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The utilization of biodegradable polymers is critical for developing “cradle to
cradle” mindset with ecological, social and economic consequences. Poly(hydroxy
butyrate-co-valerate) (PHBV) shows significant potential for many applications with a
polypropylene equivalent mechanical performance. However, it has limitations including
high crystallinity, brittleness, small processing window, etc. which need to be overcome
before converting them into useful products. Further the development of biodegradable
strain sensing polymer sensors for structural health monitoring has been a growing
need. In this dissertation we utilize carbon nanotubes as a self sensing dispersed
nanofiller. The impact of its addition on PHBV and a blend of PHBV with poly(butylene
adipate-co-terephthalate) (PBAT) polymer was examined. Nanocomposites and blends
of PHBV, PBAT, and MWCNTs were prepared by melt-blending. The effect of MWCNTs
on PHBV crystallinity, crystalline phase, quasi-static and dynamic mechanical property
was studied concurrently with piezoresistive response. In PHBV/PBAT blends a rare
phenomenon of melting point elevation by the addition of low melting point PBAT was
observed. The blends of these two semicrystalline aliphatic and aromatic polyesters
were investigated by using differential scanning calorimetry, small angle X-ray
scattering, dynamic mechanical analysis, surface energy measurement by contact angle
method, polarized optical and scanning electron microscopy, and rheology. The study

revealed a transition of immiscible blend compositions to miscible blend compositions



across the 0-100 composition range. PHBV10, 20, and 30 were determined to be
miscible blends based on a single Ty and rheological properties. The inter-relation
between stress, strain, morphological structure and piezoresistive response of MWCNT
filed PHBV and PHBV/PBAT blend system was thoroughly investigated. The outcomes
of piezoreistivity study indicated MWCNT filled PHBV and PHBV/PBAT blend system as
a viable technology for structural health monitoring. Finally, the compostability of pure
polymer, blend system, and MWCNT filled system was studied indicating that PBAT and
CNT decreased the biodegradability of PHBV with CNT being a better contributor than

PBAT.
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CHAPTER 1
DISSERTATION SCOPE AND BACKGROUND
1.1 Introduction

Polymeric materials are now used in all sectors of life as very durable products
with tailor-made properties. For thousands of years humans have used natural
polymers, such as cotton, jute, silk, wool, etc. provided by plants and animals. In the
modern era, due to increased application and population growth, natural polymers have
been replaced by cheaply available petroleum based synthetic polymers. During the
past decade the intense use of modern plastics, combined with their enormous stability,
has created serious problems with plastic waste. The growing awareness about finite
petroleum resources, non degradability, and hazardous environmental effects of
petroleum based polymers has led to new environmentally friendly biodegradable
polymers based on renewable resources.

Today, biopolymers are being used in various applications such as bio-medical
therapeutic aids [1], food products [2], packaging [3], coatings [4], commodity
applications [5], etc. However, the range of biopolymer applications is still limited due to
their weak mechanical properties, thermal stability, slow crystallization rate and low gas
barrier properties and high sensitivity to environment variables such as temperature and
humidity. The use of biopolymers is limited due to availability of cheap petroleum based
polymers. There is a therefore a critical need to evaluate and improve the properties of
the biopolymers to make them fully competitive with common non-degradable
thermoplastics [6]. The properties of these polymers should be retained during their use

and should be able to decompose after their utilization. In this dissertation two main



approaches have been studied to improve the properties of biopolymers: 1)
nanocomposites by dispersion of nanoparticles into the host matrix and 2) making
blends with other suitable biodegradable polymer.

Nanocomposites not only give the advantage of thermal and mechanical
performance but also impart multifunctional properties [7]. Similarly material properties
and their behavior can be changed significantly by making polymer blends. In general
biopolymer blends and nanocomposites show remarkable mechanical and thermal
properties with the advantage of biocompatibility, biodegradability and, in some cases,
functional properties provided by either the renewable component or the inorganic
moieties blended in.

1.2 Objective

To establish the viability of carbon nanotube dispersed multi-functional,
biodegradable PHBV and PHBV/PBAT blend system as piezoresponsive materials for
potential use in structural health monitoring.

