread-thread coalescence mechanism. This type of
system is expected to be characterized by full continuity achieved at a low phase concentration, a
wide composition range for maintaining the co-continuous region and little phase size change
with increasing phase concentration. For incompatible binary blends, such as HDPE/PS with an
interfacial tension of 5.6 mN/m, the droplet lifetime is much longer than the thread lifetime (Fig.
2.17b). So the dispersed phase demonstrates a droplet morphology at low concentrations and the
continuity develops by a droplet-droplet coalescence mechanism. The main features for this
system would include full continuity at high phase concentration, a narrow composition range for
the co-continuous region and significant phase size change with increasing phase concentration.

24

Figure 2.17: Mechanism for morphology development in systems of low interfacial tension (a)
and high interfacial tension (b) (taken from Ref.[74]).
2.5.2.2 Factors Controlling the Morphology Development
The understanding related to controlling the morphology in binary immiscible polymer blends by
different parameters has been well advanced in the past few decades. Interfacial tension is
probably the most important factor in controlling the morphology in polymer blends. As
discussed above, a low interfacial tension tends to result in fibrous domains of fine phase size and
the co-continuous morphology forms at low concentrations owing to the thread-thread
coalescence mechanism [74, 75, 81]. However, in high interfacial tension systems, the
morphology of the minor phase is dominated by spherical droplets and the co-continuity is
attained by droplet-droplet coalescence which leads to a high percolation threshold. Viscosity
(ratio) is another important parameter to control the continuity. According to the estimation of
thread breakup time from Elemans et al. [82], high matrix viscosity and viscosity ratio (giving a
small value of the Tomotika function ) tend to stabilize the fibrous structure formed during melt
blending with long thread breakup time, and thus lead to a higher continuity. Note that the
viscosity ratio is defined as the ratio of the viscosity of the dispersed phase to the viscosity of the
matrix. This tendency is consistent well with the results reported by Omonov et al. where the
continuity of different blends of polypropylene/polystyrene is examined [83]. In highly
compatible systems, however, the viscosity effect on continuity was found to be diminished [75].
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A classic work on the elasticity effect was carried out by Van Oene and an effective interfacial
tension was proposed by taking the second normal stress of the components into account [84].
The work showed that the phase with higher elasticity tends to encapsulate the one with lower
elasticity. Bourry and Favis also found that models based on storage modulus and tan were able
to predict the phase inversion well in a PE/PS blend system [85]. The role of shear stress on the
dispersed phase size in Newtonian systems is described in Taylor’s theory [71, 72] where the
phase size is inversely proportional to the shear stress. However, in polymer blend systems, little
effect on the phase size was observed by changing the shear stress by a factor of two to three [77,
86]. In another study, increasing shear stress was shown to be effective to change the spherical
dispersed phase to fibrous structures [87].

2.5.3 Morphologies of Multiphase Polymer Blend Systems
2.5.3.1 Models for Morphology Prediction in Multiphase Systems
1) Harkins’ Spreading Theory
In the 1920s, Harkins and Feldman proposed a model to predict spreading or non-spreading of a
liquid b drop on a liquid a surface which simply considers the free energy decrease λ (i.e., the
spreading coefficient) [24]:
𝜆 = 𝛾𝑎 − (𝛾𝑏 + 𝛾𝑎𝑏 )
where 𝛾𝑎 , 𝛾𝑏 , and 𝛾𝑎𝑏 represent the surface free energy of phase a, surface free energy of phase b
and the free energy of the a/b interface. Clearly, phase b will spread on phase a if S > 0. Later,
Torza and Mason used a similar concept to predict the equilibrium configuration when two
immiscible liquid droplets are brought into contact in a third liquid matrix based on the interfacial
tensions of the three components [25, 88]. It should be mentioned that although their model uses
interfacial tension, it yields the same results as using the concept of minimizing surface free
energy [25]. Hobbs et al. first applied Harkins’ equation (directly based on interfacial tension) to
predict the morphology in multiphase polymer blends [89]. In a ternary blend system, as
schematically shown in Fig. 2.18, the model defines three spreading coefficients based on the
three interfacial tensions of different polymer pairs. If one spreading coefficient is positive,
complete wetting (two phase contact) tends to occur where A is exclusively located within either
C or B, or forms a layer fully separating the B/C interface (Fig. 2.18a–c). In the case of three
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negative spreading coefficients, phase A will preferentially arrange into droplets and partially wet
(three phase contact) the B/C interface (Fig. 2.18d). Harkins’ spreading theory has been the most
widely used model to predict the morphologies in ternary polymer blends and normally presents
good agreement with the experimental results [11, 12, 14, 27, 28, 90-92].

Figure 2.18: Possible morphologies in a ternary blend of A/B/C as predicted by Harkins’ spreading
theory (A is the minor phase). (a)-(c): complete wetting, one phase fully separate the rest two; (d) partial
wetting, three phase contact (taken from [28]).

In all types of morphologies shown in Fig. 2.18, case (c) is of particular interest in reducing the
percolation threshold. Zhang et al. studied HDPE/PS/PMMA ternary blends where PS formed
thin layers and completely wet the HDPE/PMMA interface (Fig. 2.19) [11]. In that system,
almost 70% of continuity was obtained for PS at a volume fraction of only 3%. In another study,
it was reported that the minimum PS layer thickness to completely segregate PMMA from HDPE
is close to two times of the radius of gyration of PS (about 40 nm) [27].
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Figure 2.19: Three-dimensional schematic representation of the multiple percolated structures in
the ternary HDPE/PS/PMMA system: thin PS layer is at the HDPE/PMMA interface (taken from
Ref. [11]).

In addition to the four morphological states presented in Fig. 2.18, some studies also indicate the
possible existence of a boundary region between partial wetting and complete wetting. Horiuchi
et al. studied two ternary systems PA6/SEBS/PC and PA6/PS/PC compatibilized by SEBA-gMA (maleated SEBS) and PS-g-MA (maleated PS) through interfacial reaction [13]. They found
that the encapsulation of PC by SEBS in the PA6 matrix was facilitated by gradually substituting
SEBS with SEBA-MA, but a full encapsulation was achieved when only SEBS-MA was used
alone (Fig. 2.20a). However, in the case of the PA6/PS/PC system, PC can be fully engulfed even
when the weight ratio of PS/PS-MA is 7/3. They attributed the results to the difference in the
interfacial reactivity of the two systems. A similar partial encapsulation phenomenon was also
reported by Wilkinson et al. in the PP/PA6/(SEBS/SEBS-MA) system [12]. The dispersed PA6
phase is partially engulfed by SEBS/SEBS-MA (75/25), resulting in an “acorn-type” morphology.
It was argued that the system was in the intermediate region between partial wetting and
complete wetting (the spreading coefficient is approximately 0), and therefore the interface of
PP/PA6 was only partially separated. Virgilio reported the morphology of two partially wet
ternary blends of HDPE/PS/PP (λHDPE/PS/PP = –6.5 ± 1.3 mN/m ) and PP/PS/PCL (λPP/PS/PCL = –0.1
± 1.8 mN/m) with annealing (Fig. 2.20b) [93]. It appears that the shape of the PS droplets
depends on the value of the spreading coefficient. When the coefficient is closer to 0 (e.g., in
PP/PS/PCL system), the PS droplets are more extended at the interface. In the classic work of
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Harkins and Feldman, a monomolecular layer seemed to form only with a high positive spreading
coefficient, while a thick permanent sheet was observed for systems with low positive spreading
coefficients [24]. These results imply the spreading of the intermediate phase would be greatly
influenced by the value of the spreading coefficient.

Figure 2.20: (a) Different morphology evolution patterns in PA6/SEBS/PC and PA6/PS/PC after
adding SEBS-MA and PS-MA respectively (which gradually replace SEBS and PS in the two
systems) as interfacial modifiers (taken from Ref. [13]). (b) Morphologies of the annealed
HDPE/PS/PP and PP/PS/PCL blends (taken from Ref. [93]). PS droplets appear more spherical in
the former and more extended along the PP/PCL interface in the latter.
The morphology predication is more complicated for systems with more than three components.
In quaternary blends, for example, there are four sets of spreading coefficients related to the four
possible ternary system combinations. Virgilio and Favis showed in the HDPE/PP/PS/PMMA
system that the morphology configuration respects all four sets of spreading coefficients (Figs.
2.21a and b) [94]. The spreading coefficients predict complete wetting for HDPE/PS/PMMA and
HDPE/PP/PMMA, indicating the interface of HDPE/PMMA in the two cases tends to be
separated by PS and PP respectively. PP/PS/PMMA and HDPE/PP/PS are partially wet systems,
and thus lines of three phase contact are expected in both systems. All those morphological
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features predicted in the ternary systems are observed in the quaternary HDPE/PP/PS/PMMA
blend. In another study, Hobbs et al. showed that although both polycarbonate (PC) and
poly(styrene-co-acrylonitrile) (SAN) tend to completely segregate the PS from polybutylene
terephthalate (PBT) due to the positive spreading coefficients (λPBT/PC/PS = 0.73 mN/m and
λPBT/SAN/PS = 1.8 mN/m), in the PBT/PC/SAN/PS quaternary blend, neither PC nor SAN was
found to fully engulf the PS phase (Fig. 2.21c) [89]. Instead, PC and SAN form alternating
domains surrounding PS within the PBT matrix. The resulting morphology was attributed to the
competition between PC and SAN to completely wet the PS phase. However, the observation
could also indicate that the morphology of quaternary blends may not necessarily respect all the
four sets of spreading coefficients.

a)

b)

c)

Figure 2.21: (a) Four sets of spreading coefficients of the quaternary HDPE/PP/PS/PMMA blend.
(b) AFM image of the HDPE/PP/PS/PMMA (45/45/5/5) blend after 30 min of annealing; the
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lines of three phase contact for HDPE/PS/PP and PP/PS/PMMA are indicated by arrows (taken
from Ref. [94]). (c) TEM image of PBT/PS/SAN/PC (taken from Ref. [89]).
2) Lowest Free Energy Model
Guo et al. argued that the morphology in multiphase polymer blends depends on both the
interfacial tension and interfacial area; the most stable morphology would be the case that has the
lowest free energy [95]. The model considers three possible structures for a system comprised of
a matrix A and two dispersed phases B and C (Fig. 2.22): (1) B and C are separated by A (B+C);
(2) C is encapsulated by B (B/C); and (3) B is engulfed by C (C/B). For any multiphase polymer
system, the Gibbs free energy G can be written as:

where ni and µi are the number of moles and chemical potential of phase i respectively; A is the
interfacial area; γ is the interfacial tension between phase i and j. As the first term is the same for
all possible morphologies, only the second term (interfacial free energy) in the equation is
considered. The interfacial free energy of the possible morphologies shown in Fig. 2.22 can be
calculated using the following equations:

where x is the volume ratio of phase B to phase C; nB and nC are the number of particles for phase
B and phase C. This model has also been extended to quaternary systems [96]. The authors
claimed that the morphology predicted by the model agrees with the experimental results in the
blends of HDPE/PP/PS and HDPE/PS/PMMA. Although this model has also been used in many
other studies [14, 92], one limitation is that it does not account for the case of partial wetting
which is clearly demonstrated in many polymer blend systems [29, 89, 93].
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Figure 2.22: Three possible morphologies of a ternary system with a matrix A and two dispersed
phases B and C (taken from Ref. [95]). B+C: phase B and phase C are separated by the matrix A;
B/C: phase C is encapsulated by phase B in the matrix A; C/B: phase B is encapsulated by phase
C in the matrix A.
2.5.3.2 Other Factors Affecting the Morphology in Multiphase Polymer Systems
The general good agreement between the experimental results and theoretical prediction from the
two models discussed above implies that the morphology in multiphase polymer blends is
dominated by the thermodynamics of the system. However, the effect of kinetic factors, such as
the viscoelasticity of the component, has also been studied.
Le Corroller and Favis showed in the PE/PP/PS partial wetting system that much more PS
droplets were present at the PE/PP interface when the PE phase possesses a higher viscosity [97].
The phenomenon was explained by the higher PE/PP interface mobility during annealing when
low-viscosity PE was used, which facilitated the PS droplet disengagement from the interface.
However, this tendency was only observed when the thermodynamic forces to drive PS to the
interface is low (λPE/PP/PS is close to zero in PE/PP/PS; note that if λPE/PP/PS > 0, PS would tend to
be encapsulated by PP rather than be located at the interface). In the PE/PP/PC ternary system,
the viscosity effect appears to vanish owing to the strong driving force for PC to migrate to the
PE/PP interface (all the three spreading coefficients are less than –1 mN/m). Nemirovski et al.
studied several immiscible ternary blends and argued that the spreading of the intermediate phase
in completely wet systems should be facilitated by a low engulfing-to-engulfed viscosity ratio
[98]. Other studies however, found little influence of viscosity on the polymer blend morphology
[99, 100].

32
The effect of elasticity on the morphology of multiphase polymer blends was also reported. In
HDPE/PS/PMMA blends, it is thermodynamically predicted that PS tends to fully engulf PMMA
in the HDPE matrix. However, Reignier et al. obtained different wetting behaviours of either PS
encapsulating PMMA or PMMA encapsulating PS depending on the molecular weight of the
components (Fig. 2.23) [91]. Upon annealing, the morphology resumed the situation that PMMA
is encapsulated by PS in all cases. The authors further developed a conceptual model by
considering the elasticity contribution on interfacial tension in the dynamic mixing state
(dynamic interfacial tension defined by Van Oene [84]), which was able to account for all the
observed morphologies.

Figure 2.23: Effect of molecular weight on the morphology in ternary HDPE/PS/PMMA blends.
(a) and (b): PMMA is encapsulated by PS (PMMA was extracted); (c) PS is engulfed by PMMA
(PS was extracted) (taken from Ref. [91]).
2.5.3.3 Controlling Phase Localization in Multiphase Polymer Blends
In multiphase polymer blends, the phases arrange in a certain order determined mainly by
interfacial tension. Therefore, the phase location in multiphase polymer systems can be tuned by
controlling the interfacial tension between the components (the new morphology can be predicted
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using the models discussed in Section 2.5.2.1 with the modified interfacial tension). Guo et al.
studied the effect of interfacial modification on the morphology of a HDPE/PP/PS (70/20/10)
ternary system [95]. Before modification, the PS phase is primarily located within the PP phase
(Fig. 2.24a). By adding 1% SEB, the PS droplets were exclusively excluded from the PP phase
(drawn to the HDPE phase and the HDPE/PP interface) due to the reduction of the HDPE/PS
interfacial tension (Fig. 2.24b). Virgilio et al. studied a similar SEB modified HDPE/PP/PS
system with annealing and they demonstrated that, by varying the interfacial tension through
interfacial modification, it is possible to localize the PS droplets at the HDPE/PP interface
towards the PP side, at the HDPE/PP interface toward the HDPE side, or completely within the
HDPE phase [28].

Figure 2.24: Morphology of the ternary blend of HDPE/PP/PS (70/20/10): (a) without SEB; (b)
with 1% SEB. Polymer phases: A–HDPE, B–PP, and C–PS (taken from Ref. [95]).

2.6 Conductive Polymer Blends with Multiple Percolation
Multiple percolation refers to hierarchical structures where connected pathways are found within
another level of connected pathways [101]. In conductive systems with n (n > 1) levels of
percolation and where the conductive phase is located at the last level, the percolation threshold
(𝜑) may be expressed as:
φ = 𝜑𝑐 ∙ 𝜑𝑛−1 ∙ 𝜑𝑛−2 ⋯ 𝜑2 ∙ 𝜑1
where 𝜑𝑐 is the percolation threshold of the conductive phase in phase (n-1), and 𝜑𝑖−1 is the
percolation threshold of the conductive phase (i-1) in phase (i-2). Since 𝜑𝑖−1 < 1, the percolation
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threshold of the conductive phase will theoretically decrease with an increasing number of
components present in the system as long as the hierarchical structures are preserved.
Zilberman et al. reported a PS/PA/PANI ternary system with double percolation structures where
percolated PANI is located within the percolated PA phase in the PS matrix [16]. Segregation of
PANI from PS resulted in a higher effective composition (as compared to the nominal PANI
composition in the blends) for PANI to develop conductive pathways in the PA phase. At an
appropriate PA composition, a conductivity as high as 10-4 S/cm was achieved with 10% of PANI
in the ternary blends, while the conductivity obtained in the related binary blends of PS/PANI
and PA/PANI were much lower (10-14 S/cm and 10-11 S/cm respectively). Ravati and Favis
studied a series of hierarchically ordered multi-percolated polymer blends with PANI [15].
Complete wetting was obtained in all cases and the PANI phase was always located in the core of
the system. By increasing the number of the components from 3 to 5, the conductivity was
significantly increased from 10-11 to 10-6 S/cm with 5% PANI.
Kobayashi and coworkers reported several ternary polymer blend systems with ionic conductive
poly(ether esteramide) (PEEA) for antistatic applications [6, 52, 102-104]. In the
PET/PEEA/ionomer blends (ionomer: poly(ethylene-co-methacrylic acid) neutralized by lithium,
magnesium, zinc or sodium), it was found that the ionomer was encapsulated by PEEA in the
PET matrix [6, 52]. The antistatic performances were improved (characterized by lower
surface/volume resistivity and faster surface charge decay) in the ternary systems as compared to
the binary blends of PET/PEEA. The result was attributed to the increase in the surface area of
PEEA due to the encapsulation of the ionomer by PEEA. In the following studies, they found that
adding poly(ethylene glycol) bis(2-ethylhexanoate) (PEG-EH) to the poly(trimethylene
terephthalate) (PTT)/PEEA blends improved the static decay performance [104]. Since PEG-EH
is miscible with PEEA, after blending, it goes to the PEEA phase and decreases the Tg of PEEA
(acts as a plasticizer), and thus enhances ion mobility in the PEEA domains. However, when
polycarbonate (PC) is introduced to the PTT/PEEA system, the miscibility between PC and
PEEA results in a higher Tg for PEEA and a consequent lower chain mobility, which leads to
reduced static decay performances for the blends [103].
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2.7 Conductive Polymer Composites: Controlling the Localization of the
Fillers
A general discussion on conductive polymer composite systems has been provided in Section
2.1.1. In this part, we will review the recent progress on controlling the conductivity/resistivity of
the composite systems by selective localization of conductive fillers in polymer blends.
At thermodynamic equilibrium, the localization of solid particles in a polymer blend system can
be predicted by Young’s Equation (or the wetting parameter 𝜔) defined as follows [105]:
𝜔=

𝛾1𝑠 − 𝛾2𝑠
𝛾12

where γ1s and 𝛾2𝑠 are the interfacial tensions of polymer 1/solid particle and polymer 2/solid
particle respectively; 𝛾12 is the interfacial tension of polymer 1/polymer 2. Fig. 2.25 presents the
three possible localizations of the solid particle depending on the value of 𝜔: (a) within Phase 2,
(b) at the interface of Phase 1 and Phase 2, and (c) within Phase 1.

Figure 2.25: The localization of solid particles in polymer blends predicted by Young’s Equation.
(a): within Phase 2 when 𝜔 > 1; (b) at the interface when -1 < 𝜔 < 1; (c) within Phase 1 when 𝜔
< -1 (taken from Ref. [106]).
Many studies have shown that the percolation threshold can be significantly reduced by confining
the conductive filler within one phase, or more preferentially at the interface, of a co-continuous
polymer blend system. Gubbels et al. reported on the localization of carbon black (CB) both
within the PE phase and at the interface of the PE/PS binary blend [18]. They first mixed carbon
black with PS which has less affinity with the filler and then added the PE phase. During melt
blending, the carbon black is thermodynamically driven to the PE phase by accumulating at and
finally crossing the interface. By controlling the mixing time, the carbon black can be confined at
the interface or within the PE phase. They showed that the percolation threshold can be reduced

36
to 3 wt% or 0.4 wt% when the carbon black is localized within the PE phase, or at the interface,
in the binary blend while 5 wt% of the conductive filler is needed for percolation when it is
dispersed only in a PE matrix (Fig. 2.26). However, despite the very low percolation threshold,
the localization of the carbon black at the interface was achieved by kinetic control and the
morphology is thus not stable. In a later study, the carbon black was oxidized by HNO3 in an
attempt to thermodynamically confine the particles at the interface [19]. But only limited success
was achieved which was attributed to the nonuniformity of the particle surface properties after
modification.

Figure 2.26: Effect of selective localization on the resistivity in the PE/PS/CB (45/55/X) blends
as compared to the PE/CB blends (left image): PE/CB (◊); CB in PE phase in the PE/PS/CB
system (□); CB at the interface of the PE/PS in PE/PS/CB system (○). Optical micrograph of
PE/PS/CB (45/55/1) where CB is confined at the PE/PS interface (right image) (taken from Ref.
[18]).
Carbon nanotubes (CNTs) can present an even lower percolation threshold owing to their higher
aspect ratio. However, the high aspect ratio also makes the selective localization of CNTs at the
interface of polymer blends a great challenge since even a minor surface energy difference
between the polymers can drive the particles to one of the phases [107]. Recently, some studies
have utilized the complete wetting morphology in ternary blends (Fig. 2.18c) to circumvent the
challenge of localizing high aspect ratio materials at the polymer interface. A general schematic
representation of this approach is presented in Fig. 2.27. Zhao et al. grafted PMMA onto carbon
nanotubes (CNTs) and added them to a ternary blend of PS/PMMA/PVDF (70/10/20) where
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PMMA forms a layer of ~ 1 μm thickness and completely engulfs the PVD phase [26]. The
surface modification of CNTs led to the thermodynamic localization of the CNTs in the thin
PMMA layer and the CNT conductive pathways were thus constructed within an environment
similar to the polymer interface. With this approach, a percolation threshold as low as 0.3 wt%
for CNTs was obtained. Cohen et al. used a similar method to confine CNTs within the modified
poly(ethylene-co-methacrylic acid) (mEMAA) phase which was situated between the cocontinuous PA and PP phases [23]. The volume resistivity in this case was shown to be much
lower than that of the PA/PP/carbon nanotube system where the CNTs are confined within the
PA phase. They also suggested that using a low-viscosity EMAA facilitates the formation of the
continuous EMAA intermediate phase between PA and PP. Chen et al. localized CNTs at the
interface

of

polycarbonate/acrylonitrile-butadiene-styrene

(PC/ABS)

by

introducing

a

compatibilizer (maleic anhydride grafted ABS, MA-g-ABS) for PC and ABS, which, at the same
time, shows the strongest interaction with the CNTs [22]. Using this strategy, CNTs can be
driven to the interface of PC and ABS and an ultra-low percolation threshold of 0.05 wt% was
obtained in their system, significantly lower than the value of 0.25 wt% when CNTs were located
within PC or ABS. These studies demonstrate the significance of reducing the percolation
threshold by confining the conductive component at the percolated polymer interface.

Figure 2.27: Schematic representation of confining CNT at the interface by a completely wet
A/B/C system. B forms a thin layer at the percolated/continuous A/C interface. CNT has the
highest affinity with the B phase among the three components in the ternary blend (taken from
[22])
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2.8 Summary of Literature Review and Objectives
Previous studies with conductive polymers have shown that much lower resistivity can be
obtained in multiphase polymer systems as compared to traditional binary blends [15-17].
However, in almost all the work published on the melt processing of conductive polymer blends,
the conductive component is situated in the core and is encapsulated by other polymers [6, 1517]. This can limit its capacity to reduce resistivity as compared to situating it at the interface.
Meanwhile, in a ternary polymer system, the intermediate phase at the interface can adopt either a
complete layer or a droplet morphology depending on the spreading coefficients [24, 25]. To date,
very little work has been reported on the morphology development of the intermediate phase and
its influence on resistivity in melt polymer blends.
Considering all the aforementioned contents, the objectives of this work are presented as follows:
Main objective
Reduce the electrical percolation threshold of PEBA for antistatic applications through the
control of morphology in multiphase polymer blend systems.
Specific objective
1. Study the effect of continuity and morphology on the surface resistivity of the PEBA
binary blends. Identify the key parameter(s) to control the surface resistivity of the blends.
2. Assemble PEBA at the continuous interface in completely and partially wet ternary
polymer blends and study the morphology development and its effect on the surface
resistivity.
3. Develop strategies to control the localization of PEBA (in the core or at the interface) in
multiphase polymer systems and investigate its influence on the morphology and surface
resistivity of the systems.
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CHAPTER 3

ORGANIZATION OF ARTICLES

Based on the specific objectives and the results obtained during the project, four articles are
prepared and will be presented in CHAPTER 4–6 as well as in APPENDIX.
CHAPTER 4 presents the first article entitled “Continuity, Morphology and Surface Resistivity
in Binary Blends of Poly(ether-block-amide) with Polyethylene and Polystyrene”. In that paper,
we prepared two binary blend systems of LDPE/PEBA and PS/PEBA with distinct interfacial
tensions and examined the effect of continuity, morphology and other possible factors on the
surface resistivity of the blends. A frozen capillary instability morphology was observed in the
PS/PEBA blends. Finally, the charge dissipation mechanism in PEBA was also discussed.
The second article is entitled “Assembling Conductive PEBA Copolymer at the Continuous
Interface in Ternary Polymer Systems: Morphology and Resistivity”. In the study, the PEBA
copolymer was thermodynamically assembled at the continuous interface in two systems
demonstrating partial wetting (LDPE/PEBA/PET) and complete wetting (LDPE/PEBA/PVDF)
respectively. The spreading coefficients of the two systems were determined and used to predict
the morphology of PEBA at the interface. We observed a novel morphology transition from
partial wetting to complete wetting in the LDPE/PEBA/PET system and proposed a model to
explain this phenomenon. The formation of complete layers in completely wet systems was also
discussed. These results are presented in CHAPTER 5.
The third article entitled “Controlling the Hierarchical Structuring of Conductive PEBA in
Ternary and Quaternary Blends” is presented in CHAPTER 6. As demonstrated in the second
article, confining conductive polymers at the continuous interface possesses a great advantage in
reducing the percolation threshold. Thus, in the third part of the project, we examined approaches
to control the localization of PEBA in multi-percolated polymer blend systems, in particular, with
high commodity polymer content (70–90%). Starting with ternary LDPE/PS/PEBA blends where
PEBA is located in the core, we demonstrated two strategies to move the PEBA phase to the
continuous interface: adding a fourth component which forms a continuous phase (quaternary
blends) or introducing a small amount of interfacial modifier. The PEBA localization,
morphology development and surface resistivity of the blends were studied in these two scenarios.
Finally, in the APPENDIX, the fourth article entitled “Hierarchically Porous Polymeric Materials
from Ternary Polymer Blends” is presented. Utilizing the hierarchical structures in co-continuous
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ternary polymer blends, we reported a new strategy to generate hierarchically porous polymers
with controllable pore size through an A/B/C-B-C system. PLA/HDPE/SEBS was used as a
model system where SEBS forms very fine structures located within the HDPE phase owing to
the low interfacial tension between SEBS and HDPE. Hierarchically porous polymeric materials
were thus generated by selectively removing the PLA and SEBS phases. Annealing and
compositional variation were further employed to control the pore size independently.
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CHAPTER 4

ARTICLE 1: CONTINUITY, MORPHOLOGY AND

SURFACE RESISTIVITY IN BINARY BLENDS OF POLY(ETHERBLOCK-AMIDE) WITH POLYETHYLENE AND POLYSTYRENE

Jun Wang a, Alejandra Reyna-Valencia b, Basil D. Favis a
a

CREPEC, Department of Chemical Engineering, École Polytechnique de Montréal, Montréal,
Québec, H3T 1J4, Canada
b

Laboratoire d'étude des matériaux (LEM), Arkema-CERDATO, Serquigny, 27470, France

4.1 Abstract
Binary blends of low-density polyethylene (LDPE)/poly(ether-block-amide) (PEBA) and
polystyrene (PS)/PEBA were prepared by melt blending. The interfacial tension of the blends
was measured by the breaking thread method with a value of 8.0 mN/m for LDPE/PEBA and 1.6
mN/m for PS/PEBA. The modulated DSC results show a partial miscibility between PS and
PEBA at low PEBA concentrations. The continuity development in the LDPE/PEBA blend
follows a droplet-droplet coalescence mechanism typically present in the high interfacial systems.
However, in the case of the low interfacial tension PS/PEBA blend, a frozen capillary instability
morphology was observed for the first time and a new continuity development mechanism was
proposed. The continuity and morphology of the blends, and their effect on surface resistivity
was examined. Our results indicate that although the continuity is crucial to controlling surface
resistivity, other factors, such as the morphology (tortuosity and constriction) and interfacial
properties also play an important role. A conceptual model to describe the charge dissipation is
presented.
Key words: inherently dissipative polymers, poly(ether-block-amide), antistatic polymer blends,
partial miscibility, continuity, morphology, phase size, interfacial properties, surface resistivity,
charge dissipation.
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4.2 Introduction
The electrostatic properties of polymers and particularly surface charge accumulation can have a
significant impact on a wide range of application fields including electronics, packaging and
automotive. Static electricity and uncontrolled electrostatic discharge can cause many problems
including dust attraction, damage to sensitive electronic components and the potential to initiate
explosion. In order to be classified as an antistatic material and avoid static charge accumulation,
while maintaining the nonconductive nature of the object, the surface resistivity of the polymeric
parts generally needs to be reduced to the range of 109 ~ 1013 Ω/sq [1]. However, most
conventional polymers fail to meet this criterion. A number of additives have been developed and
added to polymers to tailor the surface resistivity according to different applications. These
additives can be divided into three main categories: 1) migrating antistats, usually composed of
an amphiphilic surfactant; 2) conductive fillers, such as carbon black and metal powders and; 3)
inherently dissipative/conductive polymers (IDPs/ICPs) [2]. IDPs have been particularly effective
in providing a precise control on resisitivity and avoiding issues related to long term performance
and discoloration. They also display very good processibility, thermal stability and mechanical
properties as compared to ICPs.
Poly(ether-block-amide) copolymers (PEBAs) are segmented block copolymers consisting of
hard polyamide (PA) blocks and soft polyether blocks [3]. Varying the polyamide/polyether ratio,
the physical and mechanical properties can be tailored [4]. When the polyether block is
polyethylene oxide (PEO), an inherent charge dissipative capacity is conferred to the copolymer,
as in the above-mentioned IDPs. PEBAs represent a main category of IDPs for antistatic
applications [3]. When PEBA is blended with a matrix material at the appropriate concentration,
it can form a continuous three-dimensional (3D) percolated network thus allowing for charge
dissipation. The antistatic properties of the blend clearly depend on the morphology and
continuity of the IDP phase.
Continuity development in immiscible binary polymer blends has received significant attention
over the last 15 years. When a minor phase is added to an immiscible polymer matrix, dispersed
droplets, fibers or lamellar morphologies can be obtained [5]. As the composition of the minor
phase increases, the so-called co-continuous morphology develops where both components are
fully interconnected throughout the blend. The transition from a dispersed phase/matrix to a co-
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continuous morphology is affected by many factors, including interfacial tension, viscosity
(ratio), elasticity and shear stress. The final morphology is a balance between phase
deformation/disintegration and coalescence [6]. Li et al. studied the effect of the interface type on
continuous morphology development by considering the lifetime of droplets and threads during
melt processing [7]. For a low interfacial tension system (Type I), the lifetime of threads is much
longer than droplets and the onset of percolation effects occur at low concentration owing to a
thread-thread coalescence mechanism. In a higher interfacial tension system (Type II), the
morphology of the minor phase is dominated by spherical droplets and the co-continuity is
attained by droplet-droplet coalescence which leads to a high percolation threshold. Other factors
such as viscosity ratio and elasticity on co-continuus morphology formation have also been
examined [8-12].
The percolated/continuous structure in immiscible polymer blends can be utilized to enhance the
properties of conductive polymeric materials. By controlling the composition of the conductive
phase in the non-conductive matrix, a series of materials with tailored conductivity can be
obtained [13, 14]. The concept has been demonstrated in the early development of conducting
polymer blends, typically with polyaniline (PANI). For example, Ikkala et al. blended conducting
PANI with various host polymers (PE, polypropylene, PS and polyvinyl chloride) and found that
a wide scope of conductivity from 110-11 to 110-1 S/cm can be obtained by varying the PANI
content. [13] The absolute conductivity values as a function of PANI content in different blends
may vary depending on the rheological properties of the matrix polymers and processing
conditions.
PEBA copolymers, in particular, have been used for antistatic applications with various host
polymers [15-17]. However, very little research has been done to understand the charge
dissipative mechanism of the pure material and the effect of PEBA morphology on the antistatic
performance after blending with another polymer [1, 18-21]. Wang et al. studied blends of high
impact polystyrene (HIPS) and NaSCN doped PEBA and showed that the antistatic ability of the
blends originates from the formation of 2D/3D ion-conductive channels of the PEBA phase as its
concentration increases [18]. They suggested that the ionic conductivity of the blends depends on
both the dynamic motions of the PEO chain motions and the directional migration of charge
carriers. The surface resistivity of the blends did not change until reaching 10% of PEBA and
they attributed this percolation threshold to a viscosity effect. In another study, a series of PEBA
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with different compositions of polyamide and polyether were synthesized and the surface
resistivity results showed that the copolymers with higher molecular weight and/or higher
composition of the polyether block present better antistatic properties [20]. Fu and coworkers
reported on PEBA/poly(acrylonitrile-co-butadiene-co-styrene) antistatic polymer blends and the
effect of relatively humidity on the surface resistivity was examined [21]. Strategies to improve
the conductivity of IDPs have also been reported where ions are introduced to the system, for
example, through chemical fixation of ionic liquids [22], blending with ionomers [1] and doping
with salt [18].
No effort to date has been carried out to establish the relationship between the phase continuity of
PEBA and the resistivity of the blends. Furthermore, the effect of water content on resistivity and
the charge dissipative mechanism in PEBAs are not well understood. PEO is known as an ionic
conductive polymer whose conductivity is heavily determined by the chain mobility [23]. When
the PEBA copolymer is blended with different host polymers, there are possibilities that some
specific interaction (interaction between PEO blocks and the host polymer) exists and (partial)
miscibility happens in certain systems, which may change the intrinsic conductivity of the PEBA.
Kobayashi et al. reported that when polycarbonate (PC) was introduced to a poly(trimethylene
terephthalate)/PEBA system, the static decay performances of the blends were reduced [24]. The
result was attributed to the miscibility between PC and PEBA, which decreased the chain
mobility of PEBA (due to higher Tg) for charge transport.
This study aims to compare two PEBA binary blends of significantly different interfacial tension.
The effects of continuity, morphology and interfacial properties on the surface resistivity will be
examined. The overall charge dissipative mechanism of the PEBA will also be considered.

4.3 Materials and experimental
4.3.1 Materials
The polyethylene (PE) used in this work is LDPE 1008 from Total. The Pebax® MV1074 is
supplied by Arkema and it is a segmented PEBA block copolymer with alternating polyethylene
oxide (PEO) (55 wt%) and polyamide 12 (PA12) (45 wt%) blocks. There are 10–20 blocks of
each constituent in the copolymer [25]. Polystyrene 615APR was purchased from Dow Chemical.
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The additional characteristics of the polymers are provided in Table 4.1. All the materials were
dried at 60°C in a vacuum oven for 48 h before use.
Table 4.1: Characteristics of the materials used

Polymers

Mn (g/mol)

Tm/Tg d

Mw (g/mol)

Complex viscosity at 25
s-1 at 200°C (Pa·s)

Tm (PA) = 158°C,
PEBA

66100a

134000a

Tm (PEO) = 9.8°C,

210

Tg = - 55.5°C

a

PS

140900b

LDPE



GPC data.

b

289800b
135,000–
140,000c

GPC data obtained from Ref. [26].

Tg = 98.9°C

1180

Tm = 111.0°C

1300

c

Obtained from supplier. d Measured by DSC.

4.3.2 Rheology
The disk-shaped samples of the neat polymers were prepared from compression molding and a
MCR 501 rheometer was used to examine the rheological properties, all under nitrogen
atmosphere. The test was performed with a parallel-plate configuration and a 1 mm gap. The
linear viscoelasticity region was first determined by strain sweeps. The oscillation mode
(frequency: 1 Hz) was used to evaluate the thermal stability of the raw materials at 200°C for 40
min and little variation was obtained for the complex viscosity (within 3% for all the materials).
The frequency sweep was then carried out within the linear viscoelasticity region for all the
samples.

4.3.3 Small angle X-ray scattering (SAXS)
The SAXS tests were performed on a Bruker AXS Nanostar system, equipped with a Microfocus
Copper Anode (wavelength  = 0.154 nm) at 45 kV/0.65 mA. A VANTEC 2000 2D detector at a
distance of 68.0 cm from the samples was used. Before measurements, the distance was
calibrated with a Silver Behenate standard. The samples were characterized with a collection
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exposure time of 1000s. The background was subtracted using the Primus GNOM 3.0 program
from ATSAS 2.3 software. The approximate peak maxima were determined by Peak software
and used to calculate the d-spacing from Bragg’s law.

4.3.4 Interfacial tension measurement
The interfacial tensions of PE/PEBA and PS/PEBA were determined by the breaking thread
method on an optical microscope (Optiphot-2) with a hot stage. In the case of PE/PEBA, the
thread of PEBA was sandwiched by the PE films. In the case of PS/PEBA, PS was used as the
thread and PEBA as films. A slow heating rate of 5 °C/min was first applied to increase the
temperature of the system to 100°C to reduce the residual stress, followed by a high heating rate
of 20–50°C/min to the test temperature of 200°C. The evolution of capillary instabilities along
the thread was recorded and the interfacial tension was calculated based on the following
equation:
γ=

𝑞𝜂𝑚 𝐷0
Ω𝑚

where γ is the interfacial tension, q is the growth rate of the distortion, ηm is the matrix viscosity,
D0 is the original thread diameter, and Ωm is a tabulated function. The test was performed under a
N2 environment to minimize thermal degradation. More details about this technique are reported
elsewhere [8, 27].

4.3.5 Differential scanning calorimetry (DSC)
The DSC Q1000 machine (TA Instruments) was used to characterize the thermal behaviours of
the samples including the glass transition temperature (Tg) and crystallization. The samples were
first maintained at 200°C for 5 min to eliminate the thermal history. For determination of the Tg,
the modulated DSC mode was used owing to its high sensitivity for the second-order phase
transition and the second heating run was recorded from –90°C to 200°C with a heating rate of
2°C/min. An oscillation period of 60 s and an oscillation amplitude of ±1.27°C were employed in
the test. The Tgs were then obtained from the reversible heat flux curves. The crystallization
studies were carried out under the standard DSC mode with a cooling rate of 10°C/min. The cell
constant and melting peak temperature were calibrated with an empty pan and a standard indium
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sample. A standard sapphire sample was used to calibrate the heat capacity. Three repeats were
carried out for each sample and errors in the measured Tgs are within ± 0.3°C for PS and ± 0.5°C
for PEBA.

4.3.6 Melt blending
The blend samples were prepared in a Brabender internal mixer (Plasti-Corder DDR501) with
roller blades at a speed of 50 RPM. The processing was carried out under a N2 blanket at 200°C
for 7 min. With the fill factor set at 0.7, the total volume of each blend was 21 mL. For the
continuity and morphology examination, the blend samples were quickly collected from the
internal mixer after processing and immediately quenched in liquid nitrogen to freeze-in the
morphology.

4.3.7 Selective extraction
Selective extraction was performed for different samples to either determine the continuity or
improve the contrast for morphology analysis. Formic acid was used to dissolve PEBA at 50°C.
For the matrix dissolution experiments, 1 g of the PS/PEBA blend was immersed in 50 mL THF
in a centrifuge tube and kept for 2 days under constant shaking. The suspension was then
centrifuged at 3000 rpm for 5 min and the solution was then refreshed. The process repeated for
four times which was enough to remove the PS phase according to our previous study [7]. In
order to extract the LDPE phase, 1 g of the LDPE/PEBA blend was placed in 250 mL of slightly
boiled cyclohexane for one week. The solutions were then filtered and the filtrate was washed
with hot cyclohexane several times. The resulting PEBA samples were dried for further analysis.

4.3.8 Continuity
In order to determine the continuity of PEBA, selective extraction was performed on the blend
samples of 0.5 cm3 cubes. The weight of the sample was monitored after extraction and drying (at
65°C under vacuum) until a constant value was reached. The continuity of the PEBA phase was
calculated from the following equation:
Continuity (%) 𝑜𝑓 PEBA =

𝑚1 − 𝑚2
× 100%
𝑚0
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where 𝑚1 and 𝑚2 is the mass of the sample before and after selective extraction of PEBA,
respectively. 𝑚0 represents the original mass of PEBA in the sample.

4.3.9 Morphology and phase size
A Leica microtome (RM2165) equipped with an LN21 cooling system was used to cut the
samples for morphology analysis on a JEOL JSM 840 scanning electron microscope (SEM).
Prior to SEM analysis, the target phase was selectively extracted to improve the contrast and a
gold layer was deposited on the sample with plasma sputtering. A voltage of 2–5 kV was used for
SEM observations.
The SEM images were used to measure the number average diameter (Dn) and volume average

the values represent mainly PEBA droplet diameters, while in the case of PS/PEBA, they are the
diameters of PEBA fibers. The PEBA phase images were analyzed with a digitizing table from
Wacom and SigmaScan v.5 software. The Saltikov correction was performed for the diameter
calculation to correct for polydispersity effects and for the fact that the PEBA domains are
randomly cut during microtoming [28]. At least 500 droplets from two parallel samples were

were examined by mercury intrusion porosimetry (MIP) (AutoPore IV 9500) after extracting the
PEBA phase. A contact angle of 140° and a surface tension of 0.485 N/m were applied for the
calculation. The area and volume median diameters represent the pore diameters where half of
the pore surface and volume is occupied by mercury correspondingly (also termed as Dn and Dv
respectively). With three repeats performed for each sample, the experimental error is within 10%
in all cases. More information on the MIP test can be found in a previous publication [29].

4.3.10 Surface resistivity preparation and measurement
The blend samples were taken from the Brabender roller blades immediately after processing and
quickly transferred to a mold (64 mm  64 mm  1mm) for compression molding at 180°C (the
mold was preheated at the same temperature). In order to minimize the morphology change, the
pressure was increased to 150–200 psi slowly. Note that the reading essentially indicates the
pressure exerted on the mold rather than on the sample directly. Afterwards, the sample was
quickly cooled down on a cold press. The whole procedure (from termination of blending to

49
cooling the sample down) was timed to be within 2.5 min. A N2 flow was used to purge the
system during the whole process. Preliminary tests were performed to optimize the pressing
conditions by comparing the morphology of the samples before and after hot pressing. With the
procedure used here, the morphologies in the blends were well preserved after compression
molding. Before the surface resistivity test, all the samples were stored in an environment of 50%
RH at room temperature for one week (unless specified) to obtain a constant moisture content.
The water content was confirmed using Karl Fisher titration by heating the sample at 170°C for
10 min.
The surface resistivity test was performed on the Keithley Model 6517B Electrometer equipped
with the 8009 Resistivity Test Fixture. The surface resistivity was obtained under a DC voltage of
40V after a bias time of 60 s. This setup measures the surface resistivity according to the ASTM
D257 Standard. Tow electrodes are attached on the same side of the surface of the sample. The
electrical current transports from anode to cathode by penetrating into the sample in between the
electrodes. Studies have shown that the current can penetrate to a depth of about 150 μm
(Arkema unpublished data). The skins of selected samples were also rubbed out (at least 20 μm)
by a polisher (Metaserv 2000) and no significant differences on surface resistivity were observed
after the process, indicating the morphologies throughout the samples are uniform.

4.4 Results and discussion
4.4.1 Rheological properties
The rheological properties of the polymers are shown in Fig. 4.1. It can be seen from the figure
that the viscosity of PEBA is significantly lower than that of LDPE and PS within the whole
range of shear rate examined (Fig. 4.1a). PS also has a lower viscosity than LDPE at low shear
rate, but they become very close at high shear rate (angular frequency > 10 rad/s). It should be
mentioned that 50 RPM was used for all the blends and the shear rate in our processing is
estimated to be around 25 s-1 [30]. In this region, LDPE and PS have very close viscosities. The
storage and loss modulus of the polymers are also presented in Fig. 4.1b and they follow the
same trend as the viscosity. The results indicate that although viscosity and elasticity can
potentially be two very important factors in morphology development, they are not expected to
be a significant concern in the current system when comparing the morphology of the
LDPE/PEBA and PS/PEBA binary blends.
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Figure 4.1: (a) Complex viscosity and (b) storage modulus (filled symbols)/loss modulus (open symbols)
of the raw materials.
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4.4.2 Interfacial tension
The interfacial tension of PE/PEBA and PS/PEBA were measured directly by the breaking thread
method and are shown in Table 4.2. It can be seen from the interfacial tension data that PE/PEBA
is a highly incompatible system with an interfacial tension of 8.0 mN/m. On the other hand,
PS/PEBA has an unexpected low interfacial tension with a value of 1.6 mN/m, indicating a much
higher compatibility between the two polymers. The PEBA used in this study is a segmented
block copolymer with alternating PEO and PA-12 blocks. Previous work has shown that PS and
PA are highly incompatible and their interfacial tension is over 7 mN/m [31, 32]. Clearly the low
interfacial tension between PS and PEBA originates from the presence of the PEO block in Pebax.
The literature also reports a low interfacial tension of 1 mN/m between PS and PEO [33].
However, these systems have been reported to be immiscible both in solution and bulk [34, 35].
Table 4.2: Interfacial tension between different polymers
Polymer pairs

Interfacial tension  (mN/m)

PE/PEBA

8.0 ± 1.4 (200°C)

PS/PEBA

1.6 ± 0.2 (200°C)

PS/PA

7.6 (230°C) [31], 7.3 (240°C) [32]

PS/PEO

1.0 (170°C) [33]

4.4.3 Small-angle X-ray scattering (SAXS)/Solid state structure
Since the charge dissipative mechanism is closely related to the solid state structure, it is
important to consider the X-ray diffraction of the PEBA copolymer used in this work. Significant
research has been carried out to understand the solid-state microstructure of PEBA copolymers[4].
It has been shown that, with different techniques, these copolymers typically possess a
microphase separated solid-state microstructure and that the PA segments crystallize in lamellar
structures. However, the structural information for the particular PEBA copolymer (MV1074)
used in this work is still not clear. The SAXS analysis was thus performed for the copolymer
after compression moulding. The I(q) is shown in Fig. 4.2, where I is the scattered intensity and q
is the scattering vector modulus (q = 4πsinθ/). Two peaks were detected on the I(q) curve of the
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PEBA sample. The long period d is determined to be 11.5 nm from the first scattering peak q* (d
= 2π/ q*) and a lamellar morphology can be identified since the second peak is present at the
position of 2q* (Table 4.3). The layer thicknesses of PA12 and PEO in the lamella structure of the
PEBA are estimated to be 5.2 nm and 6.3 nm respectively based on the weight ratio (the densities
of PA12 and PEO are close, Table 4.3). A similar estimation was performed on PS-PEO-PS
triblock copolymer electrolytes to determine the dimension of the PEO domain and the results
corresponds well with the conductivity data [36]. Besides, the domain volume fraction was found
to be close to the weight ratio for different PEBA grades by applying a lamellar 1D model [37].
The above results correspond well with the structures of other PEBA grades from previous
studies [4, 37]. Barbi et al. studied the solid-state microstructures on the solvent casting films
from various PEBAs and found that the copolymers show lamellar nanostructures with the
approximate layer thicknesses of 6 nm and long periods ranging from 12 to 18 nm [37].
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Figure 4.2: SAXS intensity as a function of the magnitude of the scattering vector q. The two
arrows indicate the two peaks detected.
The grain size was inferred to be about 25 nm by using the Scherrer equation which is
approximately the size of two times of the long period, indicating that the lamellar structure
within the PEBA sample is not well defined. This actually could be considered as an advantage
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for the PEBA to dissipate charge since it has been previously shown in PS-PEO block
copolymers that the conductivity increases by a factor of 5.2 as the grain size decreases from 88
nm to 13 nm [38].
Table 4.3: Structural parameters for the PEBA copolymer
q values of first peak/second peak (nm-1)

0.55/1.17

Long period (nm)

11.5

Density of PA12 (g/cm3)

1.01 ~ 1.02[39]

Density of PEO (g/cm3)

0.94 ~ 1.13[40]

Layer thickness of PA12 (nm)

5.2

Layer thickness of PEO (nm)

6.3

Grain size (nm)

25

4.4.4 Miscibility
In order to examine the miscibility between PS and PEBA, modulated DSC was used to
determine the Tg of the blends at various compositions. Fig. 4.3a shows that the Tg of the PEBA
remains almost constant (55.0 ~ 56.0°C) within the composition range examined, while the Tg of
PS decreases more than 5°C from 98.9°C to 93.5°C when 5% and 10% of PEBA are added to the
blends. At 20% of PEBA, the Tg of PS increases to 96.8°C and at 40%, it returns to the same
value as the pure PS and remains unchanged afterwards. It was not possible to detect the Tg of
the PEO in the PEBA at its low concentrations (e.g. 5% and 10%). It should be noted that the
PEBA is a copolymer of 45% PA12 and 55% PEO adding to the difficulty in sensitivity due to
concentration issues even when using modulated DSC. Note that although the PEBA copolymer
consists of PEO blocks and PA12 blocks, only one Tg at -55.5°C was detected which is
considered to represent the glass transition of the PEO block [25] since the Tg of PA12
homopolymer is much higher (36°C [41]). This single Tg result could be attributed to the fact
that the PA12 chain in the copolymer is short making the Tg too weak to be detected in DSC.
Nevertheless, the decrease of the Tg of the PS phase clearly demonstrates that certain partial
miscibility between PS and PEBA is achieved at low PEBA concentrations ( 20%). The PS
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phase in these blends is thus actually a “PS-rich phase” with a small amount of PEBA. Using the
Fox equation [42]:
𝜔1 =