In pursuing the desired goal PHBV nanocomposites and PHBV/PBAT blends
containing multi walled carbon nanotubes (MWCNTSs) were studied in this dissertation.
The experimental research work and the dissertation were carried out and organized in
the following way:

Modification of PHBV by carbon nanotubes

e Review of polymer carbon nanotube nanocomposites

e Study of thermal, mechanical, morphological, and electrical properties of

PHBV/CNT nanocomposites.

e Piezoresponsive properties of PHBV modified by carbon notubes



Modification of PHBV by PBAT

¢ Review of crystalline-crystalline blends

e PHBV/PBAT crystalline/crystalline polymer blend miscibility

e PHBV/PBAT:, mechanical and rheological properties

e CNT filed PHBV/PBAT blends’ piezoresistive response in optimum

concentration

Finally, both modifiers were investigated for variation in biodegradation potential through
a biodegradation study of PHBV, PHBV/PBAT blend, and CNT filled PHBV/PBAT blend.
Since the discovery of CNTs by ljima in 1991, CNTs have attracted much more
attention of researchers due to their unique structural and extraordinary physical
properties. These nanoparticles can be effectively utilized to make multifunctional
polymer nanocomposites by using various processing techniques. Chapter 2 provides
an overview of polymer/CNT nanocomposites, methods to produce nanocomposites,
properties of carbon nano structures, and how they impart multifunctionality.

PHBV is a natural biopolymer which is has a high crystallinity and slow
crystallization rate. Resultsexplaining the CNTs performance as a nucleating agent,
increasing crystallization rate, and reinforcing the PHBV matrix are presented in
Chapter 3. Correlation between microstructure and physical properties are conducted
using transmission electron microscopy (TEM) of PHBV/CNT nanocomposites.

Chapter 4 describes the piezoresistive response of PHBV/CNT nanocomposites
under transient, quasi-static, and cyclic loading. PHBV has good strength but is very
brittle and has a small processing window. To solve these problems PHBV/PBAT

blends were prepared. PHBV and PBAT are crystalline polymers. The PHBV/PBAT



blends study provides an opportunity to investigate crystalline/crystalline polymer blends
which is a less investigated area in polymer blends. This is done in Chapter 5 which
contains a detailed literature review of crystalline/crystalline polymer blends. . The wide
range of research on PHBV/PBAT blends and the corresponding results of thermal and
morphological studies are presented in detail in Chapter 6. Mechanical, dynamic
mechanical analysis, and rheological properties of the blends are affected by miscibility
behavior of the blends. These are presented in Chapter 7.

After PHBV/PBAT blends research work, PHBV:PBAT 70:30 weight ratio
composition was chosen to make composites with CNTs since they were a miscible
composition. The piezoresistive and morphological properties of these compositions are
described in Chapter 8 keeping a focus on structural health monitoring. Finally, the
degradation study of base PHBV, PHBV/PBAT blend and CNT filled PHBV/PBAT blend
compositions was done. The biodegradability of plastics provides these materials with
novel and additional properties which is also beneficial after their use. The details of this
study are presented in Chapter 9. Finally, the summary of conclusions on
biodegradable, piezoresistive, and modified polymeric system is presented in Chapter
10.
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CHAPTER 2
POLYMER/CARBON NANOPARTICLE NANOCOMPOSITES

2.1 Introduction

Today, due to increased concern about environmental safety and growing market
opportunities, biodegradable polymers have been receiving more attention from
scientific and industrial communities. Among various biodegradable polymers, aliphatic
polyesters are an important group of biodegradable polymers. Few examples of
polymers from this group are: poly(butylene succinate) [1], poly(butylene succinate
adipate) copolyester [2], poly(L-lactide) [3], and bacterial poly(3-hydroxybutyric acid)
(PHB) [4] and its copolyesters. These polymers show good physical properties and are
successfully commercialized by various manufacturers under various trade names [5].
Polyhydroxy alkonates (PHAs) is one of the families of biodegradable polymers which
can be obtained from a variety of microorganisms. PHAs get synthesized inside the
cells of microorganisms as carbon and energy storage. In controlled conditions of the
laboratory, microorganisms can accumulate 70-80% P(3HB) of their cellular dry weight.
Among the PHA family, (PHB) is the most studied polymer. The Ralstonia eutropha
(formerly Alcaligenes eutrophus) bacteria acting as a bioplastic factory, can produce
PHB from glucose up to an efficient yield of 85% by dry weight. Figure 2.1 shows a
transmission electron microscopy (TEM) image of an ultrathin section of Azotobacter
chroococcum cell containing PHB biopolymer. The resultant PHB has very high
steriochemical purity. All the chiral centers in the linear chains possess the R-
steriochemical configuration making PHB highly crystalline and therefore highly brittle

[6]. PHB possesses a high melting temperatures (170-175 °C) and thermal degradation



takes place near the melting temperature. This poor processability and high brittleness
limits application viability. To resolve this limitation, many researchers developed
copolymers of PHB with monomeric units like (R) 3-HB (hydroxyl butyrate), (R)-HV
(hydroxyl valerate).