𝑇𝑔1 (𝑇𝑔2 − 𝑇′𝑔 )
𝑇′𝑔 (𝑇𝑔2 − 𝑇𝑔1 )

where 1 is the weight fraction of the PEBA in the PS-rich phase; Tg1, Tg2 and T’g are the glass
transition temperatures of the neat PEBA, neat PS and the PS-rich phase respectively. The
amount of PEBA in the PS-rich phase can be calculated to be 2.1%, 2.1% and 0.8% for the
blends of PS/PEBA 95/5, 90/10 and 80/20 respectively. Despite the evidence of partial
miscibility, the term “PS phase” will be used throughout the following discussion.
Clearly from the discussion above, some interactions appear to be occurring between the PS and
the PEO block in PEBA. Yilmaz et al. studied the miscibility of PS/PEO in solution by
examining different miscibility parameters derived from the Huggins equation[35]. They found
that PS and PEO are immiscible over the entire composition range studied at 30°C. Ting et al.
examined various solvent casting PS/PEO blends by standard DSC and FTIR and no significant
interaction was detected [34]. However, these studies were carried out at PEO concentrations at
or above 12.5%, while we observe that the partial miscibility between PS and PEBA happens at
low concentrations of PEBA (typically  10%; the related PEO contents are only about half of
the values). Besides, the miscibility between PEO and PS in the previous work was examined
either directly in solution or on solvent casting films which are different from the current work
where melt blending is used to prepare the samples. Kim and Burns showed that the partial
miscibility between polycarbonate (PC) and poly(methyl methacrylate) (PMMA) after melt
blending was higher than solvent casting as indicated from the Tgs of the components [42]
perhaps owing to the casting conditions (e.g., solvent evaporation rate, casting temperature and
solvents used) which can have a profound effect on the phase diagram of the two polymers [43].
In the solution state, Bank and coworkers reported that the compatibility between PS and
Poly(vinyl methyl ether) (PVME), which may have similar interactions as PS/PEO, changed
notably in different solvents [44]. To the best of our knowledge, very little work has been carried
out on the phase behaviours of PS and PEO in the melt state. Galloway and Macosko prepared
PS/PEO melt blends for continuity tests and the morphology results show that the two
components are immiscible. They estimated the interfacial tension of the system as being very
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low (1 mN/m), as in this study, but no detailed (partial) miscibility studies were performed. It is
known that PS and poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) are miscible over the whole
composition range owing to the π-hydrogen bond between the electrodeficient methyl groups in
PPO and π-orbitals in PS [45, 46]. Potentially, a similar π-hydrogen bonding, though probably
much weaker, could be present between PS and PEO. This weak interaction results in only a
partial miscibility at low concentrations of PEBA.
In order to evaluate the miscibility between PS and PEBA, the interaction between the PA12 and
the PEO blocks should also be taken into account. In this context, Paul and coworkers developed
a model to consider the contribution of the interaction between the components of a copolymer
(A-B) to towards its miscibility with homopolymer (C) [47]. Using this approach, the binary
interaction energy density b (proportional to the known chi parameter) for A-B and C can be
estimated from the solubility parameter (). By taking PS = 18.5 MPa1/2 (average) [48], PEO =
20.2 MPa1/2 [48] and PA12 = 20.8 MPa1/2 [49], 𝑏𝑃𝑆,𝑃𝐸𝐵𝐴 is calculated to be 3.9 Mpa which is
much larger than 𝑏𝑃𝑆,𝑃𝐸𝑂 (2.9 Mpa). Clearly, the presence of the PA12 in the PEBA copolymer
makes it less miscible with PS as compared to PEO. This conclusion is in line with the high
interfacial tension between PS and PA (Table 4.2). The trend also agrees well with the interfacial
tension change between the two pairs, where PS/PEO = 1 mN/m and PS/PEBA = 1.6 mN/m.
Although the latter interfacial tension is higher, it is not as high as would be expected based
simply on a block copolymer composition argument. This is an indication that the PEO block in
the PEBA chains orients preferentially towards the PS phase.
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a)

b)

Figure 4.3: (a) The glass transition temperatures of PS and PEBA in the PS/PEBA blends; (b)
crystallization behaviour of PEBA, PS and the PS/PEB blends during cooling. Dashed line
indicates Tg of PS
Another very interesting feature is that the partial miscibility only happens at low PEBA
compositions, which is different from the other reported partially miscible systems where the Tg
of one phase changes gradually as the concentration of the other phase increases [50-52]. We
consider that it could be owing to the PEBA molecular structure and the crystallization
behaviours of PEBA in the PS/PEBA blends. Bhadane et al. studied blends of ethylene–
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propylene–diene terpolymer (EPDM) and polypropylene (PP) and found that the blend
demonstrates the morphology features of a partially miscible system [53]. However, the glass
transition temperatures indicate the two polymers are completely immiscible and it was suggested
that partial miscibility happens during melt blending but phase separation develops during
cooling owing to crystallization of PP. In our system, as shown in Fig. 4.3b, multi-crystallization
peaks were observed for PEBA. The one at around -35°C represents the crystallization of the
PEO blocks while the others at higher temperatures result from PA. At low PEBA compositions
(20%), the PA blocks crystallize at around 80°C, lower than the Tg of PS. At higher PEBA
compositions ( 30%), the crystallization temperatures of the PA blocks shift to around 130°C.
The phenomenon is known as retarded or fractionated crystallization and has been reported in
many polymer blend and other confined systems; the effect normally results from the quantitative
relationship between active heterogeneities and isolated domains of the minor phase [54, 55]. We
assume that partial miscibility exists for all the PS/PEBA blends during melt blending. However,
upon cooling, the different crystallization behaviours of PA in the blends lead to demixing. In the
blends with higher PEBA compositions, phase separation between PS and PEO driven by the
crystallization of PA happens since the crystallization temperature is much higher than the Tg of
the PS phase and the chains can rearrange owing to a relatively high chain mobility for both PS
and PEO in this case. For the blends at low PEBA compositions, the PS phase becomes glassy
prior to the crystallization of PA. This has the effect of impeding phase separation since the PEO
chains are fixed in the glassy PS.

4.4.5 Continuity and morphology
4.4.5.1 PEBA continuity determination by selective extraction
Selective solvent extraction was performed to quantify the continuity of the PEBA in different
blends and the results are shown in Fig. 4.4. PEBA demonstrates a steep continuity development
with volume fraction in both of the binary blends. The percolation threshold is estimated to be
between 5-10% for both blends. Notably, the high interfacial tension LDPE/PEBA blend system
shows about 50% of continuity at 20% PEBA and about 90% continuity at 25%. This high
continuity at relatively low volume fraction is probably attributed to the high viscosity ratio (the
viscosity of the dispersed phase to the viscosity of the matrix) of LDPE/PEBA which is about 1/6
under these processing conditions. Many models have been proposed to predict the co-continuous
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region in immiscible polymer blends based on viscosity ratio [56-58]. Generally, though not
always, the phase with the lower viscosity tends to form continuous structure since it minimizes
the energy dissipation in the flow field [5]. Previous studies have also shows that a higher matrix
viscosity is likely to result in higher continuity of the minor phase, especially in incompatible
blends [9, 59]. Even higher continuity was observed in the PS/PEBA blends where about 40%
continuity was obtained at only 10% PEBA. Further increasing the volume fraction of PEBA to
20% leads to almost 90% continuity. Since the viscosities of LDPE and PS are very close (1300
vs. 1180 Pa·s) under these processing conditions (200°C, 25 s-1), the even higher continuity
developed in the PS/PEBA blends can be explained by the lower interfacial tension between PS
and PEBA (1.6 mN/m). As mentioned in the Introduction, low interfacial tension systems have
been shown to result in stable fibrillar/extended structures of the minor phase even at very low
concentrations [7, 53, 60]. The continuity development behaviour for the PS/PEBA blends thus
shows the features of a Type I system (compatible binary blend). In these systems, the minor
phase forms fibers at low concentrations and the continuity develops through a thread-thread
coalescence mechanism [7]. This presumed fiber formation will be examined in more detail in the
next section.
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Figure 4.4: Continuity of PEBA in LDPE/PEBA and PS/PEBA blends.
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4.4.5.2 Morphology of the blends
The morphology of the blends was characterized by SEM and the results are shown in Fig. 4.5.
The apparent phase size in the PS/PEBA blends is much finer than the LDPE/PEBA blends. With
10% of PEBA, a clear droplet-matrix morphology is observed in the LDPE/PEBA blend. When
the concentration increases to 20% and 30% the minor phase visually starts to form
interconnected domains in LDPE/PEBA, indicating a significant increase in the continuity. The
trend corresponds well with the continuity data shown in Fig. 4.4. The morphology in the
PS/PEBA blends shows a similar transition. However, surprisingly, in the PS/PEBA 80/20 blend,
although the PEBA phase appears as droplets, many of them seem to be connected to each other
(from underneath or on the microtomed surface, see the circled spots). It is thus suspected that the
PEBA domains are actually connected as “pearl necklace chains”. The previous continuity data
also support this assumption since approximately 90% of continuity was obtained for this sample.
b)

a)

10 μm

d)

c)

10 μm

e)

5 μm

20 μm
f)

5 μm

10 μm

Figure 4.5: Morphology of the LDPE/PEBA and PS/PEBA blends with different volume
fractions. LDPE/PEBA: (a) 90/10; (b) 80/20; (c) 70/30. PS/PEBA: (d) 90/10; (e) 80/20; (f) 70/30.
PEBA was extracted. Circles indicate signs of connections between the PEBA domains.
In order to fully characterize the morphology of the minor PEBA phase in the different blends, a
matrix dissolution technique was used as described in the Experimental part. The PS and LDPE
were completely removed by THF and cyclohexane and the remaining PEBA was collected for
SEM analysis. As shown in Fig.4.6, the PEBA presents as separated droplets in the LDPE/PEBA
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(90/10) blend and when the concentration increases to 20%, a mix of droplets and elongated
domains were observed. While in the case of PS/PEBA blends, the “pearl necklace chain”
morphology of PEBA can be seen after removing the PS phase. Interestingly, this interconnected
morphology is maintained even at very low concentration of PEBA (e.g., 5%) as would be
expected in a Type 1 system. In order to clearly see the “pearl necklace chain” of PEBA, about
50 μg of the PEBA, after extracting PS from the PS/PEBA (95/5) blend, were diluted in 100 mL
THF and ultrasonicated for 5 min to achieve good dispersion. After drying of the suspension on a
copper plate under vacuum, SEM images were taken and are shown in Fig 4.6f where the
morphology of a single chain is shown. The observed “pearl necklace chain” structure actually
represents the classic capillary instability which is characterized by the development of
sinusoidal distortions along a thread in a matrix [61, 62]. The phenomenon is controlled by a
number of factors, including interfacial tension, viscosity, initial fiber diameter, distortion
magnitude and temperature [8, 62]. In PS/PEBA blends, the thermodynamic and dynamic forces
seem to be under a certain balance so that the capillary instability developed in mixing appears to
be “frozen” and captured even at very low PEBA concentration.
The phase size of the PEBA was also quantitatively analyzed by image analysis (IA) and mercury
intrusion porosimetry (MIP) after the extraction of the PEBA phase (Fig. 4.7). As the
concentration of PEBA increases, the phase size increases in both LDPE/PEBA and PS/PEBA
blends as also seen from the SEM images (Fig.5). Notably, with 5% and 10% of PEBA in PS, the
Dn/Dv of the PEBA fibrillar phase are only 200/300 nm and 282/427 nm respectively, which can
probably be attributed to the partial miscibility between the two polymers at low concentration
and the Type I behavior. In the LDPE/PEBA system, the droplet phase size increases more
notably from 690/1100 nm to 1034/2059 nm, representing the behavior of Type II system. It
should be underlined that the phase size for LDPE/PEBA describes a droplet diameter below 20%
and fiber diameters above that value. For PS/PEBA the phase size indicates a fiber diameter at all
concentrations.
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a) LDPE/PEBA 90/10

b) LDPE/PEBA 80/20

5μm
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c) PS/PEBA 90/10

d) PS/PEBA 80/20
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e) PS/PEBA 95/5
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f) PS/PEBA 95/5
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Figure 4.6: Morphology of the PEBA phase in the PS/PEBA and LDPE/PEBA blends with
different compositions after LDPE and PS are selectively dissolved.
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Figure 4.7: PEBA phase size in different blends obtained from IA (PEBA volume fraction  20%)
and MIP (PEBA volume fraction > 20%). The dashed line for LDPE/PEBA system indicates the
approximate concentration limit for droplets (left side) and fibers (right side). For PS/PEBA the
phase size indicates a fiber diameter at all concentrations.
4.4.5.3 Frozen Capillary Instability
The LDPE/PEBA blend is a typical incompatible system (interfacial tension of 8.0 mN/m) and
the continuity development follows the droplet-droplet coalescence mechanism as evidenced in
Figs. 4.6a and b. However, the PS/PEBA blend, which has an intermediate-low interfacial tension
(1.6 mN/m) as a result of low level partial miscibility, demonstrates some unique features,
namely a pearl-necklace or frozen capillary instability type morphology as shown in Figure 6f.
The two systems have very close viscosity ratio and storage/loss modulus (see Fig.1). Also, the
two blends were processed under the same conditions. Therefore, the difference observed
between PE/PEBA and PS/PEBA on morphology/continuity development should be mainly
attributed to the difference in their interfacial tension. In order to understand the origin of this
morphology it is important to recall that the formation of capillary instabilities is one of the
principal mechanisms controlling dispersed phase morphology. The deformability of the
dispersed phase can be expressed by the capillary number (Ca) as developed by Taylor [63, 64].
Upon exceeding a critical value, the dispersed phase can be deformed and finally breaks through
the development of capillary instabilities. The stability of a deformed thread can be estimated by
the time of breakup (𝑡𝑏 ) from Tomotika’s equation [62]:

63

𝑡𝑏 =

2η𝑚 𝑅0 0.82𝑅0
ln(
)
Ω𝑚 𝜎
𝛼0

where Ω𝑚 is a tabulated function related to viscosity ratio, 𝑅0 is the initial radius of the thread
and 𝛼0 is the initial distortion amplitude. Low interfacial tension compatible systems of
interfacial tension less than 1 mN/m typically show a clear fibrillar/extended minor phase
morphology even at low concentrations of 5% owing to the long breakup time; on the other hand
high interfacial tension systems show a droplet morphology [7]. It appears in the case of
PS/PEBA that an intermediate structure is also possible. The interfacial force is relatively low
which allows the PEBA phase to be elongated by the external stress; but it is not low enough to
make the deformed PEBA thread highly stable, and thus the sinusoidal distortion visually
develops. These results indicate that there is a transition region of interfacial tension where the
capillary breakup is sufficiently slow that it results in a dispersed phase morphology
demonstrating frozen sinusoidal distortions. In such a case the continuity development PS/PEBA
would take place by local coalescence at frozen instability crossover points. A schematic showing
the continuity development in early stage of such a system is presented in Fig. 4.8. This model
would explain the high continuity at low concentration and also the very low change in phase size
up to about 15% concentration.

Figure 4.8: Schematic illustration of continuity development by frozen capillary instability in
PS/PEBA up to 10% concentration.

4.4.6 Surface resistivity and charge dissipation mechanism
4.4.6.1 Influence of continuity on surface resistivity
The antistatic properties of the blends were evaluated by measuring the surface resistivity. After
blending, the PEBA is expected to form a percolated 3D network within the matrix polymer to
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dissipate the electrostatic charges and the morphology/continuity of the PEBA phase should have
a crucial effect on the surface resistivity of the blends.
The surface resistivity was examined for different blends and the results were plotted as a
function of PEBA concentration (Fig. 4.9). As the PEBA content increases, the surface resistivity
decreases for both blends which can be attributed to the increase in the continuity of PEBA (Fig.
4.4). A notable decrease of the surface resistivity was observed when the volume fractions of the
PEBA pass a critical concentration (ccri) of about 5%. The value of ccri is very close to the
percolation threshold for continuity development shown in Fig. 4.4. The surface resistivities for
the LDPE/PEBA and the PS/PEBA blends reach a plateau at 30% of the PEBA which also
correlates to very high continuity levels of over 95% for both systems. The results for each
individual blend system indicate a direct correlation between continuity and surface resistivity in
the blends. However, when comparing different blends, the higher continuity of PEBA in PS at a
given PEBA concentration did not translate into a lower surface resistivity when compared to
PE/PEBA. In order to reach a surface resistivity below 1013 Ω/sq, 25% of the PEBA is needed in
the PS/PEBA blends but only 20% in the case of the LDPE/PEBA blends. In fact the whole
surface resisitivity curve for PS/PEBA is higher than that for LDPE/PEBA while the continuity
curve shows an opposite behavior. These results suggest other factors, in addition to continuity,
are also responsible for the resistivity of the blends.
Charge transport in a heterogeneous conductive system can be affected by the intrinsic
conductivity of the conducting phase, continuity, volume fraction and the topological structure
(tortuosity and constriction) [36, 65]. Wiedenmann et al. proposed the following equation to
consider these factors [65]:
𝜎
𝜀𝛽
=
𝜎0
𝜏
where  and 0 are the measured conductivity and intrinsic conductivity of the conducting phase;
 is the volume fraction of the conducting phase;  is the constriction factor (the ratio of the
minimum cross-section area over the maximum cross-section area along the conductive pathway);
and  is the tortuosity (the ratio of the real conductive pathway length over the shortest distance
between the two points). In their system, they found that the tortuosity is nearly independent of
the porosity and the constriction effect represents the dominant microstructure parameter
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affecting the conductivity [65, 66]. Indeed, these factors need to be further studied in our system.
Other factors to be considered, particularly in this study, are the partial miscibility between PS
and PEBA and the special morphological features in the PS/PEBA blends at low concentrations
of PEBA ( 20%). The former likely results in the presence of PS in the PEBA phase, which may
reduce the chain mobility of PEO due to the specific interaction between PS and PEO [24] and
thus the charge dissipation capacity. Meanwhile, matrix dissolution technique shows that the
frozen-capillary instability morphologies in the PS/PEBA system possess very thin connecting
filaments which can be significantly less than 100 nm (Fig. 4.6c-f). At such a scale ( 100 nm),
the interactions between PS and PEBA at the interface may also limit the chain mobility of the
PEO blocks [67, 68] and make the region less conductive locally as compared to the PEBA bulk.
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Figure 4.9: Surface resistivity in the LDPE/PEBA and PS/PEBA blends as a function of PEBA
composition. The horizontal dashed line indicate the surface resistivity of pure PEBA.
4.4.6.2 Influence of water content and conceptual model for charge transport
The presence of water in PEBA copolymers plays a crucial role on their antistatic properties [19,
69]. In order to study this, the surface resistivities were examined as a function of water content
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in the neat PEBA and for selected binary blends with LDPE and PS. The water contents (based
on PEBA) in the samples were controlled by different conditioning times. As shown in Fig. 4.10,
the log surface resistivity decreases linearly with increasing water content for all the samples
examined. This behaviour corresponds to what was observed in salt doped polyelectrolytes where
the conductivity increases with increasing salt concentration owing to the increase in the number
of charge carriers [70, 71]. The results strongly indicate that water molecules serve as a medium
for charge transportation in a certain form. The equilibrium water contents under the conditioning
conditions are determined as ~ 2%. In the case of neat PEBA, limited points were collected for
low water content due to its very fast water absorption rate. However, since its blends with LDPE
and PS both show a linear dependence of log surface resistivity on water content, it would not be

Log (Surface resistivity Ω/sq)

surprising that neat PEBA presents a similar behaviour.
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Figure 4.10: Effect of water content on surface resistivity for pure PEBA and its binary blends
with LDPE and PS.
Although PEBA copolymers have been widely used in antistatic applications [15-17], the
mechanism for charge transport in such copolymers is poorly understood. In similar copolymers
consisting of PEO blocks, Lin and coworkers proposed a hydrogen bonding mechanism that
dissipates charge after the polymer absorbs moisture [19, 69]. In that study, the H-bonds between
the –CONH– group and water and between the –OCH2– group and water facilitate the ionization
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of water molecules to generate protons that serve as the medium for charge transport. They
further confirmed that the presence of hydrogen bonding between –the CONH– group and water
molecules is important to obtain lower surface resistivity. However, they did not carry out studies
on the solid-state microstructures of the copolymers, and therefore the microscopic charge
transport pathway was not discussed. A considerable amount of research efforts have also been
devoted to understand charge transport in lithium salt doped PEO based polymer electrolytes for
their potential applications in batteries. It is generally believed that the ion transport is confined
within the amorphous PEO domains where the ether oxygen coordinates with Li+ [36, 72-74].
Owing to the segmental motion of the polymer chain, ion transport can be achieved by its
migration between coordination sites. The conductivity strongly depends on the morphologies
(e.g., lamellae, bicontinuous gyroid, cylinders and spheres) of the block copolymers used for
electrolytes [75]. In lamella structures, Cheng and coworkers found that the in-plane conductivity
can be 2000 times higher than that of through-plane due to the tortuosity effect [74].
Understanding the charge dissipative mechanism in PEBA copolymers is not only important to
further control the antistatic properties of the current system, but is also necessary for the
development of next generation IDPs. A conceptual charge dissipative mechanism for PEBA is
proposed in Fig. 4.11. It is assumed that the PEBA absorbs water and H-bonds form between the
water molecules and the ether and amide groups, which ionizes water in an equilibrium state. The
produced protons can migrate between the ether groups through coordination. Since the PEO
block in the PEBA copolymer is in a liquid state at room temperature, the strong chain mobility
can assist the proton transport, imparting a charge dissipation capacity to the PEBA copolymer.
As shown in Section 3.3, the PEBA shows a micro-phase separated lamellar morphology and the
grain consists of two lamellae. The charge transport only happens in the PEO domains but is
directed by the PA crystals (along the crystal growth direction). In the blends with PEBA, there
are actually two modes of confinement at distinct length scales for the charge dissipation
pathways: the confinement from the matrix which is typically at the micron scale and the
confinement from the PA phase in the PEBA copolymer at the nano scale. After blending, if the
phase size of PEBA is at the micron scale (e.g., in PE/PEBA blends), the confinement from the
PA blocks can be statistically considered as the same for all samples. Thus virtually, only the
tortuosity from the PEBA phase in the matrix needs to be considered. However, if the phase size
of PEBA is at the same order as the grain size (< 100 nm), like some of the PEBA domains in the

68
PEBA/PS blends, the confinement from PA should also be considered which may lead to a much
higher effective tortuosity for the PEBA phase in blends, since in this case, the PA crystal growth
direction may not be along the elongated direction of the PEBA domain and thus may block the
charge transport completely. This could be another possible reason, in addition to the interaction
between PS and PEBA, why the surface resistivities of the PS/PEBA blends are higher than those
of the LDPE/PEBA blends as shown in Fig. 4.9.

Figure 4.11: Schematic representation of the charge dissipation mechanism in the PEBA binary blend.

4.5 Conclusion
Binary blends of PEBA with LDPE and PS were studied by melt blending. The LDPE/PEBA
blend is a highly incompatible system with an interfacial tension of 8.0 mN/m and the continuity
develops through a droplet-droplet coalescence mechanism. The PS/PEBA system has an
interfacial tension of 1.6 mN/m and a partial miscibility between the two components was
observed at low concentrations of PEBA. A frozen capillary instability morphology was observed
for the first time in PS/PEBA blends. It was shown that although the continuity develops at lower
volume fractions in PS/PEBA than in LDPE/PEBA, surprisingly, the surface resistivity is higher
for PS/PEBA over a wide range of PEBA compositions. This result was related to the partial
miscibility of PS/PEBA and/or the significant constriction in the frozen capillary PEBA
morphology when it is blended with PS, which reduces the charge transfer capacity of PEBA in
the PS/PEBA blends. The log surface resistivity was found to decrease linearly as a function of
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water content for both pure PEBA and the blends. A conceptual model for charge transport in the
PEBA copolymer based on the migration of protons in the PEO domains is also proposed. The
local phase size of PEBA in the blends could also be another important factor affecting charge
dissipation.
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Abstract

Two ternary blend systems of low-density polyethylene/poly(ether-block-amide)/polyethylene
terephthalate (LDPE/PEBA/PET) and LDPE/PEBA/polyvinylidene fluoride (PVDF) are prepared
by melt blending to thermodynamically assemble the ionic conductive copolymer PEBA at the
continuous interface. For the LDPE/PEBA/PET system, a novel morphology transition from
partial wetting to complete wetting is demonstrated as the PEBA composition increases. At low
PEBA concentrations (e.g., 3%), the PEBA phase forms mostly discrete extended droplets at the
LDPE/PET interface. As the concentration of PEBA increases, the PEBA domains at the
interface form connected structures (at 5%) and finally transforms to a layer (≥ 10%) that
completely segregates PET from LDPE. In the second ternary system, LDPE/PEBA/PVDF,
complete wetting is observed with an intact PEBA layer (thickness of about 100 nm) observed at
a concentration of 3% PEBA. Assembling the PEBA at the interface in this way results in the
formation of conductive pathways with very low percolation thresholds and thus leads to a
significant reduction in the resistivity as a function of PEBA concentration for both ternary
systems as compared to binary blends with PEBA. The complete wetting morphology of
LDPE/PEBA/PVDF shows a particularly sharp drop in resistivity. For antistatic applications
requiring a surface resistivity lower than 1013 Ω/sq, 20% of PEBA is needed in the conventional
binary blends; the value is reduced to 10% for LDPE/PEBA/PET, and as low as 1% for the
LDPE/PEBA/PVDF system. Thermodynamic analysis indicates that LDPE/PEBA/PET is a weak
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partial wetting system and the transition to a complete wetting morphology at higher PEBA
concentration appears to be due to a competition between dewetting and coalescence of the
PEBA phase at the interface. In the LDPE/PEBA/PVDF complete wetting system, a minimum
concentration is also required to form a completely wet layer which depends on the spreading
coefficient.
Key words: polymer blends, co-continuity, self-assembly, interface, weak partial wetting,
complete wetting, resistivity, antistatic, morphology

5.2 Introduction
The melt blending of conventional polymers with conducting components (including conducting
polymers and inorganic fillers) to control the electrical properties of the final product has been of
great interest over the past two decades. Significant research efforts have focused on reducing the
percolation threshold of the conductive components in the system and to obtain tailored physical
properties 1-8. Levon et al. proposed a multiple percolation concept in conducting polymer blends
9

: if φB is the critical volume fraction for B to be percolated in A and A is percolated in a system

with a critical volume fraction of φA, the critical volume fraction required for B to be percolated
in the system will be reduced to φAφB. The concept is readily extrapolated to multiple percolated
systems and its percolation threshold will be thus dramatically reduced.
Polymer blends which use electronically conducting polymers to tailor the electrical properties
have been widely reported, in particular with polyaniline (PANI). Zilberman et al. examined the
conductivity and morphology of binary and ternary blends involving PANI, polystyrene (PS) and
polyamide (PA) 1. With 10% of PANI in the ternary blends of PS/PA/PANI, a conductivity as
high as ~10-4 S/cm can be obtained depending on the PA composition, much higher than those of
the binary blends of PS/PANI (~10-14 S/cm) and PA/PANI (10-11 S/cm). Morphology analysis
showed that PANI was preferentially located and percolated within the PA phase. Zhang et al.
also obtained higher conductivities for the ternary blends of LDPE/ethylene-vinyl acetate
(EVA)/PANI as compared to the binary blends of LDPE/PANI at the same concentrations of
PANI, owning to the preferential localization of PANI in the EVA phase

10

. Ravati and Favis

prepared a series of multi-phase PANI blends including ternary, quaternary and quinary blends 8.
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As in other studies 1, 10, PANI was encapsulated by other polymers in the systems due to its high
surface tension and polarity 8. In that study, the percolation threshold of PANI was reduced to
below 5% by utilizing a multi-percolated structure where PANI was situated as the innermost
phase. In a following study, they developed a polymeric conductive material by depositing PANI
on the surface of porous PE substrates through a layer-by-layer approach

11

. With this latter

method, an ultra-low percolation threshold less than 0.19% was achieved, clearly showing the
advantages of placing the conductive component at the interface. However, the LbL procedure
involved in that study is relatively complicated as compared to direct melt blending. In addition
to PANI, blends with ionic conductive polymers (typically polyethylene oxide based) have also
been reported. Kobayashi and coworkers prepared ternary blends of PET/PEBA/ionomers
through melt extrusion where PEBA is the conducting component

6, 12

. With 25% of PEBA in a

PET matrix, the further addition of ionomer decreases the resistivity of the blends which was
attributed to an increase of the surface area of PEBA and certain specific interactions between
PEBA and the ionomer 12.
In ternary polymer blends comprised of two major phases A and C and a minor phase B located
at the interface of A and C, two types of morphology can be obtained: partial wetting and
complete wetting (Fig. 5.1). These morphologies can be predicted by Harkins’ spreading theory
13-15

. The theory defines 3 spreading coefficients () based on the interfacial tensions () of

different polymer pairs as shown in Fig. 5.1. If all the three spreading coefficients are negative,
partial wetting tends to occur with three phase contact and the minor phase B arranges into
droplets at the interface of A and C. If the interfacial tension between A and C (AC) is high
enough to make ABC positive, the highly unfavoured A/C interface will be fully separated by a
layer of phase B. The theory has been verified in a variety of polymer systems 8, 15-19. Zhang et al.
reported a PE/PS/poly(methyl methacrylate) (PMMA) blend system where the minor PS phase is
present as a thin layer at the continuous PE/PMMA interface, demonstrating a complete wetting
morphology
70%.

16

. They showed that with only 3% of PS, the continuity of PS can reach almost
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(2)

(1)

Figure 5.1: Partial and complete wetting morphologies in ternary blends of A/B/C predicted by
Harkins’ spreading theory (B: the minor phase at interface)
The localization of inorganic conductive fillers at the polymer interface has remained as a
challenge

7, 20

. In this context, the finely percolated structures observed in the above-mentioned

PE/PS/PMMA system provide an alternative approach

4, 5

. Although the localization of

conductive inorganic fillers at the interface of polymer blends has been widely reported 2, 4, 5, 7, 20,
to the best of our knowledge, no studies have been reported which assembles a polymeric
conductive component at the interface of a continuous structure directly by melt blending.
Very little work has been published on the relationship between electrical properties and
morphology in partially wet polymer systems. This could be due to the limited understanding of
this particular morphology

15, 21, 22

. The classic work conducted by Torza and Mason presented

partial wetting as a partial engulfing of one minor phase over another in a matrix phase 14. Some
recent work on the partially wet PE/PS/polypropylene (PP) system showed that the PS at the
interface of the two major phases typically presents as isolated droplets

21

. Another study also

showed in the polybutylene succinate/poly(lactic acid)/polycaprolactone (PBS/PLA/PCL) ternary
system that partially wet PLA droplets form at the interface

22

. In that case, the partially wet

morphology was maintained over a wide composition range and after annealing. Wilkinson et al.
studied the partially wet ternary blends of PP/PA/poly[styrene-b-(ethylene-co-butylene)-b-
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styrene] (SEBS) and showed that by replacing 25% of the SEBS with maleic-anhydride grafted
SEBS (SEBS-g-MA) an acorn-type morphology formed where the PA phase was partially
covered by the SEBS phase in the PP matrix

23

. The addition of SEBS-g-MA was believed to

change the interfacial tensions between the phases and moved the system to the transition region
between partial wetting and complete wetting (the spreading coefficient is close to zero). To date,
it is still not clear how the microstructure of the phase at the interface (the intermediate phase)
evolves during melt blending.
PEBA is a class of segmented block copolymers consisting of hard polyamide blocks and soft
polyether blocks

24

. Depending on the polyamide/polyether ratio and the type of the blocks, a

variety of physical properties can be obtained. When the polyether block is comprised of
polyethylene oxide (PEO), an ionic conductive capacity is conferred to the copolymer

25-27

. The

surface resistivity of neat PEBA without doping is typically higher than 106 Ω/sq and it is
technically classified as a static dissipative material

12, 26, 28, 29

. However, “conductive” is used

throughout the paper for the purpose of conciseness, and also because of the rapid development
of PEO based polymer solid electrolytes, which are recognized as ionically conductive polymers
30-34

. The charge transportation mechanism in PEBA has been discussed in a previous paper 29.

In this work, for the first time, we aim to significantly reduce the percolation threshold of a
conductive polymeric component (PEBA) by assembling it at the interface of two other
continuous phases via complete or partial wetting directly through melt blending. The
morphology development of the ternary blends and the microstructures of PEBA at the interface
of the two systems will be compared and their effect on the resistivity of the blends will be
systematically examined.

5.3 Materials and experimental
5.3.1 Materials
The PEBA used is a segmented copolymer with alternating polyethylene oxide (PEO) and
polyamide 12 (PA12) blocks. The weight percentage of the PEO and PA12 is 55% and 45%
respectively and the copolymer contains 10-20 blocks of each component [24]. The
characteristics of the materials used in this work are summarized in Table 5.1. All the other
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chemicals were purchased from Sigma-Aldrich. The polymers were dried at 60°C (PET at 90°C)
under vacuum for 24 h before use.
Table 5.1: Characteristics of the polymers used
Surface resistivity
Polymer

Manufacturer

Mn/Mw (g/mol)

Tm/Tg (DSC)

Complex viscosity
at 25 s-1 (Pa·s)

(Ω/sq)/volume resistivity
(Ω∙cm)d

PEBA

Arkema

LDPE

a

Total

66,100/134,000a

Tm (PA) = 158°C

210 (200 °C)

Tm (PEO) = 9.8°C

100 (250 °C)

6.0E+10/6.8E+8

1300 (200 °C)

/135,000–
140,000b

Tm = 111.0°C

7.1E+15/4.7E+16
759 (250 °C)

PET

DAK Americas



Tm = 243°C

806 (250 °C)

4.5E+16/1.1E+17

PVDF

Arkema

105,000/210,000c

Tm = 171°C

1460 (200 °C)

1.8E+15/1.0E+13

GPC data;

b

from manufacture; c Ref. 35; d measured as described in Section 2.6.

5.3.2 Rheology
The rheological properties of the raw materials were examined on a MCR 301 rheometer (Anton
Paar) with a parallel-plate configuration. A gap of 1 mm was used in all cases. Strain sweeps
were first performed to determine the linear viscoelastic region. The thermal stability was
evaluated in the oscillation mode with a frequency of 1 Hz at 200°C or 250°C for 20 min. The
change of complex viscosity was found to be within 2% for all the materials at 200°C. At 250°C,
the complex viscosities of PEBA and PET decreased by 17% and 11% respectively; the changes
for LDPE and PS were within 1%. The frequency sweep was then performed for all the samples
at a strain of 5-10%. N2 was used all the time when applicable to minimize the degradation.

5.3.3 Interfacial tension measurement
The interfacial tensions of the various polymer pairs were determined by the breaking thread
method using an Optiphot-2 microscope equipped with a hot stage. For each test, the polymer
with the higher melting/glass transition temperature was used as the thread which was
sandwiched by films of the other polymer. The temperature of the system was first increased
slowly (at 5 °C/min) until the films were melted to reduce the residual stress and a higher heating
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rate of 20–50°C/min was then applied to reach the designated temperature. Capillary instabilities
gradually developed along the thread and the process was recorded by a camera connected to the
microscope. The following formula was then used to calculate the interfacial tension:

γ=

𝑞𝜂𝑚 𝑑0
Ω𝑚

where γ is the interfacial tension, q is the growth rate of the distortion, ηm is the matrix viscosity,
d0 is the initial thread diameter, and Ωm is a tabulated function. N2 was used to purge the system
during the test. The final interfacial tension value reported is an average for 3–5 repeats of
systems with well-developed capillary instabilities. More details concerning this technique are
reported in previous publications 36.

5.3.4 Melt blending
All the blends were prepared by melt mixing in a Brabender internal mixer equipped with roller
rotors for 9 min with the speed of 50 RPM under N2 atmosphere. In all the formulations of
ternary blends, the LDPE is the matrix and its volume fraction was fixed at 50%, while the
volume fractions of the other component(s) changed accordingly as the concentration of PEBA
was increased. The mixing chamber temperature was set at 255°C for blends with PET and at
200°C for the other samples. The real temperature of the melt was monitored to be 253 ± 1 °C
and 200 ± 1°C after equilibrium was reached. In order to achieve a fill factor of 0.7, a total
volume of 21 mL of material was added to the mixer. After blending, the samples were quickly
taken from the mixer and immediately immersed in ice water to freeze-in the morphology for
continuity and morphology analysis.

5.3.5 Morphology characterization, image analysis and selective extraction
The blend samples were cryogenically fractured in liquid nitrogen or microtomed using a Leica
RM2165 microtome equipped with liquid nitrogen cooling system (LN21). The morphology was
then characterized by scanning electron microscope (SEM). In order to improve the contrast, the
PEBA phase was stained with 2 wt% phosphotungstic acid followed by washing with distilled
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water to highlight the PEBA phase

37

. The samples were dried and coated with a gold layer by

plasma sputtering on a Polaron SC502 sputter coater. The gold layer thickness was controlled to
be about 1 nm by varying coating current and time. The SEM observations were conducted using
a JEOL JSM 840 scanning electron microscope operated at 2–5 kV under the SB mode (detecting
a mixture of secondary and backscattered electrons).
The image analysis was performed using a digitizing table from Wacom and SigmaScan v.5
software. The composition of PEBA located at the interface after blending was obtained based on
the calculation of the area fraction it occupied on the SEM images. The thickness of the PEBA
was estimated by the average length of the lines drawn across the PEBA domains which are
almost perpendicular to the tangent line of the interface 22. The interfacial area per volume or the
perimeter per unit area (Ai) of the LDPE/PEBA interface LDPE/PEBA/PVDF were quantified
based on the microtomed SEM images using the following equation 38.
𝐴𝑖 (

𝜇𝑚2
𝑃(𝜇𝑚)
)
=
𝜇𝑚3
𝐴(𝜇𝑚2 )

where P is the perimeter of the interface on a two-dimensional (2D) SEM image and A is the area
of the image. At least 5 images from two different samples were analyzed. The average error in
image analysis is estimated to be less than 15%.
In order to confirm PEBA is assembled at a continuous interface, selective extraction was
performed. For example, in LDPE/PEBA/PET, if the PET/PEBA or the LDPE/PEBA is extracted
and the structural integrity of the remaining LDPE and PET is maintained respectively, then both
LDPE and PET are considered as continuous. LDPE, PEBA, PET and PVDF were extracted by
boiling cyclohexane, formic acid (50°C), 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, room
temperature) and dimethyl sulfoxide (70°C), respectively.

5.3.6 Resistivity measurement
In order to perform the resistivity tests, sheet samples were prepared by taking the sample
directly from the internal mixer immediately after processing and quickly transferring it to a
preheated mold (64 mm  64 mm  1mm). The assembly was then transferred to a hot press with
a constant nitrogen flow for compression moulding. The temperature of the press was set at
180°C, 195°C and 260°C for LDPE/PEBA, LDPE/PEBA/PVDF and LDPE/PEBA/PET
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respectively. The pressure of the press was increased to 150–200 psi slowly to minimize
morphology change induced by the pressing process. A cold press was finally used to quickly
cool down the sample to room temperature. The pressing conditions were optimized by a number
of preliminary tests and the morphology was found to be well preserved after the molding
process. Before the resistivity test, the samples were conditioned with 50% RH at room
temperature for two weeks to ensure a constant water content. A Keithley electrometer (Model
6517B) with the 8009 Resistivity Test Fixture was used to determine the surface and volume
resistivities of the samples by applying a DC voltage of 40 V and a bias time of 60 s. At least 4
tests were performed for each sample.

5.4 Results and discussion
5.4.1 Rheology
The complex viscosities of the neat polymers at the temperature corresponding to the processing
temperature (200°C and 250°C) were examined and the results are shown in Fig. 5.2. At 50 RPM
in the Brabender mixer, the shear rate is estimated to be around 25 s-1 39. Under these conditions,
the viscosity of PEBA is much lower than that of the other polymers. The viscosities of the host
polymers (components in addition to PEBA) are very close.

200°C

250°C

Figure 5.2: Complex viscosities of the neat polymers at 200 and 250°C. The dashed line indicates
the processing shear rate of 25 s-1.
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5.4.2 Ternary blends
5.4.2.1 Interfacial tension and spreading predictions
The interfacial tensions among the different polymer pairs are listed in Table 5.2 and were
measured directly by the breaking thread method. The spreading coefficients for the two ternary
systems of LDPE/PEBA/PET and LDPE/PEBA/PVDF were then calculated and are also shown
in the table. The spreading coefficient of LDPE/PEBA/PET (λPE/PEBA/PET) for example measures
the tendency of the PEBA phase to spread over the PET phase in a PE matrix. The spreading of
one phase over another is favoured by a high value of the spreading coefficient

14

. According to

Harkin’s theory (Fig. 5.1), in the LDPE/PET/PEBA blends (where PEBA is the minor phase),
PEBA is expected to arrange into partially wet droplets at the interface of LDPE and PET due to
the three negative spreading coefficients. The interfacial tensions PE/PET and PE/PEBA are very
close (8.1 vs. 7.8 mN/m), leading to two comparable spreading coefficients for λPE/PEBA/PET and
λPE/PET/PEBA (–1.5 vs. –2.1 mN/m). With a higher value of λPE/PEBA/PET, the tendency for PEBA to
spread over PET is, however, slightly more favoured.
For the LDPE/PVDF/PEBA system, the theory predicts complete wetting with a positive
λPE/PEBA/PVDF = 1.2 mN/m, and PEBA should form a completely wet layer which completely
separates PVDF from LDPE.
Table 5.2: Interfacial tensions, spreading coefficients and predicted morphologies (PEBA is the
minor phase)
Ternary Blends

LDPE/PET/PEBA

Interfacial tension (mN/m)

Spreading coefficient (mN/m)

PE/PET = 8.1 ± 0.9

λPE/PET/PEBA = –2.1 < 0

PE/PEBA = 7.8 ± 0.9

λPET/PE/PEBA = –14.1 < 0

droplets at the LDPE/PET

PEBA/PET = 1.8 ± 0.2

λPE/PEBA/PET = –1.5 < 0

interface

PE/PVDF = 11.9 a

λPE/PVDF/PEBA = –6.6 < 0

Complete

PE/PEBA = 8.0 ± 1.4

λPVDF/PE/PEBA = –17.2 < 0

PEBA/PVDF = 2.7 ± 0.3

λPE/PEBA/PVDF = 1.2 > 0

(250°C)

LDPE/PVDF/PEBA
(200°C)

a

From Ref. 8.

Predicted Morphology

Partial wetting: PEBA forms

forms

wetting:
a

layer

PEBA
which

completely separates LDPE
and PVDF
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5.4.2.2 Interfacial tension and spreading predictions
Morphology evolution in the ternary blends
All the ternary systems are formulated as 50/X/Y (volume fraction) where LDPE is kept at a
constant concentration of 50% and the composition of PEBA is increased with a corresponding
decrease in the composition of the third phase. This strategy of formulation maintains a
continuous structure for the LDPE, PET and LDPE, PVDF phases for up to 20% of PEBA in the
systems and was confirmed by solvent extraction experiments.
Figs. 5.3a and b show the morphology of LDPE/PEBA/PET (50/3/47) at different magnifications
and the white phase in the photos in the right column is PEBA which is stained by
phosphotungstic acid. The 3% PEBA phase presents as partially wet discrete droplets at the
interface, corresponding with the theoretical prediction from Harkins’ spreading theory.
However, the PEBA droplets seem not spherical but quite extended along the interface. This is
different from a typical partial wetting system, such as PE/PS/PP where the PS droplets at the
PE/PP interface appear very spherical 21. This is probably because the interfacial tension between
LDPE and PET is high in the LDPE/PEBA/PET system, and within a framework of partial
wetting, the PEBA phases tend to spread to some level at the interface to reduce the highly
unfavoured contact between LDPE and PET. In the PE/PP/PS system from the previous work, the
interfacial tension between PE and PP is low compared to PE/PS or PP/PS, so the partially wet
PS droplets tends to be more spherical to minimize the PS interaction with the PE/PP interface.
The Neumann triangle approach can be used to quantitatively understand the shape of a partially
wet droplet at the interface and that will be discussed in a later section. This tendency may also
be considered by comparing the related corresponding spreading coefficient (): PE/PEBA/PET =
−1.5 mN/m and PE/PS/PP = −6.5 mN/m. A larger  is considered to favour spreading although
other factors such as viscoelasticity may also play a role

14, 40, 41

. Thus, these results indicate that

partially wet droplets can take different shapes at the interface depending on the relative
interfacial tensions of the polymer pairs and the spreading coefficients

42

. More PEBA was

observed at the interface as the concentration of PEBA was increased to 5% (Figs. 5.3c and d).
Interestingly, the previously discrete PEBA domains observed at 3% of PEBA transform to a
morphology with mixed PEBA layers and droplets as shown in Fig. 5.3d. Further increasing the
concentration of PEBA to 10% and 15% leads to a complete PEBA layer formation at the
interface. With composition variation, the morphology of the LDPE/PEBA/PET blend appears to
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change from partial wetting (three-phase contact) (e.g., 3% PEBA) to complete wetting (twophase contact) (e.g., 15% PEBA).

Figure 5.3: SEM images of cryo-microtomed LDPE/PEBA/PET blends with increasing PEBA
composition. The right column shows the effect of phosphotungstic acid staining at a higher
magnification (the white phase is PEBA). Photo (d) presents the observed two typical
morphologies (layer and droplets) in different spots as separated by the line.
However, since microtomed images only reveal the information of the sample in 2D, cryofractured samples were also analyzed by SEM in order to observe the third dimension. Fig. 5.4
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clearly confirms the above transition from partial wetting to complete wetting in the
LDPE/PEBA/PET system as a function of composition. At 3%, PEBA forms separate discrete
phases which display a weak partial wetting behavior at the interface. The extended PEBA
domains have a thickness of around 280 nm perpendicular to the LDPE/PET interface and a
dimension typically in the 1–3 µm range along the interface. Once the PEBA concentration is
increased to 5%, percolated PEBA structures begin to dominate the morphology. At 10–15%, the
PEBA forms a complete layer and fully separates the LDPE and PET phases. Note that a cursory
estimation using image analysis shows that over 95% of the LDPE/PET interface is covered with
10% PEBA present in the system (Fig. 5.4c) (see Supporting Information Figs. 5.12 and 5.13). In
this study, when the interface is covered by more than 95%, the observed morphology is
considered as demonstrating complete wetting.

Figure 5.4: SEM images of cryo-fractured LDPE/PEBA/PET blends (the white domains are
PEBA stained by phosphotungstic acid)
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Unlike the weak partial wetting noted above, the LDPE/PEBA/PVDF system was predicted to
demonstrate classic complete wetting. The spreading coefficient PE/PEBA/PVDF = 1.2 predicts a
complete wetting morphology where PEBA should fully spread over PVDF and hence separate it
from LDPE. Fig. 5.5 shows the morphology of the LDPE/PEBA/PVDF blends after cryofracture. In this case, it can be clearly seen that PEBA forms a thin complete layer at the interface
of LDPE and PVDF at low PEBA concentrations. The integrity of the PEBA layer can be clearly
identified at all concentrations down to 3% of PEBA at which point rupture did appear, but in
only a very few spots (Figs. 5.5a and b). Observations of samples with lower PEBA
concentrations become more difficult since it seems that the scale of the PEBA thickness
approaches the contrast limit of the staining/SEM technique used to identify PEBA in this study.

Figure 5.5: SEM images of cryo-fractured LDPE/PEBA/PVDF blends at different PEBA
compositions (the white domains are PEBA stained by phosphotungstic acid).

As can be seen in Figs. 5.3–5.5, not all the PEBA is located at the interface for either
LDPE/PEBA/PET or LDPE/PEBA/PVDF. A very small amount of PEBA domains (<5%) were
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observed within the LDPE phases for both systems (Table 5.3). In the LDPE/PEBA/PET blends,
the proportion of PEBA assembled at the interface decreases from 71% to 53% as the
composition of PEBA increases from 5% to 10% (note that the amount of PEBA trapped within
PET shows a significant corresponding increase to 43%) (Figs. 5.3b, d, f and Table 5.3), which
corresponds to the region of transition from partial wetting to complete wetting. This is not
surprising since the interface of LDPE and PET is saturated by PEBA at 10% and thus no strong
thermodynamic forces are present to drive PEBA to the interface. The excess PEBA tends to go
to the PET phase rather than LDPE probably owing to the much lower interfacial tension of
PEBA/PET than LDPE/PEBA (Table 5.2). In the completely wet LDPE/PEBA/PVDF system,
the fraction of PEBA at the interface is lower than that in LDPE/PEBA/PET until the transition
from partial wetting to complete wetting in that latter system occurs. Around 40% of the PEBA
was also found within the PVDF phase even in the system with a concentration of 3% PEBA
(Fig. 5.5a and Table 5.3). Since the LDPE/PVDF interface is already saturated at 3% of PEBA,
the same argument as above can be invoked. In fact, these results likely indicate that the complete
wetting of the interface for LDPE/PEBA/PVDF takes place at values of PEBA less than 3%. It is
interesting to note that a similar amount of PEBA is located at the interface (about 50%) when a
complete PEBA layer forms in both systems.
Table 5.3: The distribution of PEBA and the interfacial area in the ternary blends
PEBA (%)

PEBA (%) in

PEBA (%) at

Interfacial area

in LDPE

PET or PVDF

the interface

(μm2/μm3)

50/3/47

1.7

21

77

50/5/45

1.8

27

71

50/10/40

4.3

43

53

50/3/47

3.3

44

53

0.20

50/5/45

4.1

44

51

0.23

50/10/40

2.8

46

51

0.21

Blends

LDPE/PEBA/PET

LDPE/PEBA/PVDF

–
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The thicknesses of the PEBA phase estimated from the microtomed samples for
LDPE/PEBA/PET and LDPE/PEBA/PVDF are shown in Fig. 5.6. In the case of the weak
partially wet LDPE/PEBA/PET system, the domain thickness of PEBA increases dramatically
from 284 nm to 2.5 µm with increasing PEBA composition from 3% to 15%. The transition from
partial wetting to complete wetting happens at about 680 nm (with 10% PEBA). On the other
hand, the PEBA phase thickness in the completely wet LDPE/PEBA/PVDF system is much
lower than that for the weak partially wet system above and shows a more steady increment from
110 nm to 530 nm as PEBA concentration is increased. In this system, the PEBA layer thickness
(L) can also be calculated by knowing the amount of PEBA at the interface (V) and the interfacial
area (Ai): L = V/Ai (Table 5.3). The calculated thicknesses correspond well with those directly
measured from the SEM images as shown in Fig. 5.6. For example, at 3%, PEBA layer
thicknesses of 102 nm (calculated) and 110 nm (measured) were obtained respectively. In this
context, Reignier and Favis estimated in a PE/PS/PMMA system that the minimum thickness for
PS to completely encapsulate PMMA is 40 nm, two times the radius of gyration of the PS 43.