Poly(3- hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)

In the mid 1980s, Imperial Chemical Industries discovered the copolymer PHBV
by adding propionate to the fermentation broth. In 1985, ICI first commercialized P(3HB-
co-3HV) containing 0-30 mol% of 3HV with the brand name BIOPOL. They realized that
the addition of few molar mass of 3-hydroxyvalerate units into the main chain of PHB
improved the flexibility of the polymer [7, 8]. Thereafter, PHBV became an attractive
biopolymer for research [9-11]. Unfortunately, PHBV still presents some problems to be
solved, which are: slow crystallization rate, relatively difficult processing due to low melt
viscosity and small processing window, low elongation at break, brittleness, and very
high crystallinity [12]. The high brittleness in the PHBV was thought to arise from the
large spherulites associated with the crystallization of PHBV. Since the spherulite size is
determined by the rate of spherulitic growth and nucleation efficiency, the brittleness in
PHBYV can be avoided by controlling the crystallization mechanism. Ultimately, blending
PHBV with another suitable polymer could be an efficient approach to modify the

spherulite structure and change crystallization of PHBV.



Figure 2.1 TEM of ultrathin section of Azotobactor cell containing PHB biopolymer [13]

As a biobased polyester, PHBV is made by bacteria and can be digested by
bacteria and utterly decompose to carbon dioxide, water and biomass in soil or under
composting condition. PHBV is also a kind of material with high biological compatibility
and is a great barrier to water, gas, and aroma. Tianan PHBV is produced by non-
modified bacteria (Ralstonia Entropha) by the fermentation of glucose obtained from
non GMO corn starch. This polymer is fully biodegradable in the soil, water, and under
standard composting conditions. The physical properties of PHBV are given in Table

2.1.



Table 2.1 Material properties of PHBV

Properties Test methods | Results
Density, g/cm® 1.25
Yielding stress*, MPa ASTM D638 33
Tensile strength, MPa ASTM D638 33
Elongation at break, % ASTM D638 15
Tensile modulus, MPa ASTM D638 1400
Flexural strength, MPa ASTM D790 61.4
Flexural modulus, MPa ASTM D790 1400
Impact strenght ,k J/m? 9.27
Izod impact strength, J/m GB1843-89 25
Vicat-Temperature, °C ASTM 142.9
MFI, g/10 min (2.16Kg,173°C) 3.7
Melting temperature, °C DSC 174.5
Crystallization temperature,°C DSC 108.9
Degree of crystallinity, % DSC 46
Color White

*Material properties are adopted from supplier’s website

Poly(butylene adipate-co-terephthalate) (PBAT)

The introduction of terephthalate units into the main chains of aliphatic polyesters
can improve the physical as well as biodegradable properties of the polymer [13]. It is
well known that aromatic polyesters like poly(ethylene terephthalate), poly(propylene
terephthalate), poly(butylene terephthalate), etc. generally show better thermal and
mechanical properties than aliphatic polyesters. PBAT is one of such aromatic polyester
that show excellent thermal and mechanical properties with the added advantage of
biocompatibility and biodegradability. PBAT has high flexibility (elongation at break
700%), good mechanical strength, and processability. So to improve the properties of

PHBV and to retain biodegradablity, making blends of PHBV and PBAT becomes the



best possible choice. The chemical structure and thermal transition temperatures of

these two polymers is shown in Figure 2.2.
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Figure 2.2 Chemical structures and thermal transition temperature of crystalline PHBV
and PBAT polymers

PBAT ,available under the trade name of Ecoflex® F BX 7011 was supplied
by BASF. Ecoflex® is an aliphatic-aromatic copolyester based on terephthalic acid,
adipic acid, 1,4- butanediol and modular units. This copolyester contains 44 mol%
of BT. The product properties of Ecoflex® are designed to meet the requirements of
a biodegradable plastic: ideally, a combination of processability, utilization
properties, and biodegrabability. This is achieved by the synthesis of tailor-made
molecular structures obtained through modular units by which the statistical
copolyester units, including 1,4-butanediol and the dicarbonic acids, adipic acid,
and terephthalic acid are linked (Figure 2.2). This modular system involves the
incorporation of hydrophilic components of monomers with branching, leading to

chain-lengthening, and thereby increasing the molecular weight to yield tailor-made
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products with totally different material properties. The properties of the PBAT are

summarized in Table 2.2.