Figure 5.6: Domain thickness of PEBA at the interface in the ternary blends. Filled symbols:
measured directly from SEM images; open symbols: calculated based on the amount of PEBA at
the interface and the interfacial area.
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5.4.2.3 Surface resistivity
Since the antistatic behavior of these blends was of principal interest, the surface resistivity of the
blends was examined. This resistivity gives insight into the electrical percolation threshold in
these blends. The volume resistivity was also examined and is shown in Supporting Information.
The volume resistivity of the LDPE/PVDF sample is lower than that of the other blends at 0%
PEBA due to the intrinsically lower PVDF volume resistivity as compared to other host polymers
(see Table 5.1). In general, the trends of the volume resistivity of the different blends agree well
with the surface resistivity curves, indicating a uniform structure from the surface to the bulk.
Fig. 5.7 shows three very different resisitivity behaviors for three blends: binary blend
LDPE/PEBA; ternary LDPE/PEBA/PET and ternary LDPE/PEBA/PVDF. It should also be noted
that the lower intrinsic surface resistivity of PVDF also contributes to reduce the resistivity of the
blends and results in about a one-decade lower surface resistivity for LDPE/PVDF (50/50) as
compared to the other blends before adding PEBA. However, the further significant decrease of
surface resistivity for LDPE/PEBA/PVDF with increasing PEBA concentration is due to the
introduction of PEBA (the amount of PVDF in the blends actually decreases as PEBA
concentration increases).
A clear and very important reduction in percolation phenomena in Fig. 5.7 is observed as one
progresses from the binary system to the weak partially wet ternary system with PET to the
completely wet ternary system with PVDF. The results correspond well with the morphology
development of PEBA in these systems (Figs. 5.3–5.5). It should be remembered that the
morphology analysis showed that the weak partial wetting system of LDPE/PEBA/PET
transitioned to a completely wet system at 10% PEBA. If one takes into account the one decade
lower value in resistivity behavior observed at 0% PEBA for LDPE/PVDF, then the surface
resistivity data at 10% PEBA in LDPE/PEBA/PET is comparable to the surface resistivity at 3%
PEBA in LDPE/PEBA/PVDF (3.1×1013 vs. 1.2×1012 /sq) where the complete PEBA layer is
first observed microscopically in both cases. The intrinsic surface resistivity of PEBA used in this
study is around 61010 /sq making its blends of significant potential for antistatic applications.
In this context, the surface resistivity of the material should be lower than 1013 /sq 12. To meet
this requirement, at least 20% of PEBA is needed for the binary blends and 10% for the ternary
blends of LDPE/PEBA/PET while only about 1% for the LDPE/PEBA/PVDF system.
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Figure 5.7: Surface resistivity of the binary and ternary blends. The dashed lines indicate the
boundary of the two stages (steep reduction and gradual reduction) and the dotted line shows the
surface resistivity of neat PEBA.
The decrease in the surface resistivity of the LDPE/PEBA/PET and LDPE/PEBA/PVDF blends
may be divided into two stages, a region of steep reduction and a region of gradual reduction
(dashed lines were drawn at the boundary of the two stages). The steep reduction of resistivity at
lower concentrations (Stage I) of PEBA is indicative of the typical percolation phenomenon
observed in many conductive systems where the conductive pathways are constructed at low
concentrations 2, 7, 8. In the LDPE/PEBA/PET system, the boundary between Stage I and Stage II
(at about 10% as marked by dashed lines) for the surface resistivity coincides well with the
transition from partial wetting to complete wetting (Fig. 5.4). A similar observation can be made
in the completely wet LDPE/PEBA/PVDF system. The boundary between the two stages in
surface resistivity lies at around 2–3%, providing further support for the inference that the PEBA
layer in LDPE/PEBA/PVDF can fully cover the LDPE/PVDF interface only after its composition
reaches this level.
The low level reduction in resisitivity with PEBA concentration in Stage II is due to other factors,
such as the increasing composition of the conducting phase, and the reduction on constriction
effect and tortuosity resulted from composition increment

30, 44

. In this context, Wiedenmann et

al. proposed that the conductivity of a heterogeneous system is proportional to the intrinsic
conductivity and volume fraction of the conducting phase, the constriction factor (the ratio of the
minimum cross-section area over the maximum cross-section area along the conductive
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pathway), and the reciprocal of the tortuosity (the ratio of the real conductive pathway length
over the shortest distance between the two points) 44.

5.4.3 Transition from partial to complete wetting in LDPE/PEBA/PET
Following the work of Harkins and Feldman

13

, Torza and Mason successfully demonstrated the

use of spreading theory to predict the phase configurations in ternary immiscible liquid systems
14

. When two droplets are brought into contact in another phase, the engulfing of one droplet over

the other is a combined process of penetration and spreading controlled by the size of the phases,
the interfacial tensions and the spreading coefficients 14. These arguments help one to understand
the presence of PEBA partially wet droplets at the interface of LDPE and PET, but, it does not
explain the observed transition from partial wetting to complete wetting at higher PEBA
concentrations. It is well known that kinetic factors, such as viscosity and elasticity, can also
affect the final morphology. Nemirovski et al. studied several immiscible ternary blends and
argued that the spreading should be facilitated by a low engulfing-to-engulfed viscosity ratio

40

.

Reignier et al. showed that the encapsulation of PS by PMMA observed in a PE/PS/PMMA
system can only be explained by the interfacial free energy model when the elasticity
contribution is considered 41. These factors may be applicable when comparing blends comprised
of different types of polymers with different viscoelasticities. However, in the present work, the
transition from partial wetting to complete wetting happens in the same system and progresses
only with increasing phase composition.
Static annealing was applied to selected samples to more clearly indicate the most stable
morphology in the blend. Blends of LDPE/PEBA/PET with a composition of 50/3/47 and
50/15/35 demonstrate partial wetting and complete wetting morphologies respectively before
annealing (Figs. 5.4a and d). After annealing, the general partial and complete wetting
morphology features for those two samples are well preserved (Figs. 5.8a and b), indicating the
stability of these morphological structures. The only distinction is that the PEBA domains in the
LDPE/PEBA/PET blend with composition 50/3/47 look somewhat more roundish after
annealing. The annealing of the complete wetting system of LDPE/PEBA/PVDF was also
performed and the complete separation between LDPE and PVDF by PEBA is clearly shown
after annealing (Figs. 5.8c and d).
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Figure 5.8: Morphology of the blends (PEBA is stained by phosphotungstic acid) after annealing
for 10 min. (a) and (b): LDPE/PEBA/PET 50/3/47 and 50/10/40 at 260°C; (c) and (d):
LDPE/PEBA/PVDF 50/3/47 and 50/10/40 at 200°C. Scale bar: 10 µm.
What then is the explanation for the transition from partial wetting to complete wetting with
increasing PEBA concentration in LDPE/PEBA/PET?
In a partially wet ternary polymer blend system comprised of a minor phase with two other major
phases, the minor phase will preferentially be located at the interface, arranging into discrete
droplets. The shape of that droplet in equilibrium is defined by the interplay of the three
interfacial tensions which can form the so-called Neumann triangle (Fig. 5.9)

45

. Applying the

law of cosines, Eqn. (1) can be obtained:

𝑐𝑜𝑠 𝜃 =

𝛾𝐴𝐶 2 −𝛾𝐴𝐵 2 −𝛾𝐵𝐶 2
2𝛾𝐴𝐵 𝛾𝐵𝐶

(1)

where 𝜃 is the Neumann angle (contact angle), γAC, γAB and γBC are the three interfacial tensions
of the system (shown in Fig. 5.9). Thermodynamically, in order to have a transition from partial
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wetting to complete wetting, cos θ has to approach 1 (θ → 0) which requires a high γAC, a low γAB
and a low γBC. For some systems, the right side of the formula gives a value even larger than 1,
and Eqn. (1) is then equivalent to the Harkins’ spreading theory expression for complete wetting
(in Fig. 5.1 Case 2).

Figure 5.9: Schematic of the Neumann triangle: the equilibrium profile of a liquid B situated at
the interface of liquids A and C.
When θ is small, such as in the present LDPE/PEBA/PET system where θ is estimated to be 1.5
(in radians) from Eqn. (1), the minor PEBA phase is driven to the interface and forms extended
droplets during melt blending, partially covering the interface of LDPE and PET. Increasing the
concentration of the PEBA phase results in an increased amount of the PEBA droplets at the
interface and thus coalescence between the droplets can happen, leading to a larger domain size
(thicker in the direction perpendicular to the interface and covering a larger area at the interface).
This process advances and connected PEBA domains can develop. However, the connected
structures are not stable and can disintegrate into smaller droplets due to the partial wetting nature
of the system (dewetting). Thus, the final morphology of PEBA at the interface should be a
balance of dewetting and coalescence. When the concentration of PEBA is increased, the
coalescence effect will be clearly enhanced. As for the dewetting, to the best of our knowledge,
no studies have been reported regarding a polymer film dewetting at the interface of two other
polymers. However, the general trends may be inferred from the extensive work on the dewetting
of thin films on solid substrates 46-50. In this context, the dewetting speed (v) critically depends on
the equilibrium contact angle θE (in radians, equivalent to θ in a three-liquid system as shown in
Fig. 5.9):
𝑣=

𝛾𝜃𝐸 3
𝑘𝜂

(2)
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where γ and η are the surface tension and viscosity of the film phase, and k is a numerical
dissipation factor

48, 49, 51

. Eqn. (2) indicates that strong partially wet systems with a high contact

angle value and a high detwetting speed will be less susceptible to coalescence effects. In weak
partially wet systems with small contact angles, coalescence will be able to counterbalance the
slow dewetting speed and a transition to a coalescence-driven completely wet system could be
expected. For ternary polymer blend systems, the surface tension in Eqn. (2) should be
substituted by the interfacial tension which is typically one order of magnification lower. Eqn. (2)
was also found to be applicable to systems with a polymer-polymer interface where the viscosity
of the film is much lower than that of the substrate

51

. Note that the PEBA in our system has a

much lower viscosity than the other polymers (Fig. 5.2). Thus, coalescence dominates over
dewetting at a certain composition and gradually results in the full coverage of the partially wet
interface. A conceptual model of this process is schematized in Fig. 5.10.

Figure 5.10: Schematic of the transition from partial wetting to complete wetting in weak partial
wetting systems (Plane direction: perpendicular to the interface for top images and along the
interface for lower images).
Some studies have shown that in certain systems the partial wetting morphology, characterized
by isolated droplets at the interface, remains intact with composition variation

21, 22

. These

systems may be referred to as strong partial wetting systems as compared to LDPE/PEBA/PET.
An examination of Eqn. (2), can allow one to assume that the weak partial wetting system would
be expected to have a contact angle θ < 1 since if θ > 1, the dewetting speed would be
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significantly amplified with a power of 3 . In the LDPE/PEBA/PET system, θ is calculated to be
1.5 which agrees well with the in-situ measured value (see Supporting Information).
It is interesting that the coalescence driven completely wet LDPE/PEBA/PET (50/35/15)
morphology is maintained after annealing (Fig. 5.8b). This can be explained since annealing
affects both parameters, dewetting and coalescence. Clearly long annealing times would
encourage dewetting, however those same long annealing times would also result in the wellknown coarsening effect for the continuous LDPE and PET phases thus reducing their interfacial
area. The PEBA is assembled at the interface of LDPE/PET, and therefore, decreasing the
interfacial area would result in a coalescence of PEBA domains due to the conservation of
volume. This coalescence effect appears to counterbalance the dewetting process and thus the
integrity of the PEBA layer is maintained after annealing. The argument is supported by the
observation of the ruptures of the PEBA layer in LDPE/PEBA/PET (50/35/15) at a lower
annealing temperature (Fig. 5.11). In contrast to Fig. 5.8b, the coarsening effect in this case is not
high enough to prevent the dewetting of the PEBA layer. The observation also further confirms
the partial wetting nature of the LDPE/PEBA/PET system.

PEBA

Ruptures
PET

LDPE

10 µm

Figure 5.11: Morphology of cryo-fractured LDPE/PEBA/PET (50/35/15) annealed at 250°C for
10 min (PEBA is stained by phosphotungstic acid).
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5.4.4 Minimum

threshold

concentration

for

complete

wetting

in

LDPE/PEBA/PVDF
Another point for consideration would be to elucidate the relationship between the spreading
coefficient and the minimum layer thickness of the intermediate phase in a completely wet
ternary system. In the original work of Harkins and Feldman, a thick permanent sheet was
observed for systems with low positive spreading coefficients, while a monomolecular layer
seemed to form only with a high positive spreading coefficient 13. Since then, very little work has
been carried out. If one makes a comparison to the point of saturation of interfacial block
copolymer modifiers at an A/B interface, typically areal densities of 0.1–0.2 molecule/nm2
are observed.

21, 52

In the case of LDPE/PEBA/PVDF, the areal density of 3% PEBA at the

LDPE/PVDF interface can be calculated to be 1.2 molecule/nm2 (Mn of PEBA = 66100 g/mol 29)
which is about one order of magnification higher. Of course, in the case of the block copolymer
interfacial modifier, significantly more interpenetration into the respective phases takes place.
As mentioned earlier, the thickness of the PEBA layer in the blend of LDPE/PEBA/PVDF
(50/3/47) is estimated to be around 110 nm. At such a scale, the influence of Van Der Waals
forces has to be considered which tend to thicken the film

47

. In a liquid-solid system, the free

energy of the system can be thus written as 47:

𝐴

𝑓 = 𝑓0 − 𝜆𝑆 + 12𝜋𝑒 2

(3)

where 𝑓0 is a reference, λ is the spreading coefficient; S is the area covered by the liquid; 𝐴 is the
difference between the solid-liquid and liquid-liquid Hamaker constants; e is the film thickness.
The last term on the right represents the contribution of van de Waals forces. Minimizing Eqn.
(3) at constant volume of the film (constant S∙e) leads to:

3𝛾 1

𝑒 = 𝑎(2𝜆)2 (4)
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where a is a molecular length and γ is the surface free energy of the liquid phase. The result in
this case is that the minimum layer thickness is expected to be inversely proportional to the
square root of the spreading coefficient. This implies that the lower the spreading coefficient the
higher the composition required to form a fully complete wetting layer. This conclusion would
also support the notion that the minimum concentration to form a completely wet layer depends
on the spreading coefficients. It is also evident from the above that a minimum concentration will
be required in order to completely cover the interface. Indeed, further work would be required to
explore the potentially important relationship between spreading coefficient, layer thickness and
onset concentration in completely wet polymer blend systems.
The results in this work indicate that the boundary between partial wetting and complete wetting
in ternary polymer blends is somewhat indistinct. For the weak partial wetting LDPE/PEBA/PET
system, a transition from partial wetting to complete wetting is observed at high PEBA
concentration, through a dewetting/coalescence model. The distinction of such a system with a
complete wetting system strongly depends on the spreading coefficient. The present work
indicates that even in completely wet systems, a compositional boundary (at very low PEBA
concentrations) exists to form the completely wet structure and that this boundary is also
determined by the magnitude of the positive spreading coefficient.

5.5 Conclusion
In this work it is shown that an ionic conductive polymeric component (PEBA) can be assembled
at a continuous interface to form both weak partially wet (LDPE/PEBA/PET) and completely wet
(LDPE/PEBA/PVDF) systems by melt blending. A novel morphological transition from partial
wetting to complete wetting is demonstrated to be possible in the weak partial wetting
LDPE/PEBA/PET, which is attributed to the dominant effect of coalescence over dewetting with
increasing PEBA composition. It was shown that a minimum PEBA concentration is also
required to form a fully wet interface in the complete wetting system of LDPE/PEBA/PVDF.
Both of the ternary systems present a significant surface resistivity reduction as compared to the
binary blends at the same PEBA composition due to the self-assembling of PEBA at the
continuous interface. In particular, the completely wet LDPE/PEBA/PVDF blend demonstrates
very effective percolation at low PEBA concentrations and a reduction of almost 3 orders of
magnification in surface resistivity can be achieved with only 2% PEBA.
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5.8 Supporting Information
5.8.1 Interface coverage
The interface coverage by PEBA at the LDPE/PET interface in LDPE/PEBA/PET is estimated by
the following equation:
𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒 (%) =

𝐴1
× 100
𝐴0

where A0 is the area circled by the red line (area of LDPE/PET interface) and A1 is the total area
occupied by PEBA within the circled region (Fig. 5.12). Fig. 5.13 shows the evolution of the
interface coverage as a function of PEBA composition in the LDPE/PEBA/PET blends. A0 and
A1 were obtained by using a digitizing table from Wacom and SigmaScan v.5 software. In this
method, the interface coverage in real three-dimensional space is approximated by its projection
on the two-dimensional SEM image.

Interface coverage (%)
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5.8.2 Volume resistivity of the blends

Figure 5.14: Volume resistivity of the blends.
Note that the initial lower volume resistivity for the LDPE/PEBA/PVDF system at 0% PEBA is
due to the significant low volume resistivity of neat PVDF (1013 Ω∙cm) as compared to other host
polymers (1016 –1017 Ω∙cm) (see Table 5.1 in the manuscript).
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5.8.3 In-situ measurement of the Neumann angle for LDPE/PEBA/PET
The blend of LDPE/PEBA/PET (50/3/47) processed in Brabender internal mixer was subjected to
annealing at 260°C for 10 min. The sample was cryo-microtomed and stained by phosphotungstic
acid. The SEM images were then taken after gold coating. In order to determine the Neumann
angle θ, the LDPE/PEBA and PET/PEBA interfaces were first fitted by complete circles (Fig.
5.15)

1-2

. The symmetrical axis of the two circles is defined by their centers (O1 and O2). The

two centers are joined to the line of 3-phase contact respectively by the segments PO1 and PO2.
The sum of the formed angles α and β mathematically equals the Neumann angle θ (defined by
the tangent lines at P of the two circles) as shown in Fig. 5.15. The Neumann angle was then
averaged based on 7 measurements: θ = 86° ± 8° = 1.5 ± 0.1 (in radians). The result corresponds
very well with that obtained by Eqn. (1) from the interfacial tension values in the manuscript.

Figure 5.15: Geometrical parameters of the LDPE/PEBA/PET (50/3/47) blend for determining
the Neumann angle θ.
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6.1 Abstract
There is an advantage, when preparing conductive systems, to use less expensive commodity
polymer phases as carriers of the conductive polymer. However, when the conductive polymer is
blended with polyolefins and/or polystyrene as a ternary blend, it has a tendency to form the core
or inside phase due to its high interfacial tension with the other components. This can limit its
capacity to reduce resistivity as compared to situating it at the interface. In this work starting with
a ternary low-density polyethylene/polystyrene/poly(ether-block-amide) (LDPE/PS/PEBA)
blend, we will examine the influence of the conductive PEBA concentration on its morphology
when it exists as a core phase and its effect on resistivity. Then, the hierarchical structuring of the
PEBA phase will be modified through two strategies: by the addition of a fourth phase
(quaternary blend) and by the addition of a copolymer interfacial modifier. Each of these
approaches will be shown to be capable of allowing the PEBA to form a percolated structure
confined between two other continuous phases within systems of high commodity polymer
content (70–90%). Meanwhile, the PEBA percolation threshold is dramatically decreased in these
systems and significant reductions on surface resistivity (as high as 4 orders of magnitude) are
obtained at low PEBA compositions
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Key words: localization, multiphase, hierarchical structures, assembly, multiple percolation,
surface resistivity, antistatic, morphology control, polymer blends, commodity polymer.

6.2 Introduction
The world plastic market is dominated by the few commodity polymers with annual production
of hundreds of millions of tons, including polyolefins, PS and polyvinylchloride (PVC).
However, there is an increasing demand for commodity plastics with new functional properties
(e.g., improved heat resistance, high mechanical strength, electrical properties) which are
typically exhibited by expensive engineering polymers or non-polymeric materials 1. Multiphase
polymer blending, in particular, has been an approach of great interest to expand the applications
for polymers by combining the properties of the different components 1-6.
The control of the morphology in multi-phase polymer systems is a key parameter to tailor the
final properties of the product 3, 6-10. In a ternary system consisting of two major phases A and B,
and a minor phase C, the four possible morphological states are schematically shown in Fig. 6.1,
which can be predicted by Harkins’ spreading theory

11-13

. The theory defines three spreading

coefficients based on interfacial tension. If one spreading coefficient is positive, complete wetting
(two phase contact) is expected where C tends to be exclusively located within either A or B, or
forms a layer fully separating the A/B interface (Fig. 6.1a–c). In the case of three negative
spreading coefficients, phase C will preferentially arrange into droplets and partially wet (three
phase contact) the A/B interface (Fig. 6.1d). Other factors such as composition, viscoelasticity
and annealing have also been reported to have an effect on the final morphologies 10, 14-16.
Despite the wide interest and potential practical outcomes related to the morphology control of
multiphase

polymer blend systems, few studies have been published on the hierarchical

structuring of phases in ternary or quaternary systems (i.e., controlling the phase location from
within one phase to the interface; or conversion of the system from partial wetting to complete
wetting). One possible approach to achieve that is to add a new component, either as a separate
phase

or

an

interfacial

modifier.

Studies

on

completely wet

PE/PS/PMMA

and

PE/PS/PMMA/PVDF systems indicate that the PMMA core in the former can be transformed to
layer structures at the interface of PS and PVDF, provided that the spreading coefficients of each
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three-component system in the quaternary blend (4 sets in total) meet the complete wetting
requirement in Harkins’ theory

5, 17

. Interfacial modification was also shown to be another

alternative to manipulate the type of the morphology by tailoring the interfacial tensions between
the components. Horiuchi and coworkers reported that by adding maleated PS (PS–MA) to the
ternary blend of PA/PS/polycarbonate (PC), the previously partial engulfing of PC by PS
changed to a full encapsulation, indicating the morphology evolved from partial wetting to
complete wetting

18

. Virgilio et al. showed that in a partially wet PE/PS/(polypropylene) PP

ternary system, the minor PS phase formed droplets at the PE/PP interface or within PP

19

. After

adding 1% (based on the volume of PS) of styrene-(ethylene-butylene) diblock copolymer (SEB),
the PS droplets were found to be exclusively located at the HDPE/PP interface. Increasing the
amount of SEB to 15%, the PS droplets were further pulled mostly to the PE phase. The
morphology evolution was attributed to the reduction on the interfacial tension between PE and
PS with the introduction of SEB.

Figure 6.1: Possible morphologies in ternary blends of A/B/C predicted by Harkins’ spreading
theory (C is the minor phase).
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The conductivity of a polymer blend is mostly determined by the morphology of the conductive
phase as it is directly related to the development of the conductive pathways in the system. The
percolation threshold in a heterophase system can be significantly reduced by increasing the
number of phases to form multiple percolation structures (percolated structures within another
percolated structure) 3, 5, 20. For example, Zilberman et al. compared the conductivity between the
ternary blends of polystyrene/polyamide/polyaniline (PS/PA/PANI) and the corresponding binary
blends of PS/PANI and PA/PANI 3. With 10% of PANI, the ternary blend shows a significantly
higher conductivity due to the preferential localization of PANI within the PA phase. Ravati and
Favis prepared multi-percolated systems comprised of up to five components with PANI always
located in the core 5. The percolation threshold was reduced to below 5% in the multiphase
polymer blends. And with 5% of PANI, the conductivity was found to be significantly increased
from 10-11 to about 10-6 S/cm as the number of components increases.
On the other hand, studies on conductive composite systems have indicated that the percolation
threshold can be dramatically reduced by confining the conductive component at a continuous
interface as compared to within one of the phases

2, 5, 21-22

. In the former case, the conductive

particles have much more chance to collide in a confined space, which results in the formation of
conductive pathways at low compositions.
PEBA is a class of block copolymers comprised of alternating polyamide (PA) and polyether
blocks

23

. When polyethylene oxide (PEO) is presented as the polyether block, an ionically

conductive property is imparted to the copolymer
for antistatic applications

9, 27-28

24-26

. These polymers are of primary interests

. In a previous study, we demonstrated a reduction of almost 3

orders of magnification on surface resistivity with only 2% PEBA in the systems where PEBA is
inherently assembled at the interface 10.
To date, few studies have been published on controlling the hierarchical structuring of a
polymeric conductive phase in multiphase polymer blend systems and the influence of such a
manipulation on conductivity/resistivity. In this study, we aim at controlling the localization of
conductive PEBA in hierarchically structured and multi-percolated ternary and quaternary blends
to significantly reduce the electrical percolation threshold for PEBA while maintaining a high
content of LDPE and PS (70–90%). The LDPE/PS/PEBA blends will be first studied where
PEBA is exclusively confined as the core phase within the PS. Then the addition of a fourth
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polymeric component and also the influence of interfacial modification to localize PEBA at a
continuous interface and its influence on surface resistivity will be examined.

6.3 Experimental
6.3.1 Materials
The PEBA copolymer is composed of alternating PEO and PA12 blocks. The weight percentage
of the PA12 and PEO is 45% and 55% respectively with about 10–20 blocks of each component
in the copolymer.29 The ethylene–acrylic ester–maleic anhydride (EAM) is a random terpolymer
containing 6 wt% acrylic ester and 3.1 wt% maleic anhydride. Table 6.1 lists the main
characteristics of the materials used in this study.. The other chemicals were supplied by SigmaAldrich. A vacuum oven was used to dry the polymers at 60°C (PET at 90°C) for 24 h before
processing.
*
Table 6.1: Characteristics
the materials of
used
Table 1of
Characteristics
the materials used*

Density at

Tm/Tg b

Surface resistivity

Polymer

Manufacturer

PEBA

Arkema

1.08

Tm = 158°C, 9.8°C

6.0E+10

PS

Americas Styrenics

1.04

Tg = 99°C

9.1E+15

LDPE

Total

0.92

Tm = 111°C

7.1E+15

PET

DAK Americas

1.35

Tm = 243°C

4.5E+16

PVDF

Arkema

1.75

Tm = 171°C

1.8E+15

EAM

Arkema

0.95

Tm = 107°C

1.8E+16

25°C (g/cm3) a

(Ω/sq) c

*

PET: polyethylene terephthalate; PVDF: polyvinylidene fluoride
Determined by pressure-volume-temperature measurements; b. measured by differential scanning calorimetry (DSC)
at 10°C/min; c. measured as described in Section 2.6.
a.

6.3.2 Interfacial tension measurement
The interfacial tensions were determined by the breaking thread method on an Optiphot-2
microscope with a hot stage accessory. Threads were drawn from the melt with uniform
diameters ranging from 20 to 40 µm. The threads were sandwiched within the counterpart
polymer films prepared by compression mounding, and then the system was placed on the hot
stage. The temperature was first increased slowly at 5°C/min to reduce the residual stress until

111
the films were melted and then was further increased to the designated temperature (the same as
the processing temperature) at 20°C/min. The camera connected to the microscope recorded the
development of capillary instabilities and images were analyzed by SigmaScan v.5 software for
interfacial tension calculation using the following formula:
γ=

𝑞𝜂𝑚 𝐷0
Ω𝑚

where γ is the interfacial tension, q is the growth rate of the distortion, ηm is the viscosity of the
matrix, D0 is the initial thread diameter, and Ωm is a tabulated function. The system was purged
by N2 flow during the test. The final interfacial tension is averaged based on 3–5 repeats of
systems with well-developed capillary instabilities. More information concerning this method can
be found elsewhere.30-31

6.3.3 Melt blending
The blends were processed in a Brabender batch mixer (Plasti-Corder DDR501) for 9 min under
a N2 atmosphere. Roller blades were used and the mixing speed was set at 50 RPM. The
processing temperature of the mixing chamber was set at 255°C for the blends with PET and at
200°C for the other samples. After a stabilization phase was achieved, the real temperature of the
polymer melt was 253 ± 1°C and 200 ± 1°C respectively. With a fill factor of 0.7, 21 mL of
material was added to the mixer for each blend. The materials of each blend were added to the
mixer simultaneously except for the EAM modified LDPE/PS/PEBA system. In that case, 20%
EAM (2% based on the final LDPE/PS/PEBA blend) was first mixed with PEBA at 200°C for 5
min. The mixture was then collected and blended with LDPE and PS using the above-mentioned
procedure. After mixing, the samples were immediately taken from the blades and quenched in
ice water to freeze-in the morphology. The continuity and morphology tests were then performed
on these samples.

6.3.4 Morphology characterization and image analysis
The blends were cryogenically microtomed or fractured for morphology analysis. The
microtoming was carried out on a Leica RM2165 microtome equipped with an LN21 cooling
system. In order to increase the contrast between different phases, the PEBA phase was either
extracted by formic acid (50°C), or stained with 2 wt% phosphotungstic acid for 30 min followed
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by a distilled water surface wash.32-33 A Polaron SC502 sputter coater was employed to coat the
samples with a gold layer. . The thickness of the gold layer was controlled to be about 10 nm and
1 nm for the extracted and stained samples respectively by using a different coating current and
time. The morphology was then characterized using a JEOL JSM 840 scanning electron
microscope (SEM) with a voltage at 2–5 kV under the SB mode.
The SEM images were analyzed by a digitizing table from Wacom and SigmaScan v.5 software.
The proportion of PEBA located within PS or at the LDPE/PS interface in the LDPE/PS/PEBA
systems (unmodified or modified respectively) was obtained based on the calculation of the area
fraction it occupied on the SEM images. The coverage of the PS/PET interface by PEBA in
LDPE/PS/PEBA/PET is approximated by its projection on the two-dimensional SEM image as
explained elsewhere.10

6.3.5 Selective extraction and continuity
The blend samples were cut into cubes of 5 × 5 × 5 mm for selective extraction. Formic acid
(50°C) was used to selectively dissolve PEBA and LDPE (and PS in some cases) was removed
by boiling cyclohexane. In these two cases, the solvent was refreshed until a constant weight was
obtained after drying. A Soxhlet apparatus was used to selectively extract PS with cyclohexane
and PET+PEBA with hexafluoro-2-propanol (temperature of the solvent in the extraction
chamber is 40–50°C in both cases) for one week. The continuity (%) of the target phase is
determined using the following formula:
Continuity (%) =

𝑚𝑖 − 𝑚𝑓
𝑚0

× 100%

where 𝑚𝑖 and 𝑚𝑓 is the initial sample weight and the sample weight after the extraction
respectively; 𝑚0 is the weight of the target phase contained in the sample which is calculated
based on the formulation.

6.3.6 Surface resistivity: preparation and measurement
The antistatic properties of the blends were evaluated by examining the surface resistivity. The
blends were collected immediately after processing and put into a preheated copper mold with a
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dimension of 64 mm × 64 mm × 1mm. Sheet samples were then prepared by compression
moulding on a hot press. The press temperature was set to be 260°C for the LDPE/PS/PEBA/PET
blends, 195°C for LDPE/PS/PEBA/PVDF, and 180°C for the other blends. In order to preserve
the morphology, the pressure applied on the mold was gradually increased to 150–200 psi within
a period of about 1 min. For the annealing of the LDPE/PS/PEBA blends modified with EAM,
the pressure was released while maintaining the contact between the mold and the press, and the
temperature was kept at 200°C for different periods of time. The pressed sample was then quickly
cooled down to ambient temperature on a cold press. The sheet samples were conditioned with 50%
RH at 21 ± 1 °C for 15 days to achieve a constant moisture content. The surface resistivity was
measured as per the ASTM D257 Standard on a Keithley electrometer (Model 6517B) equipped
with the 8009 Resistivity Test Fixture. A DC voltage of 40 V and a bias time of 60 s were applied.

6.4 Results and Discussion
6.4.1 Morphology of LDPE/PS/PEBA ternary blends
The LDPE/PS/PEBA blend with a volume fraction of 75/20/5 was prepared and the morphology
was examined by SEM (Fig. 6.2). Based on the volume ratio, the three phases can be identified:
the small holes result from the extraction of PEBA; the remaining dispersed phase is PS since it
occupies 20% of the volume fraction in the blend; and finally the matrix is LDPE. Clearly, PEBA
is located within the PS phase as the core in this system.

LDPE

PS

5 µm

Figure 6.2: Morphology of LDPE/PS/PEBA with a volume fraction of 75/20/5 (PEBA extracted).
In order to develop percolated PEBA structures confined in a continuous PS phase, an LDPE/PS
binary blend with volume fraction of 50/50 was firstly prepared to ensure a co-continuity for
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LDPE and PS. Then the composition of LDPE is fixed at 50% and the composition of PS is
gradually decreased while increasing the content of the third component PEBA (denoted as
LDPE/PS/PEBA 50/X/Y). The continuity of PS in LDPE/PS (50/50) and LDPE/PS/PEBA
(50/25/25) was determined to be 101% and 96% respectively. Thus, it can be inferred that the
morphology of PEBA will develop within a continuous PS phase in the ternary LDPE/PS/PEBA
blends with up to 25% PEBA, and a lower PEBA percolation threshold would be expected as
compared to that in the binary blend due to the multiple percolation phenomenon

20

. The

morphology evolution of the blends is reported in Fig. 6.3. As can be seen, virtually all the PEBA
phase (>95%) is located in the PS phase and as the concentration of PEBA increases, the phase
size becomes larger and more connected. Elongated PEBA domains start to appear with only
10% PEBA and a fully continuous morphology of PEBA was obtained at the volume fraction of
50/30/20 for the ternary blend with a PEBA continuity of 98%.

Figure 6.3: Morphology evolution in LDPE/PS/PEBA (50/X/Y) as the volume fraction of PEBA
increases. Scale bar: 10 µm.
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The interfacial tensions and the calculated spreading coefficients for LDPE/PS/PEBA are listed
in Table 6.2. According to Harkins’ spreading theory, a complete wetting morphology is
predicted and PS tends to fully encapsulate PEBA, which agrees well with the morphology
observation (Fig. 6.3).
Table 6.2: Interfacial tension and spreading coefficient for LDPE/PS/PEBA (200°C)
Interfacial tension

Spreading coefficient

(mN/m)

(mN/m)

PE/PS = 4.9 ± 0.6 a
PE/PEBA = 8.0 ± 1.4

λPE/PS/PEBA = 1.5
b

PS/PEBA = 1.6 ± 0.2 b

λPS/PE/PEBA = –11.3
λPE/PEBA/PS = –4.7

a: from Ref. 19.
b: from Ref. 34.

6.4.2 Structuring PEBA at the continuous interface in quaternary blends
In order to move the conductive PEBA to a continuous interface, a fourth phase is introduced to
the LDPE/PS/PEBA system with the intent that that fourth phase forms continuous structures and
is encapsulated by PEBA in the new quaternary blends. In order to achieve this, the multipercolated features and hierarchical arrangement of LDPE, PS and PEBA should be preserved.
All this requires a comprehensive examination on the interfacial tension and spreading
coefficients of the system.
3.2.1 Spreading coefficients and morphology
PET and PVDF were selected and added to LDPE/PS/PEBA as the fourth component
respectively based on their interfacial tensions with other polymers. Kolahchi et al. reported an
interfacial tension of 4.2 mN/m for PS and PET. Combined with the other interfacial tensions
determined in this study (Table 6.3) and according to Harkins’ spreading theory, the PEBA phase
is predicted to be situated between PS and PET where it would form a layer and fully separate PS
and PET (λPS/PEBA/PET = 0.1 mN/m). In the case of PVDF, a completely wet morphology with
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PEBA being the intermediate phase between PS and PVDF is also predicted with a higher
spreading coefficient λPS/PEBA/PET = 0.5 mN/m. Previous work suggested that a high spreading
coefficient facilitates the spreading of the intermediate phase at the interface in classic liquid
systems (and systems of a liquid on the surface of a solid or another liquid)

11, 35

. However, this

has rarely been studied in polymer blend systems.
Table 6.3: Interfacial tensions and spreading coefficients in LDPE/PS/PEBA/PET (250°C) and
LDPE/PS/PEBA/PVDF (200°C)*

Polymer pairs

Interfacial tension γ
(mN/m)

Polymer pairs

Interfacial tension γ
(mN/m)

PS/PET

3.9 ± 0.6 (250°C)

PE/PEBA

7.8 (250°C)

PEBA/PS

2.3 ± 0.2 (250°C)

PE/PVDF

11.9 b (200°C)

PEBA/PET

1.8 ± 0.2 (250°C)

PS/PVDF

4.7 b (200°C)

PE/PS

4.0 a (250°C)

PEBA/PVDF

2.7 ± 0.3 (200°C)

PE/PET

8.1 ± 0.9 (250°C)
Spreading coefficients

LDPE/PS/PEBA/PET (250°C)

LDPE/PS/PEBA/PVDF (200°C)

LDPE/PS/PEBA

LDPE/PS/PET

LDPE/PS/PEBA

LDPE/PS/PVDF

λPE/PS/PEBA = 1.5

λPE/PS/PET = 0.2

λPE/PS/PEBA = 1.5

λPE/PS/PVDF = 2.3

λPS/PE/PEBA = –9.5

λPS/PE/PEBA = –8.2

λPS/PE/PEBA = –11.3

λPS/PE/PVDF = –12.1

λPE/PEBA/PS = –6.1

λPE/PEBA/PS = –8.1

λPE/PEBA/PS = –4.7

λPE/PVDF/PS = –11.7

LDPE/PEBA/PET

PS/PEBA/PET

LDPE/PEBA/PVDF

PS/PEBA/PVDF

λPE/PEBA/PET = –1.5

λPS/PEBA/PET = –0.2

λPE/PEBA/PVDF = 1.5

λPS/PEBA/PVDF = 0.4

λPEBA/PE/PET = –14.1

λPEBA/PS/PET = –4.4

λPEBA/PE/PVDF = –17.2

λPEBA/PS/PVDF = –3.6

λPE/PET/PEBA = –2.1

λPS/PET/PEBA = –3.4

λPE/PEVDF/PEBA = –6.6

λPS//PVDF/PEBA = –6.1

*

Some of the interfacial tensions used to calculate the spreading coefficients are presented in Table 2.

a

Extrapolated based on Ref. 36; b Obtained from Ref.

37

.

Preliminary studies showed that the phase morphology and resistivity are both optimized when
the composition of PS and PET are balanced (i.e., with a formulation of LDPE/PS/PEBA/PET
50/X/Y/X; see Supporting Information). The quaternary blends were thus prepared according to
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this formulation rule with different concentrations of PEBA, which gives a combined content of
LDPE and PS of over 70%.
It should be mentioned that the continuity of PS in either LDPE/PS/PEBA/PET (or
LDPE/PS/PEBA/PVDF) blends examined in this study is over 98% as determined by the
selective extraction of PS. The high levels of continuity for LDPE and PET (or PVDF) are also
confirmed since their structures are self-supporting after extraction of the other phases. Thus, the
morphology development for PS is expected to be confined at the continuous interface in the
quaternary blends.
As shown in Figs. 6.4a and b (blends with 10% and 5% PEBA after microtoming), the quaternary
system of LDPE/PS/PEBA/PET possesses multi-percolated structures which are hierarchically
arranged in the order of LDPE/PS/PEBA/PET from outside to core. The PEBA phase is
assembled at the interface of PS/PET and the completely wet layer of PEBA is clearly observed
in the blend with 10% PEBA (Fig. 6.4a). However, at lower concentrations (e.g., 5% PEBA), the
PEBA layer appears to be incomplete and some discontinuous regions are observed as indicated
by the circles (Fig. 6.4b). In order to have a more comprehensive view of the morphology of
PEBA, the cryo-fractured sample of 5% PEBA was characterized and is presented in Fig. 6.4c.
The PEBA layer at the PS/PEBA interface in that case is not intact and many ruptures can be
observed. The interface coverage is estimated to be approximately 75% for 5% PEBA. This value
further decreases to about 50% with the sample containing 3% PEBA (Fig. 6.4d). Nevertheless,
continuous PEBA structures appear to be well developed in these blends with very low PEBA
compositions owing to the localization of PEBA at the interface in the LDPE/PS/PEBA/PET
quaternary blend.
Interestingly, the morphology evolution of PEBA at the PS/PET interface shows a similar
transition behaviour from partial wetting to complete wetting as observed in previous work on the
LDPE/PEBA/PET system, which can be explained by the competition between dewetting and
coalescence of the PEBA phase with increasing PEBA composition

10

. Thus, the interfacial

tension between PS and PET was further determined with the same polymers used in this study
and a value of 3.9 mN/m is obtained. The result is close to the value from literature we used
previously, but it results in a negative λPS/PEBA/PET (= – 0.2 mN/m). Therefore, a weak partial
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wetting morphology is predicted (λPS/PEBA/PET is close to 0) which corresponds with the
morphology observation.

Figure 6.4: Morphology of the quaternary blends of LDPE/PS/PEBA/PET at different
compositions (the white phase is PEBA stained by phosphotungstic acid). Cryo-microtomed
samples: (a) 50/20/10/20 and (b) 50/22.5/5/22.5; cryo-fractured samples: (c) 50/22.5/5/22.5 and
(d) 50/23.5/3/23.5.
The morphology of the cyro-microtomed LDPE/PS/PEBA/PVDF (50/20/10/20) quaternary blend
is shown in Fig. 6.5a. The hierarchical ordering of LDPE/PS/PEBA/PET from outside to core is
observed and PEBA forms intact layer structures situated at the PS/PVDF interface. Figs. 6.5b, c
and d present the PEBA morphologies of cryo-fractured samples at low PEBA concentrations.
Different from the previous quaternary system, the integrity of the PEBA layer appears to be
maintained down to 3%, respecting the complete wetting prediction that PEBA fully separates PS
and PVDF. We have demonstrated previously that a minimum concentration is also required to
form a completely wet interface even in the complete wetting system

10

. However, at 3%, we

approach the limit of the staining/SEM technique used to identify the PEBA phase. Thus, this
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critical concentration may be more rigorously inferred from the resistivity results discussed
below.

Figure 6.5: Morphology of the LDPE/PS/PEBA/PET quaternary blends at different compositions
(the white phase is PEBA stained by phosphotungstic acid). Cryo-microtomed samples: (a)
50/20/10/20; cryo-fractured samples: (b) 50/20/10/20; (c) 50/22.5/5/22.5 and (d) 50/23.5/3/23.5.
In ternary blends, the complete/partial wetting morphology can be directly predicted by Harkins
spreading theory (Fig. 6.1). However, in quaternary blends, it becomes more complicated since
there are four sets of spreading coefficients corresponding to the four combinations of threecomponent systems out of the quaternary system (Table 4). Virgilio and Favis showed that the
morphology and phase arrangement in a PE/PP/PS/PMMA quaternary system respect the
tendency defined by all the four sets of ternary spreading coefficients 38. Two three-phase contact
lines formed in that quaternary blend due to the two partial wetting systems of PE/PP/PS and
PP/PS/PMMA. The full compliance of all spreading coefficients is also demonstrated in
LDPE/PS/PEBA/PVDF of the current study where the phase order is consistent with each
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selected three-component system and only two-phase contact is observed at each interface.
However, in LDPE/PS/PEBA/PET, an inherent conflict appears to exist if all the spreading
coefficients need to be fulfilled. Partial wetting is predicted for LDPE/PEBA/PET, pointing to the
existence of three phase contact lines (LDPE and PEBA should have contact on these lines), but
the completely wet PS layer between LDPE and PEBA would exclude this scenario. This is
confirmed in the morphology observation of Figs. 6.4a and b. The results imply that the
morphology in quaternary blends is primarily determined by two of the four sets of spreading
coefficients. For example, in the current LDPE/PS/PEBA/PET system, the morphology should
mainly depend on the wettability of PS at the LDPE/PEBA interface and the wettability of PEBA
at the PS/PET interface. These two tendencies can be fully predicted by the two sets of spreading
coefficients related to the ternary systems of LDPE/PS/PEBA and PS/PEBA/PET. When there is
a conflict, these two sets of spreading coefficients appear to dominate over the other two
(LDPE/PS/PET and LDPE/PEBA/PET) as shown above. In other words, the morphology in a
quaternary system does not necessarily respect all the four sets of spreading coefficients. In this
context, Hobbs et al. showed that although both polycarbonate (PC) and poly(styrene-coacrylonitrile) (SAN) are expected to completely segregate the PS from polybutylene terephthalate
(PBT) due to the positive spreading coefficients (in the two ternary systems of PBT/PC/PS and
PBT/SAN/PS respectively), in the PBT/PC/SAN/PS quaternary blend, neither PC nor SAN was
found to fully engulf the PS phase 13. Instead, PC and SAN form alternating domains surrounding
PS within the PBT matrix. This could also be due to the dominating influence of partially wet
PBT/PC/SAN and PC/SAN/PS over the completely wet PBT/PC/PS and PBT/SAN/PS.

6.4.3 Surface resistivity: ternary and quaternary blends
Fig. 6.6 reports the surface resistivity results of the LDPE/PS/PEBA ternary blends and the
quaternary blends of LDPE/PS/PEBA/PET and LDPE/PS/PEBA/PVDF. The surface resistivities
of the binary LDPE/PEBA blends and pure PEBA are also shown in the figure for comparison
purposes. The resistivity in LDPE/PS/PEBA, where PEBA is the core phase, starts to decrease at
10% PEBA, followed by a significant reduction at 15%. The tendency is consistent with the
morphology observation presented in Fig. 6.3. By confining PEBA within the PS phase in the
ternary blend, lower surface resistivities, as compared to LDPE/PEBA, are obtained after the
PEBA composition exceeds 10% indicating a lower percolation threshold. Fig. 6.6 also shows
that a dramatic influence on percolation is observed when PEBA is localized at the continuous
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interface in the two quaternary systems. With only 3% PEBA in LDPE/PS/PEBA/PET, the
surface resistivity is reduced by two orders of magnitude from 1.5×1016 to 1.7×1014 Ω/sq. The
reduction is not unexpected considering the connected structures developed at 3% PEBA (Fig.
6.4d). The resistivity further decreases to 3.6×1012 Ω/sq and starts to plateau afterwards as the
PEBA composition is increased to 10% which points to the region of PEBA complete layer
formation (Fig. 6.4). In the case of LDPE/PS/PEBA/PVDF where PEBA completely wets the
PS/PVDF interface, a steep reduction of surface resistivity from 3.8×1015 to 1.8×1013 and
1.7×1012 is obtained with only 1% and 3% PEBA respectively, followed by a more gradual drop
with a further increase in the PEBA composition (>3%). It also indicates that complete PEBA
layers are developed at the PS/PVDF interface with about 3% PEBA 10.
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Figure 6.6: Surface resistivity of the binary, ternary blends and quaternary blends with PEBA.
The horizontal dashed line shows the surface resistivity of pure PEBA.
By controlling the hierarchical structuring of PEBA in the blends, the percolation threshold is
significantly reduced from the binary blend (PEBA is homogeneously distributed in the matrix)
to the ternary blends of LDPE/PS/PEBA (PEBA is confined as the core phase within PS) to the
quaternary blends of LDPE/PS/PEBA/PET and LDPE/PS/PEBA/PVDF (where PEBA forms
connected structures/layers at the interface). The morphology evolution of these blends is
schematically shown in Fig. 6.7. Confining PEBA at the interface in the quaternary blends results
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in a 2–4 orders of magnitude decrease of surface resistivity as compared to that in the other
blends, with the highest reduction achieved in the completely wet LDPE/PS/PEBA/PVDF
system. For antistatic applications, the surface resistivity of the material needs to be reduced to
below 1013 Ω/sq 39. To meet this requirement, 20% PEBA is needed when it is directly blended
with LDPE (binary blends) and about 15% for the ternary LDPE/PS/PEBA system. In the two
quaternary blends (LDPE + PS > 70%), the amount of PEBA usage can be significantly reduced
to 5% in the LDPE/PS/PEBA/PET system and as low as only about 1% in
LDPE/PS/PEBA/PVDF.

LDPE/PS/PEBA

LDPE/PS/PEBA/PET

LDPE/PS/PEBA/PVDF

Increasing PEBA composition

LDPE/PEBA

Surface resistivity decreasing

Figure 6.7: Schmatics of morphology and surface resistivity evolution in LDPE/PEBA,
LDPE/PS/PEBA, LDPE/PS/PEBA/PET and LDPE/PS/PEBA/PVDF.
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The surface resistivity of the LDPE/PS/PEBA/PET quaternary system is also lower than that of
the previously reported LDPE/PEBA/PET ternary system at low PEBA concentrations (<10%) 10.
For example, with 3% of PEBA, the surface resistivity in the quaternary blend is 1.7×10 14 Ω/sq
while a value of 3.4×1015 Ω/sq is obtained for the ternary blend. The results are probably due to
the higher levels of percolation in the quaternary blends and a higher spreading coefficient of
λPS/PEBA/PET than λPE/PEBA/PET (–0.2 vs. –1.5 mN/m), which facilitates the formation of the
conductive pathways of PEBA at the interface for the quaternary system. In the case of
LDPE/PS/PEBA/PVDF, the obtained surface resistivity is comparable to that of the ternary
LDPE/PEBA/PVDF blend (from previous work) despite the lower value of λPS/PEBA/PVDF as
compared to λPE/PEBA/PVDF (0.4 vs. 1.2 mN/m)

10

. One possible explanation is the percolation

threshold can be reduced by increasing the number of components in the multiphase system

5, 20

.

The results indicate that the differences in spreading coefficient values may be compensated by
increasing the number of phases and the subsequent higher levels of percolation.

6.4.4 Structuring PEBA at the continuous interface of a ternary blend by
interfacial modification
In order to draw the PEBA phase out of the core phase and to the interface in LDPE/PS/PEBA, at
even higher contents of LDPE and PS, one possible route is to add an interfacial modifier
(compatibilizer). According to the interfacial tension and spreading coefficient values in Table
6.1, if γPE/PEBA is reduced to below 3.3 mN/m, a positive λPE/PEBA/PS may be obtained. A complete
wetting morphology will thus be predicted, and PEBA will tend to spread at the interface of
LDPE and PS. A random terpolymer of ethylene, acrylic ester and maleic anhydride (EAM) was
used as the interfacial modifier for LDPE and PEBA. Figs. 6.8a and c present the morphology of
LDPE/PS/PEBA (50/40/10) before and after modification with 2% EAM. Although more PEBA
domains appear to be at the interface of LDPE and PS after interfacial modification (10% vs.
5%), they do not form the expected layer structures of PEBA. Rather, the morphological features
of PEBA in those two cases are actually very similar. Annealing was further applied to show the
thermodynamically stable morphology. After only 10 min annealing, the amount of PEBA
located at the interface is increased from about 10% to 69% (Fig. 6.8d). And with 30 min
annealing, almost 90% of PEBA self-assembles at the interface, arranging into closed-packed
droplets and demonstrating a partial wetting morphology (Fig. 6.8e). For comparison, the blend
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of LDPE/PS/PEBA without EAM was also annealed at 200°C for 30 min and Fig. 6.8b clearly
shows that virtually all the PEBA remains within the PS phase after annealing.
The interfacial tensions in the EAM modified LDPE/PS/PEBA system were further estimated.
PEBA was first premixed with EAM in the Brabender internal mixer at 200°C for 5 min, and was
then used for interfacial determination by the breaking thread method. With the addition of EAM,
the interfacial tension between PE and PEBA is reduced from 8.0 to 3.1 mN/m, probably due to
the reaction between the maleic anhydride group in EAM and the amide group in PEBA which
results in an EAM-PEBA copolymer

40-41

. At the same time, the interfacial tension between PS

and PEBA is increased to 2.0 mN/m with the presence of EAM while the interfacial tension
between LDPE and PS is assumed to remain unchanged. According to Harkins’ spreading theory,
a partial wetting morphology is predicted (three negative spreading coefficients) which
corresponds to the observed morphology after annealing (Table 6.4 and Figs. 6.8d and e). Note
that the possible reaction between PEBA and EAM should be mostly completed during the
premixing step. A time sweep for the PEBA/EAM sample (with a volume ratio of 100/20) after
premixing shows little change in complex viscosity for up to 40 min, indicating no further
reaction proceeds (Data not shown).

Table 6.4: Interfacial tensions and spreading coefficients of the EAM modified LDPE/PS/PEBA
(200°C)

Interfacial tension
(mN/m)

Spreading coefficient
(mN/m)

PE/PS = 4.9 ± 0.6

𝜆𝑃𝑆/𝑃𝐸/𝑃𝐸𝐵𝐴 = −6.0 < 0

PE/PEBA = 3.1 ± 0.8

𝜆𝑃𝐸/𝑃𝑆/𝑃𝐸𝐵𝐴 = −3.8 < 0

PS/PEBA = 2.0 ± 0.3

𝜆𝑃𝐸/𝑃𝐸𝐵𝐴/𝑃𝑆 = −0.2 < 0
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Figure 6.8: Morphology of the ternary LDPE/PS/PEBA (50/40/10) blends (microtomed surface
and PEBA extracted). Without interfacial modification and annealed at 200°C for (a) 0 min and
(b) 30 min. Modified with EAM and annealed at 200°C for (c) 0 min, (d) 10 min and (e) 30 min.
Scale bar: 10 µm.
The surface resistivity of LDPE/PS/PEBA 50/40/10 with and without EAM interfacial modifier
addition was determined as a function of annealing time and the results are reported in Fig. 6.9.
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Little change was observed in the surface resistivity of the blend without EAM after up to 30 min
annealing. This is expected since all the PEBA domains are still within the PS phase and remain
discrete after annealing (Fig. 6.8b). However, after adding EAM, the surface resistivity of the
sample significantly decreases from 5.6×1015 to 1.9×1013 Ω/sq with 30 min annealing, which is
over two orders of magnitude lower than that of LDPE/PS/PEBA without modification. The
results indicate the formation of PEBA conductive pathways at the LDPE/PS interface. To have a
better view of the morphology, PEBA was stained by phosphotungstic acid and the sample was
then examined by SEM. The PEBA phase appears as white after staining and the morphology
features observed (Fig. 6.10a) are in good agreement with those in Fig. 6.8e. By zooming-in on
the boundaries of the droplets, the distance between two adjacent droplets may be estimated. It
should be noted that the microtomed plane likely tends to miss the equators of the droplets,
leading to an overestimation of the closest distance. Virgilio et al. reported in a PE/PP/PS system
compatibilized by a styrene-(ethylene-butylene) (SEB) diblock copolymer that the distance
between two PS droplets at the PE/PP interface could be less than 50 nm 19. In that study, the PS
droplets appear to be separated by a thin film even though they are so close together that some
deformation occurs. However, in the present system, a connection between two PEBA droplets
was observed (Fig. 6.10b,). The cryo-fractured samples were also characterized to show the
PEBA droplets in three-dimensional space (Figs. 6.10c, d and e). The close-packing of PEBA
droplets at the continuous LDPE/PS interface can be seen in Figs. 6.10c and d. Surprisingly,
many PEBA droplets are connected at the interface as shown in the high-magnification images
(Fig. 6.10e). The formation of connected PEBA domains at the LDPE/PS interface explains the
surface resistivity decrease observed in Fig. 6.9 for the compatibilized LDPE/PS/PEBA system
after annealing.
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Figure 6.9: Surface resistivity of LDPE/PS/PEBA 50/40/10 with and without modification by
EAM after annealing at 200°C for different periods of time.

The morphological difference between the PE/PP/PS blend from previous work 19 and the current
LDPE/PS/PEBA system may be explained by the distribution of the compatibilizer and the
spreading coefficients of the two systems. In the former case, the compatibilizer (SEB) should
concentrate at the PE/PS interface

19

as schematically shown in Fig. 6.11a. Thus, the steric

hindrance effect from the compatibilizer can suppress the coalescence between PS droplets since
the frontiers of the two droplets are located at the PE side. In addition, the PE/PP/PS system
demonstrates a strong partial wetting state with the estimated spreading coefficient λPE/PS/PP
between –3.2 and –5.1 mN/m 19, pointing to a strong tendency that PS forms discrete droplets at
the PE/PP interface. In the EAM modified LDPE/PS/PEBA system, EAM modifies the
LDPE/PEBA interface; however, the PEBA droplets are principally observed toward the PS
phase and the coalescence between PEBA domains can likely occur on the PS side. The
coalescence of PEBA will thus not be hindered by EAM since the EAM copolymers tend to
collec
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Figure 6.10: Detailed morphology of LDPE/PS/PEBA (50/40/10) with EAM after 30 min of
annealing at 200°C (the white phase is PEBA which is stained by phosphotungstic acid). (a) and
(b) are cryo-microtomed samples; (c)–(f) are cryo-fractured samples at different magnifications.
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collect at the LDPE/PEBA interface (EAM is dominated by the ethylene component) (Fig.
6.11b). In addition to this effect, this is a weak partial wetting system (λPE/PEBA/PS = –0.2 mN/m)
where the competition between wetting and dewetting for the PEBA domains at the PE/PS
interface is expected

10

. This would also tend to contribute to more PS coalescence and the

observation of non-discrete droplets. Therefore, the spatially selective distribution of the
copolymers and the difference in spreading coefficients are responsible for the morphology
differences observed in the modified PE/PP/PS from the previous study and the modified
LDPE/PS/PEBA systems studied here. The results also imply that in compatibilized partial
wetting systems coalescence between partially wet droplets can occur when the droplets are
mostly located at the unmodified phase side.

Figure 6.11: Schematic comparison of the morphology after annealing between the PE/PP/PS
(modified with SEB) system from previous work (a)

19

and the PE/PS/PEBA (modified with

EAM) system in this study (b).

It is also noted that some very small inclusions typically with a diameter of 100–300 nm are
present in the PEBA droplets (Fig. 6.10b). They are likely to be PS since its interfacial tension
with PEBA should be very low considering the very fine dimension of the domains. These
inclusions may be captured by the PEBA phase during the coalescence between two adjacent
PEBA droplets, which could be evidence for the argument that the collision between the PEBA
droplets at LDPE/PS interface occurs on the PS side. However, it should be pointed out that
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although the coalescence of liquid dispersed droplets within a matrix has been well studied

42-43

,

the mechanism is not well understood when the droplets coalesce at the interface of the other two
phases (i.e., partial wetting system). More work will be needed to clearly address this question.
Another interesting point is the distinction between the morphologies of the EAM modified
LDPE/PS/PEBA system before (most PEBA remains within PS, Fig.6.8c) and after (PEBA
migrates to the interface, Fig. 6.8e) annealing. One possible explanation could be that
LDPE/PS/PEBA is a compatibilized system. During melt mixing, the PEBA domains are readily
deformed and disintegrated, creating new interfaces continuously. If the interfacial modifier does
not have enough time to saturate the fresh interfaces in the dynamic mixing conditions, the
compatibilized system would thermodynamically resemble, to some point, the original system
without the interfacial modifier. This explains the morphological similarity between Fig. 6.8a and
c. During annealing, the interfacial modifier has time to gradually saturate the interface. Thus, the
PEBA droplets migrate to the interface of LDPE/PS progressively in the compatibilized system
(Figs. 6.8d and e), resuming the equilibrium partial wetting morphology as predicted from
Harkins’ theory.
In this system with 90% LDPE and PS, PEBA was successfully localized to the LDPE/PS
interface by using a small amount of EAM as an interfacial modifier. However, complete PEBA
layer structures were not obtained and some annealing was required to complete the localization
process . Future studies will identify a more effective interfacial modifier to generate completely
wet PEBA layers at the interface.

6.5 Conclusion
In this study, we demonstrate two approaches to control the structuring and localization of the
conductive PEBA in hierarchically ordered, multi-percolated ternary and quaternary polymer
blend systems with high commodity polymer contents (volume fraction of LDPE and PS > 70%).
When PET (or PVDF) is added to LDPE/PS/PEBA as the fourth phase, PEBA is moved from
within the PS phase to the continuous interface of PS/PET (or PS/PVDF) in the quaternary blend
of LDPE/PS/PEBA/PET (or LDPE/PS/PEBA/PVDF), which significantly decreases the
percolation threshold for PEBA. The amount of PEBA required to obtain a surface resistivity of
1013

Ω/sq

for

antistatic

applications

is

dramatically

reduced

to

about

5%

for

LDPE/PS/PEBA/PET and only 1% for LDPE/PS/PEBA/PVDF. While only weak partial wetting

131
for PEBA is achieved in the LDPE/PS/PEBA/PET system, the superior performance of the
LDPE/PS/PEBA/PVDF system is attributed to the formation of completely wet PEBA layers. In
the second approach, the addition of a small amount of EAM to LDPE/PS/PEBA (50/40/10),
combined with some annealing, also successfully draws PEBA to the LDPE/PS interface in the
ternary LDPE/PS/PEBA system with an even higher commodity polymer content (LDPE+PS =
90%). A significant reduction in surface resistivity from 5.6×1015 to 1.9×1013 Ω/sq was also
obtained. Further studies will aim at identifying a more effective interfacial modifier to achieve a
completely wet PEBA layer at the LDPE/PS interface without the need for annealing.
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6.8 Supporting Information
6.8.1 Effect of formulation on morphology and surface resistivity
The morphology of the quaternary LDPE/PS/PEBA/PET blends with volume fractions of
50/10/10/30, 50/20/10/20 and 50/30/10/10 are reported in Fig. 6.12. In all the blends, the phases
follow the order of LDPE/PS/PEBA/PET and PEBA is at the interface of PS/PET. Note that Fig.
6.12b presents an image of LDPE/PS/PEBA/PET (50/10/10/30) at a higher magnification to
clearly show the different phases.
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Figure 6.12: Morphology of the quaternary LDPE/PS/PEBA/PET blends with different
formations characterized by SEM (the white phase is PEBA which is stained by phosphotungstic
acid). (a) and (b): LDPE/PS/PEBA/PET (50/10/10/30) at low and high magnifications; (c):
LDPE/PS/PEBA/PET (50/20/10/20); (d) LDPE/PS/PEBA/PET (50/30/10/10).
The image analysis was performed using a digitizing table from Wacom and SigmaScan v.5
software. The composition of PEBA located at the interface of PS/PET after blending was
obtained based on the calculation of the area fraction it occupied on the images (Fig. 6.12); and
the results are reported in Fig. 6.13. The amount of PEBA at the interface in
LDPE/PS/PEBA/PET (50/10/10/30) is much less than in the other two blends (about 70% vs.
90%) and a considerable amount of PEBA is trapped in the PET phase. The surface resistivities
of LDPE/PS/PEBA/PET (50/10/10/30) and LDPE/PS/PEBA/PET (50/20/10/20) are comparable
but significantly lower than that of LDPE/PS/PEBA/PET (50/30/10/10) (Fig. 6.14), probably
because in the latter case the PEBA and PET phases are not well percolated due to the limited
volume fraction. Based on the morphology and surface resistivity results, the quaternary blend
LDPE/PS/PEBA/PET (as well as LDPE/PS/PEBA/PVDF) is formulated with a volume fraction
of 50/X/Y/X.
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Figure 6.13: The proportions of PEBA in
PS, PET and at the interface of PS/PET in
the quaternary LDPE/PS/PEBA/PET blends
(the small amount of PEBA in LDPE is
neglected).

Figure 6.14: Surface resistivity of the
LDPE/PS/PEBA/PET blends with volume
fractions of 50/10/10/30, 50/20/10/20 and
50/30/10/10.
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CHAPTER 7

GENERAL DISCUSSION

In this project, we studied the effect of morphology on resistivity in polymer blends with PEBA,
aiming at achieving desirable surface resistivity with significantly less amount of PEBA. PEBA
is a typical ionically conductive polymer with PEO blocks whose conductivity heavily depends
on the chain mobility. Previous studies showed that the conductivity of ionically conductive
polymers can be changed when blended with a miscible component due to the influence on the
Tg of the conductive polymers. Therefore, we first prepared binary blends of LDPE/PEBA and
PS/PEBA to identify the possible factors affecting the surface resistivity. LDPE and PS have
significantly different interfacial tensions with PEBA (8.0 vs. 1.6 mN/m), and thus distinct
morphology development and phase behaviors are expected in their blends with PEBA. Partial
miscibility between PS and PEBA was confirmed by the shift of Tg for PS in the blends with low
PEBA concentrations (< 20%). When comparing surface resistivity between samples with
different formulations in the same system (either in LDPE/PEBA or in PS/PEBA), a higher
continuity results in lower resistivity. However, although the PS/PEBA blends have higher
continuities as compared to the LDPE/PEBA blends at the same PEBA concentrations (<30%),
the resistivity of LDPE/PEBA is surprisingly lower than that of PS/PEBA. The results indicate
that other factors also have important influence on the resistivity of the blends. We believe the
partial miscibility between PS and PEBA (influence the PEO chain mobility) and/or the unique
frozen capillary instability morphology (constriction effect) are the additional import factor(s) in
our system to affect the surface resistivity. However, in this study we were not able to decouple
these two factors and future work is needed to further examine their influence.
Compared to other factors, the continuity/percolation phenomenon is much easier to control, and
therefore we then focus on obtaining systems with low percolation threshold for PEBA. Studies
on localization of conductive fillers in polymer composite systems show that the electrical
percolation threshold can be dramatically reduced if the filler is confined at the polymer interface.
Thus we selected two systems LDPE/PEBA/PET (partial wetting) and LDPE/PEBA/PVDF
(complete wetting) where PEBA is assembled at the interface of LDPE/PET and LDPE/PVDF
respectively after blending. It was surprising that, although not as effective as the completely wet
LDPE/PEBA/PVDF system, the partially wet LDPE/PEBA/PET system also demonstrates a
significant reduction on percolation threshold for PEBA as compared to the binary blends. The
true continuity was not determine in these blends since we found that solvent can penetrate
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through the LDPE/PET interface and even discrete PEBA domains at the interface can be
dissolved out. However, cryo-fractured images clearly show, for the first time, that partially wet
PEBA phase can form connected structures at the interface (further transform to a complete wet
layer at higher compositions) and these structures are stable at certain annealing conditions. The
analysis on spreading coefficients indicates LDPE/PEBA/PET is a weak partial wetting system
and the competition between dewetting and coalescence is responsible for the observed
morphology. The findings suggest that weak partial wetting systems could be also interesting
when designing devices requiring low percolation thresholds.
In a ternary partial wetting system, there are three interfaces. One point is not very clear in
literature and has to be noted here is that the interface needs to be clearly indicated when talking
about the wetting behaviours. In the same system, one may have weak partial wetting or strong
partial wetting depending on the referred interface. For example, in the well-studied ternary
PE/PP/PS system, different wetting behaviours can be obtained at different interfaces as
determined by the related spreading coefficient (Table 7.1). In this dissertation, we have used a
uniform notation. For example, λA/B/C means the spreading coefficient which predicts the wetting
behaviours of B at the interface A/C.
Table 7.1: Different wetting behaviours at different interfaces in the ternary PE/PP/PS blend

Interfaces

Corresponding Spreading
Coefficient (mN/m)*

Wetting Behaviour

PS at PE/PP interface

λPE/PS/PP = – 6.5

Strong partial wetting

PP at PE/PS interface

λPE/PP/PS = – 0.5

Weak partial wetting

PE at PP/PS interface

λPP/PS/PE = – 3.3

Strong partial wetting

* Data from Ref. [93].
In the last part of the project, we started with a ternary LDPE/PS/PEBA blend and demonstrate
two approaches to control the hierarchical structuring of PEBA in multiphase systems
particularly with high commodity polymer content (70–90%). In the first approach (adding a
fourth phase), the key point is to identify a polymer phase that is fully encapsulated by PEBA and
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that doesn’t change the hierarchical ordering of LDPE, PS and PEBA. In the second interfacial
modification approach, we successfully moved the PEBA to the interface of LDPE and PS, but
completely wet PEBA layers were not obtained. This could be due to several reasons. Firstly, as
PEBA is a copolymer of PA12 and PEO, it is thus inherently more difficult to find a proper
interfacial modifier to have affinity with both blocks. Secondly, EAM is random terpolymer
dominated by ethylene content (> 90 wt%). Thus, it is probably not as effective as the classic
diblock or triblock copolymers in terms of compatibilization efficacy. Lastly, in mixing state, the
interfacial modifier may not have enough time to saturate the interface. Actually, as shown in Fig.
7.1, studies have demonstrated that it is possible to convert the intermediate phase (Phase 3) from
partially wet structures to completely wet layers by interfacial modification (change from partial
wetting to complete wetting) (Fig. 7.1a). However, no studies have been able to draw a phase
from within another phase to the interface and further completely wet the interface (change from
complete wetting to another complete wetting) (Fig. 7.1b). In order for the interfacial modifier to
come into play, it has to migrate to the interface of Phase 1/Phase 3. The difference in the two
scenarios is that the interface between Phase 1 and Phase 3 inherently exists in Case a before
adding the interfacial modifier, while in Case b, the interface has to be first created. Thus it will
much more difficult for an interfacial modifier to effectively compatibilize the interface of Phase
1/Phase 3 in the latter. More work is definitely needed to demonstrate if Case b is achievable.

Phase 3
Phase 3

Phase 3
Phase 3

Figure 7.1: Two scenarios of effect of interfacial modification on phase localization in ternary
polymer blends (Phase 3: the minor component). Case (a): change from partial wetting to
complete wetting, has already demonstrated in literature. Case (b): change from complete wetting
to another complete wetting, has not been reported.
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CHAPTER 8

CONCLUSION AND RECOMMENDATIONS

8.1 Conclusion
In this project, the morphology and resistivity in a series of polymer blends containing an
ionically conductive PEBA copolymer are systematically studied. Starting with binary blends, we
first compared two systems with distinct interfacial tensions to investigate the PEBA
continuity/morphology development and their influence on surface resistivity. It was shown that
although continuity is a crucial parameter to determine the surface resistivity, other factors, such
as miscibility and/or constriction effect, also play an important role. A frozen capillary instability
morphology was observed in the PS/PEBA blends which is attributed to the intermediate-low
interfacial tension (1.6 mN/m) and the partial miscibility. The charge dissipation mechanism in
PEBA was also discussed. It was found that the log surface resistivity decreases linearly with
increasing water content in both PEBA and the binary blends. A conceptual model to describe the
charge dissipation in binary blends with PEBA is also presented.
Utilizing the multiple percolation phenomenon in multiphase polymer blends was found
to be an effective approach to reduce the percolation threshold for PEBA. In this study, we cover
all the possible morphological states in ternary polymer blend systems: LDPE/PEBA/PET
(PEBA partially wets the LDPE/PET interface), LDPE/PEBA/PVDF (PEBA completely wets the
LDPE/PVDF interface) and LDPE/PS/PEBA (PEBA is exclusively located within PS). Our
results indicate that the lowest percolation threshold was obtained when PEBA forms a
completely wet layer at the interface (i.e. the LDPE/PEBA/PVDF blends). The morphology
development of PEBA confined at the interface was examined in both partially wet
LDPE/PEBA/PET system and completely wet LDPE/PEBA/PVDF system. Thermodynamic
analysis shows that LDPE/PEBA/PET is a weak partial wetting system and a novel
morphological transition from partial wetting to complete wetting with increasing PEBA
composition is demonstrated for the first time. In the LDPE/PEBA/PVDF complete wetting
system, a minimum concentration is also required to form a completely wet layer which depends
on the spreading coefficient. For antistatic applications requiring a surface resistivity lower than
1013 Ω/sq, 20–25% of PEBA is needed in the conventional binary blends and 15% for the ternary
LDPE/PS/PEBA system. By assembling PEBAT at the continuous interface, the value is reduced
to 10% for LDPE/PEBA/PET, and as low as 1% for the LDPE/PEBA/PVDF system.
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Although PEBA is located within the PS phase in the LDPE/PS/PEBA system, which
limits its ability to reduce the surface resistivity, blending PEBA with commodity polymers such
as polyolefins and PS can present significant potential cost advantages. Therefore, we developed
two approaches to localize PEBA at the interface of two other polymers in hierarchically ordered,
multi-percolated ternary and quaternary polymer blend systems with high LDPE and PS contents
(volume fraction: 70–90%). In the first approach, by adding PET (or PVDF) as the fourth phase
to LDPE/PS/PEBA, PEBA is moved from within the PS phase to the continuous interface of
PS/PET

(or

PS/PVDF)

in

the

quaternary

blend

of

LDPE/PS/PEBA/PET

(or

LDPE/PS/PEBA/PVDF), which significantly decreases the percolation threshold for PEBA. The
amount of PEBA required to obtain a surface resistivity of 1013 Ω/sq for antistatic applications is
dramatically

reduced

to

about

5%

for

LDPE/PS/PEBA/PET

and

only

1%

for

LDPE/PS/PEBA/PVDF. The results indicate that the percolation threshold of PEBA can be
further reduced by increasing the number of the components in multiphase systems and/or
increasing the spreading coefficient. In the second approach, the addition of a small amount of
EAM to LDPE/PS/PEBA (50/40/10), combined with some annealing, also successfully draws
PEBA to the LDPE/PS interface in the ternary LDPE/PS/PEBA system with an even higher
commodity polymer content (LDPE+PS = 90%). Although PEBA does not form completely wet
layers, significant reduction in surface resistivity from 5.6×1015 to 1.9×1013 Ω/sq was obtained
due to the connection between PEBA droplets at the LDPE/PS interface. Further studies will aim
at obtaining complete PEBA layers at the LDPE/PS interface by using a more effective interfacial
modifier.

8.2 Recommendations for future work
Based on the results obtained along the project, the following recommendations for further work
are proposed:
1. Although we consider that the partial miscibility between PS and PEBA reduces the PEO
chain mobility and thus reduces the ionic conductivity, we were not able to decouple this
effect from the constriction influence in this study. Conductive AFM may be used to
determine the conductivity of PEBA domains after blending with PS. The results can then
be compared to the conductivity of pure PEBA to evaluate the partial miscibility
influence.
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2. It was found that before absorbing any moisture, dry PEBA still presents a low surface
resistivity (~1012 Ω/sq), which is much lower than that of either PA12 or PEO
homopolymer (1014 and 1015 Ω/sq respectively). Further study is needed to understand the
charge dissipation mechanism in dry PEBA.
3. In the LDPE/PEBA/PVDF system, we show that a minimum concentration is also
required to form a completely wet layer. In other words, there is minimum complete layer
thickness which is expected to depend on the spreading coefficient. Based on the studies
on the wettability of thin films on a solid surface, it would be interesting and feasible to
develop a model to predict the minimum thickness/concentration to form a completely
wet layer by knowing the spreading coefficient.
4. For the LDPE/PS/PEBA system, a more effective interfacial modifier than EAM may be
used to move PEBA to the interface of LDPE/PS and form a completely wet layer.
Possible candidates include PE-b-PEO and PE-b-PA12.
5. The intrinsic surface resistivity of the PEBA used in this study is relatively high (~ 10 10
Ω/sq) which may be due to the lack of ions. To increase the conductivity of the PEBA,
salts (e.g., lithium salt) or ionic liquid may be added to the blends or premixed with
PEBA. Adding conductive fillers (e.g., carbon nanotube) can be another approach to
increase the conductivity.
6. The PEBA blends in this study were processed in a batch mixer. For industrial
applications, extrusion processing or/and injection molding are necessary. Although the
thermodynamics won’t change, some of the morphological features may be different.
Considering the viscosity of PEBA is very low, one particular concern need to be
examined would be the shear induced migration of PEBA to the surface of the final
product.
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A1 Abstract
Hierarchically porous polymers with controllable pore size were generated through a novel
polymer blending strategy in an A/B/C-B-C ternary blend system. Polylactide/high-density
polyethylene/poly(styrene-ethylene/butylene-styrene) triblock copolymer (PLA/HDPE/SEBS)
was used as a model system to demonstrate this technique. During melt blending, the SEBS was
driven into the HDPE phase owing to the presence of the PE block in the copolymer. With proper
volume fractions of PLA/HDPE/SEBS (e.g., 50/25/25), a bi-modal, dual co-continuous
morphology was obtained and hierarchically porous polymeric materials were further generated
by selectively removing the PLA and SEBS phases. Annealing and compositional variation were
further employed to control the pore size and it is shown that the length scales of the two cocontinuous morphologies can be controlled independently.
Keywords: hierarchically porous polymer, polymer blend, morphology control, annealing

A2 Introduction
Hierarchical structures, defined as a structure containing elements on difference length scales, are
commonly found in nature (e.g., bone and wood) [1]. In human society, these structures have also
been constructed, ranging from macroscopic architectures (e.g., Eiffel Tower) to microscopic
drug delivery devices (e.g., Multistage nanovectors) [2, 3]. Hierarchically porous materials have
been of great interest recently owing to their potential applications in separation [4, 5], catalysis
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[6], energy storage and conversion [7], drug delivery and tissue engineering [8-11]. When used as
scaffolds in tissue engineering, the primary pore size of the hierarchical system ranges from
several to hundreds of microns to host different cells for growth [12]. The secondary or higher
level of the hierarchical structures (length scale down to nanometer size) are constructed to
mimic the extracellular matrix (ECM) features as well as to create the opportunity to introduce
drugs, nutrients or nanoparticles, which can facilitate cell adhesion, proliferation and
differentiation [9, 13, 14]. Although a few reports have been published for generating
hierarchically porous materials for tissue engineering, the precise control over the pore size of the
final structures, and in particular the independent control of the different length scales, is indeed
challenging [8-10, 14-16].
A considerable amount of research effort has been devoted to generating porous polymeric
materials. In this context, Svec and coworkers carried out an intensive study on generating porous
polymer monoliths by utilizing phase separation during the polymerization process followed by
removing the diluent [17]. The melt blending of immiscible polymers provides another
interesting approach to produce porous polymeric materials which takes advantage of
thermodynamically driven phase separation. At a certain composition range, the components can
form the so-called co-continuous morphology during mixing which is characterized by each
component being interconnected throughout the blend [18]. The morphology can then be frozen
by quickly quenching the sample at low temperature and the subsequent selective extraction of
one phase in the system results in a three dimensional (3D) porous polymer with full continuity.
Using this strategy, it has been demonstrated that by controlling composition, interfacial
properties and subsequent annealing conditions, the pore size can be tailored ranging from about
300 nm to hundreds of microns while the porosity varied from 30% to 95% without losing the
structural integrity [18-20]. However, those results were obtained in a unimodal porous system.
In this letter, we report a novel ternary polymer blending strategy to generate hierarchically
porous, dual continuous polymeric materials with independent pore size control.

A3 Experimental
A3.1 Materials, characterization and blend preparation
The two homopolymers HDPE 3000 and PLA 3001D were supplied by Petromont and
NatureWorks respectively. The triblock copolymer SEBS G1652, with a molecular weight of the
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styrene block at 7,000 and the EB block at 37,500, was kindly provided by Kraton. All the
materials were dried at 50°C under vacuum for 24 h before further processing.
The breaking thread method was used to determine the interfacial tension between HDPE and
PLA on an Optiphot-2 microscope with a hot stage. The PLA thread was sandwiched the HDPE
films and the temperature was increased to 200°C. The development of capillary instabilities was
recorded and used to calculate the interfacial tension from the following equation:
γ=

𝑞𝜂𝑚 𝐷0
Ω𝑚

where γ is the interfacial tension, q is the growth rate of the distortion, 𝜂𝑚 is the viscosity of
matrix (HDPE) , 𝐷0 is the initial thread diameter (PLA), and Ω𝑚 is a tabulated function. More
details about this method can be found in previous publications [19, 21].
The rheological tests were performed on a MCR 501 rheometer under nitrogen. A parallel-plate
configuration was used with a gap of 1 mm. Stress sweeps were first performed to define the
linear viscoelasticity region.
All the samples with different volume fractions were blended in a Brabender internal mixer with
roller rotors at 200°C for 7 min with the rotor speed of 50 RPM under N2. The volume of the
mixer is 30 mL and a fill factor of 0.7 was used. After mixing, the samples were quickly taken
from the blades and put into ice water to freeze-in the morphology. Subsequently, quiescent
annealing of the blends was performed on a hot press with a constant N2 flow.
A3.2 Selective extraction and continuity
Cyclohexane and 0.5 mol/L NaOH of MeOH/water (40/60, 60°C) solution were used to
selectively remove SEBS and PLA phases respectively. Chloroform was used to extract both
SEBS and PLA simultaneously as needed. To determine the continuity of SEBS and PLA, the
samples after blending and quenching were cut into 1 cm3 cubes and then subjected to selective
extraction. The continuity of the phase X (SEBS or PLA) was calculated using the following
equation:
Continuity (%) 𝑜𝑓 𝑝ℎ𝑎𝑠𝑒 𝑋 =

𝑚𝑖 − 𝑚𝑓
× 100%
𝑚0𝑋
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where 𝑚𝑖 and 𝑚𝑓 is the weight of the sample before and after selective extraction of X,
respectively. 𝑚0𝑋 is the weight of phase X contained in the sample before extraction.

A3.3 Morphology and pore size
The blends were cryogenically microtomed using a Leica RM2165 microtome equipped with an
LN21 cooling system and the morphology was then characterized by atomic force microscope
(AFM) and scanning electron microscope (SEM). Before SEM analysis, selective solvent
extraction of different phases was performed; the samples were dried overnight at 60°C under
vacuum for 24h and then coated with a gold layer by plasma sputtering. SEM observations were
conducted using a JEOL JSM 840 scanning electron microscope operated at 2 kV. For the AFM
analysis, the tapping mode was used on a Dimension 3100 scanning probe microscope equipped
with a Nanoscope IIIa control module.
Nitrogen adsorption measurements were carried out on a Quantachrome Autosorb-1 (Boyntom
Beach, FL) apparatus. The surface area is determined based on the Brunauer–Emmett–Teller
(BET) theory.
The pore size and distribution of the extracted samples were examined by mercury intrusion
porosimetry (MIP) (AutoPore IV 9500). The surface tension 0.485 N/m and contact angle 140°
were used. The volume median diameter (the pore diameter at which half of the pore volume is
filled with mercury) is used to characterize the pore size with the experimental error less than
10% obtained for all the samples. The detailed information for using MIP to characterize porous
polymers has been reported previously [18].

A4 Results and discussion
A4.1 Interfacial tension and rheology
The interfacial tensions of different polymer pairs were examined and are listed in Table A1. The
interfacial tension of PLA/PE was measured directly by the breaking thread method. The
interfacial tensions of PE/PS, PLA/PS and PE/SEBS were obtained from the literature [18-20, 22,
23]. As the molecular structure of the SEBS used in this study is dominated by the central EB
block and since the interfacial tensions of PLA/PS and PLA/PE are comparable, the interfacial
tension of PLA/SEBS is estimated to be close to that of PLA/PE. A similar approximation was
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used in a PP/PA/SEBS ternary system previously and the observed morphology of the blend
showed good agreement as predicted [24]. With the above analysis, and according to Harkins
theory [25], the SEBS is expected to be driven into the HDPE phase after the melt blending of
PLA/HDPE/SEBS owing to the much lower HDPE/SEBS interfacial tension.
Table A1: Interfacial tensions between different polymers at 200°C (PE/SEBS at 195°C)

a

Polymer pairs

Interfacial tension γ (mN/m)

PLA/PE

5.0 ± 0.49

PE/PS

4.8 ± 0.35 a

PLA/PS

5.2 b

PE/SEBS

0.72 c

PLA/SEBS

≈ γPLA/PE

From Ref.[22]. b Averaged from Ref. [18], [20] and [23]. c From Ref. [19].

It should be noted that the solubility parameters can also be used to roughly predict the
miscibility between polymers. Although the values for many polymers are well documented,
most of them are typically measured at low temperature [26]. Since the solubility parameter is
sensitive to temperature, corrections need to be performed before comparison. Another point is
that the determination of solubility parameter normally shows poor reproducibility which can be
affected by many factors such as the set of solvents used. It is considered to be much less reliable
to estimate the miscibility between polymers from solubility parameters as compared to
interfacial tension.
The rheological properties of the polymers are shown in Fig. A1. It can be seen from the figure
that the complex viscosities of PLA and HDPE used in this study are comparable and
significantly lower than that of the SEBS; the viscosity of the HDPE/SEBS (50/50) blend lies in
between the viscosities of HDPE and SEBS as expected. The elastic modulus follows a similar
trend as the complex viscosity. It should also be noted that even at very low angular frequency,
the SEBS and HDPE/SEBS blend still present a high elastic modulus, indicating the presence of a
yield stress which has been reported previously [27]. The time sweep was also performed for a
period of 60 min to examine the thermal degradation of the polymers and it was found that the
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complex viscosities of HDPE and SEBS showed negligible changes at 220°C (Fig. S1 in the
Supplementary Material). For the PLA, the complex viscosity decreased ~10% and ~20% at 200
and 220°C, respectively.

Figure A1: Complex viscosity and elastic modulus as a function of angular frequency at 200°C.
A4.2 Blend morphology and pore size
Fig. A2 (a ~ c) shows the morphology of the PLA/HDPE/SEBS ternary blends of different
volume fractions after extracting SEBS with cyclohexane. As can be seen from the images, the
SEBS phase was located in the HDPE phase as expected and gradually formed a finer, second,
interpenetrated network within the interconnected HDPE phase as the SEBS concentration
increased. The phase identification was further confirmed by removing the PLA phase in the
blend with volume fraction 50/25/25 (Fig. A2 d). Meanwhile, the hierarchically porous materials
were successfully generated and the pore sizes were determined by MIP (Fig. A2 g). The
selective extraction of SEBS results in pores with a diameter of 438 nm and the removal of the
PLA leads to larger pores of 3.3 μm. It should be mentioned that the sample PLA/HDPE/SEBS
(50/25/25) without extraction was also examined and there was virtually no intrusion during the
test. Also, for the sample after extracting both PLA and SEBS simultaneously, large fluctuations
at the smaller pore size range (0.01 ~ 1 μm) were observed and the sample was deformed and
compressed after the test. To overcome this problem, the pore sizes at two different length scales
were determined separately by extracting only one phase at a time as shown in Fig. A2 g.
It is known that the MIP technique is mainly used to measure pore size and distribution in the
macro and meso pore size range. For example, the MIP used in this work has the capacity to
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determine the pore size from 10 nm to 300 μm. To determine if smaller micropores are present in
the system, a nitrogen adsorption test was also performed and a surface area of 16 m2/g was
obtained from BET analysis for the sample of PLA/HDPE/SEBS 50/25/25 after extracting PLA
and SEBS. The results, combined with SEM and AFM, confirm that no pores in the meso/micro
range were created since such small pores would provide a much larger surface area.
The continuities of PLA and SEBS in the different ternary blends were also examined to
demonstrate the interconnectivity of the PLA and SEBS phases (Table S1 in the Supplementary
Material). Although all the three components used in our system are immiscible, there will be a
region presenting a concentration gradient of the phases when crossing their interface, especially
for the HDPE/SEBS interface which has a very low interfacial tension. So it is possible that a
very small amount of SEBS (even PLA) remains at the interface after extraction. This will be
determined in future work. In this study, however, when over 95% continuity is obtained, we
consider the phase is fully continuous.
It is not surprising that the PLA phase maintains high continuity (> 97%) in all samples examined
here since the volume fractions were all set at 50%. The continuity of SEBS is high even at low
concentrations and reaches 88% continuity at 5% volume fraction. This is an exceptionally high
level of continuity for such a low volume fraction of SEBS, especially considering that the
viscosity ratio of SEBS/HDPE is around 10. However, it is not unreasonable if the following
three factors are considered. Firstly, all the SEBS is confined to the HDPE phase which increases
its effective concentration for continuity development. Approximately, it can be considered as
doubled in the low concentration range. Secondly, PE/SEBS is a typical low interfacial tension
system. In such a system, the dispersed phase forms highly stable fibers during melt blending and
a higher continuity is expected due to a thread-thread coalescence mechanism [19, 27]. Li et al.
reported a continuity of about 25% at an SEBS volume fraction of 15% in HDPE/SEBS blends
[19], and Veenstra et al. obtained 10% continuity with 10% SEBS in PP/SEBS blends [27].
Additionally, in low interfacial tension systems, it has been shown that the viscosity ratio, under
the range examined in the study (0.2 ~ 5), has little effect on continuity [28]. Lastly and most
importantly, before extracting SEBS, PLA was first removed in our system which introduces
interconnected pores into the samples. This step significantly increases the surface area of the
sample and from the nitrogen adsorption results (data not shown), there is an over 100 times
increase in the surface area as compared to a solid sample. The continuities cited above were
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typically determined on a solid sample where only the SEBS connecting to the outer surface can
be dissolved out. But in the present case, not only those connecting to the outer surface can be
extracted, but also the SEBS connecting to the high amount of surface of the continuous pores
that resulted from the previous removal of PLA. The above factors combine to result in an
exceptional high continuity of SEBS at low concentration.
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Figure A2: SEM and MIP results: a) ~ c): PLA/HDPE/SEBS (50/45/5, 50/35/15, 50/25/25, SEBS
extracted by cyclohexane); d) PLA/HDPE/SEBS (50/25/25, PLA and SEBS extracted by
chloroform); e) PLA/HDPE (50/50, PLA extracted by chloroform); f) HDPE/SEBS (50/50, SEBS
extracted by cyclohexane); g) Mercury Intrusion Porosimetry (MIP) results.

164
The pore sizes of the porous materials resulting from the ternary blend of PLA/HDPE/SEBS
(50/25/25) were compared to those of the binary systems HDPE/PLA (50/50) and HDPE/SEBS
(50/50) (Fig. A2: d ~ g). The size of the submicron scale pores resulting from the removal of the
SEBS from the ternary system was found to be similar to that of the binary blend of HDPE/SEBS
(438 vs. 392 nm), while the size of the larger pores by removing the PLA are much smaller in the
ternary system as compared to the binary blend of HDPE/PLA (3.3 vs. 12.0 μm). This difference
is significant and can be explained from two possible viewpoints. The addition of SEBS creates a
very low interfacial tension system with HDPE and thus very fine microstructures. This results in
a cascade-type effect where the finely dispersed HDPE imposes a finer structure on the PLA even
though the HDPE/PLA interfacial tension remains high. A similar effect has already been
reported for multiple phase systems where the compatibilization of one of the pairs results in
significantly reduced phase sizes for the other components [29]. Another possible explanation for
the phase size difference may be related to the high viscosity of the SEBS phase. It has been
shown previously in binary co-continuous polymer blends that increasing the viscosity of either
phase can reduce the coalescence, leading to a smaller phase size [30]. Compared to the HDPE in
HDPE/PLA, the HDPE/SEBS “blend phase” in the ternary blend has a much higher viscosity
(Fig. A1)

which suppresses the coalescence of PLA during blending and thus results in a

smaller PLA phase. In any case either, or both of the above explanations in combination, would
tend to result in a reduced PLA phase size.
The microstructures of the blends were further examined by AFM under the tapping mode. In the
ternary blend of PLA/HDPE/SEBS (50/25/25), as can be seen from Fig. A3 a, three phases can
be observed; and according to the previous SEM results, the larger bright phase is the PLA phase
while the two smaller phases are HDPE and SEBS. By further zooming in (Fig. A3 b and c), the
HDPE and SEBS phase can be identified respectively since the SEBS block copolymer has a
typical microphase-separated morphology. The characteristic morphology of SEBS was further
confirmed by observing the pure SEBS (Fig. A3 d). It should be mentioned that it is difficult to
use AFM for phase identification in polymer blends and the quality of the images mainly depends
on the quality of microtoming and the properties of the polymers. In the present case, the samples
were cryo-microtomed at about  140°C and a number of tests were performed for each sample.
However, since HDPE has a glass transition temperature below  120°C, it is very difficult to
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avoid some cutting effects (e.g., Fig. A3 b and c). Nevertheless, the main features of the images
can be identified without difficulty.
A number of nano-droplets with diameter 30~300 nm are also observed (Fig. A3 b and c), and
they seem to be only located within the SEBS phase. This kind of subinclusion phenomenon was
also observed in other polymer blend systems, but the mechanism for their formation remains
poorly understood [31, 32]. In the present case, the nano-droplet inclusions are considered to be
PLA since their smooth curvature and distinct interface between the inclusions and the
surrounding SEBS indicates a high interfacial tension. They are probably entrapped in the SEBS
phase owing to the high viscosity of SEBS during processing. Further evidence to confirm that
the nano-droplets are PLA is that such inclusions were not observed in the binary blend of
HDPE/SEBS, but are observed in the PLA/SEBS blend (Fig. A3 e and f).

Figure A3: AFM phase images: a, b, c) HDPE/PLA/SEBS (25/50/25) at different magnifications;
d) pure SEBS; e) HDPE/SEBS (50/50); f) PLA/SEBS (50/50). Scale bar: 1μm.
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It is worthy to stress that SEBS preserves its microphase-separated morphology after melt
blending (Fig. A3 c vs. d). Since copolymers with degradable blocks have been synthesized and
used to generate meso-porous unimodal polymeric materials [33], the present systems also
provide a novel promising avenue to fabricate hierarchically macro-meso porous materials
providing the C block in the C-B-C copolymer can be designed to be removed from the system.

A4.3 Control of the pore size by annealing
In the case of an application field such as tissue engineering, the optimal pore size of the scaffold
to host the cell growth ranges from several to hundreds of microns depending on cell type [12]. In
order to examine the potential of the current system to achieve larger pore sizes, annealing was
undertaken. This strategy has been successfully used for unimodal porous polymers generated
from single co-continuous polymer blends. It has been shown that the pore size can be controlled
over two orders of magnitude from submicron to hundreds of microns [18, 20, 30, 34, 35] by
varying annealing temperature and time. Fig. A4 shows the pore size evolution for the ternary
PLA/HDPE/SEBS (50/25/25) blend annealed at 200°C for a period of 60 min (also see Fig. S2 in
the Supplementary Material). The pore sizes of the continuous PLA and SEBS phases grew
quickly during the first 10 min from 3.3 to 8.4 μm and from 438 to 702 nm respectively after
which the growth rates gradually decreased and very limited pore size increments were observed
during the last 30 min (11.4 to 12.4 μm for larger pores and 959 to 1080 nm for smaller pores).
These results indicate that the coalescence of these continuous phases was supressed. In fact the
results in Fig. A4 resemble the coarsening profile of a compatibilized co-continuous binary
system [36]. Non-compatibilized co-continuous systems typically follow a linear profile for
phase growth [30, 36]. The different coarsening profiles during annealing can be explained by the
balance between a capillary pressure effect and capillary instability phenomena [36].
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Figure A4: Pore size evolution for the ternary blend (PLA/HDPE/SEBS 50/25/25) annealed at
200°C for a period of 60 min (data obtained after extracting PLA and SEBS from the blends).

It is not unexpected that the HDPE/SEBS mixture presents a limited coalescence behavior.
Similar phenomena have been reported previously in a polypropylene/SEBS system and the
reason was attributed to be the low interfacial tension as well as the kinetic barrier provided by
SEBS [37]. However, it is surprising that the growth rate of the PLA phase during annealing was
also low. To understand this, an important factor to consider in the case of dual-continuous
ternary polymer blends is the presence of two interfaces and the mutual effect of these interfaces
on each other during the annealing process. For example, at the larger scale, the growth of the
PLA phase, which is controlled by a capillary instability mechanism between PLA/HDPE, must
be affected by the presence of SEBS and its effect on HDPE. In this way the very low interfacial
tension between HDPE and SEBS has a cascade effect on the PLA/HDPE phase growth. Thus,
although the PLA/HDPE system is a high interfacial tension, PLA phase growth shows a
behavior that is similar to that of a partially compatibilized system.
Veenstra et al. reported a limited non-linear coarsening process for long time annealing in cocontinuous polymer blends and they attributed the slow-down or even cessation of the phase
growth to the high viscosity, more importantly, the yield stress originating from the physical
cross-links of the SEBS copolymer phases [38, 39]. In this context, Elmendorp proposed an
approximation to explain the effect of a yield stress on limiting the breakup of a polymer thread
within another polymer matrix [40]. In that process, the breakup is driven by the pressure
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difference along the distorted thread. The thread will not even break up for the systems where the
pressure difference cannot overcome the yield stress. This is also a potential explanation for the
non-linear coarsening behavior results in this work since both SEBS and the blend of
HDPE/SEBS (50/50) show high viscosities and yield stresses at the low shear rates (Fig. A1)
associated with annealing. In other studies, Macosko and co-workers also observed an initial
linear growth followed by a slower coarsening rate in different binary blend systems of
polyethylene/polystyrene, polypropylene/polystyrene and polystyrene/styrene-acrylonitrile [41,
42]. In their model, they consider that the excess interface free energy that drives the coarsening
process is proportional to both interfacial area and interface curvature and the decrease in the
coarsening rate is owing to the reduction of the interface curvature during annealing with respect
to the viscous force.
The blend of PLA/HDPE/SEBS with a volume fraction of 50/40/10 was also examined using the
annealing conditions of 220°C and 60 min. The smaller pore size in this ternary system remains
the same at 1.3 μm while the larger pore size was doubled compared to the blend of 50/25/25
(30.9 vs. 16.5 μm) under the same conditions (Fig. A5: a, b and Fig. A6). Using the mutually
dependent interfacial argument developed above, the reduction of the interfacial area between
HDPE/SEBS with a decreasing amount of SEBS would be expected to reduce the “cascade
effect” between the interfaces of different scales. This would lead to a higher coarsening rate of
the PLA phase. It is less likely, but also possible, that the increased PLA coarsening could also be
explained by the reduction in the yield stress and viscosity of the HDPE/SEBS system owing to
the lower concentration of SEBS. By increasing the PLA phase to 60%, while maintaining the
volume ratio of HDPE/SEBS (i.e., HDPE/PLA/SEBS 60/32/8), the larger pore diameter further
increases to 70 μm without notably affecting the smaller pore size (increased to 1.38 μm) (Fig.
A5: c and Fig. A6). This increment is mainly due to a composition effect. The above observation
also indicates that the composition has a significant effect on the phase size for the high
interfacial tension system, but has little influence in the case of low interfacial tension, which has
been demonstrated previously [18, 19]. The continuity of the PLA and SEBS phases were also
examined for all the ternary blends after annealing and was found to be 102 ~ 105%.
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Figure A5: Morphology of the annealed (at 220°C for 60 min) ternary blends PLA/HDPE/SEBS
with volume fractions: a) 50/25/25, b) 50/40/10, and c) 60/32/8.

Figure A6: Pore size distribution (MIP results) of the blends PLA/HDPE/SEBS with different
volume fractions after anealed at 220°C for 60 min ( the smaller pore size region is further shown
in the inserted image).
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A5 Conclusion
We have demonstrated a novel approach to prepare dual-continuous hierarchically porous
polymers with two distinct pore size scales from an A/B/C-B-C ternary polymer blend.
PLA/HDPE/SEBS was used as a model system and after extraction of PLA and SEBS,
hierarchically porous HDPE was generated with a large pore size scale of several microns and a
smaller pore size of hundreds of nanometers. By varying the composition in annealing, the size of
the larger pores can be tailored independently of the smaller ones. With the conditions used in
this study, the smaller pores can be maintained constantly at around 1.3 μm while the larger pores
can be controlled from 16.5 to 70 μm, a 4-fold difference, with the potential to increase even
more at longer annealing times. This strategy provides a promising technique to fabricate fully
interconnected dual-continuous porous materials of highly controlled microstructure.
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A8 Supplementary Material

Figure A7: Time sweep measurements performed at 0.1 Hz

Table A2: Continuity of the ternary blends with different volume fractions.
Volume fraction of
PLA/HDPE/SEBS

Continuity of PLA (%)

Continuity of G1652 (%)

50/45/5

88 ± 4.4

50/40/10

103 ± 1.1
> 97

50/35/15

98 ± 1.1

50/25/25

102 ± 0.3
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10 min

30 min

60 min

Figure A8: Morphology evolution of PLA/HDPE/SEBS 50/25/25 during annealing at 200°C
(PLA and SEBS extracted).