Table 2.2 Material prosperities of PBAT*

Property Unit Test Method | PBAT Ecoflex®
Mass density gcm? 1ISO 1183 1.25-1.27
Melt flow rate mL 10 min™ ISO 1184 8-Mar
Tm °C DSC 110-115
Tg °C DSC -30
Shore D hardness | ... ISO 868 32
Vicat VST A/50 °C ISO 869 80
Light Transmittance % D-1003 82
Tensile Strength N/mm? ISO 527 34
Ultimate Strength N/mm? ISO 527 34
Failure Energy (Dyna-Test) J/mm DIN 53373 24
Ultimate Elongation % ISO 527 560
Ultimate Elongation % ISO 527 700
Oxygen Permeation Rate | cc/(m2d*bar) | DIN 53380 1,600
Water Permeation Rate | cc/(m2d*bar) | DIN 53122 140

*Material properties are adopted from supplier’s website

2.2 Nanocomposites

Nanotechnology is now recognized as one of the most promising technologies of
the 21° century. Among various materials research, polymer nanocomposites emerges
as a multidisciplinary research activity. Results obtained through the research of
polymer nanocomposites can broaden the applications of polymers to a great extent.
Multifunctional advanced polymeric nanocomposites can be used for a wide variety of
applications in various fields.

Polymer nanocomposites, a multiphase solid material where one of the phases is

less than 100 nm in size, are becoming popular. They are increasingly being
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manufactured commercially for various applications. In the last twenty five years there
has been intensive research on polymer nanocomposites. Simultaneously, growth in
computer simulation techniques, scanning electron, and transmission electron
microscopy has made the characterization and prediction of the polymer
nanocomposites’ properties easier. In addition, nanocomposites can be processed
using conventional processing techniques and does not need any special or costly
processing techniques. Today various types of nanomaterials with various shapes and
sizes are being used to prepare polymer nanocomposites. The nanofillers can be in the
form of nanoparticles (e.g. carbon, metal powder), nanoplateletes (e.g. silicates),
nanowires (e.g. carbon nanotubes, ceramic nanowires), fullerences (e.g. Cgp), etc. To
fulfill the objective of this research, carbon nanotubes were used as nanofillers to make
nanocomposites with PHBV polymer. The details about various carbon nanoparticles
are discussed in this chapter.

2.2.3 How Nanocomposites Work?

Transition of fillers from macro size to nano size drastically increases the surface
area per unit volume of the particles and also causes change in their physical properties
[14]. Small size of particles provides large interfacial area between particles and host
material. Nanofillers provide higher reinforcing efficiency due to their high aspect ratio.
In general, shape and size of the particles have direct effect on properties of the
prepared nanocomposites. Along with the individual properties of the host material and
fillers, interfacial region shared by both the components affect nanocomposite’s
properties. Other factors like aspect ratio of the nanoparticles, filler dispersion in the

matrix, physical or chemical interaction of nanoparticles with host material affect
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properties of nanocomposits. In the early 1990s, Toyota Central R&D Laboratories in
Japan pioneered the work on nanocomposites showing considerable improvement in
thermal and mechanical properties of Nylon-6 nanocomposite made by addition of small
amount of nano fillers [15]. Since then polymer nanocomposites research became a
commercially and scientifically attractive topic all over the world.

2.2.4 How to Produce Nanocomposites?

Polymer nanocomposites can be produced using various techniques. The goal of
any processing technique to produce nanocomposites, is achieving the maximum
possible dispersion of nanofillers in the polymer matrix. Techniques to produce
nanocomposites are discussed below.

Melt Mixing

Since the utilization of nanocomposites the melt mixing technique is highly
attractive owing to its simplicity [16, 17]. This technique has been widely studied and
well explored with polymer clay systems and the generated knowledge with this system
can be easily translated for other nanofillers. In this technique the thermoplastic polymer
and nanofillers are mixed using conventional melt mixing methods such as extrusion,
batch mixing, or injection molding. No solvent is required in this technique and fillers are
mixed in the molten matrix using high shear forces. The viscosity of the melt plays an
important role in shear mixing of the nandfillers in the polymer melt during processing
[18-20]. Compatibilizers can also be used to improve the interfacial adhesion between
polymer and fillers. However, organic surface modifications are prone to thermal
damage and optimum processing conditions need to be selected. Increased mixing time

can improve the dispersion of nanofillers in polymer but long processing time can
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degrade the heat sensitive polymers. Elongational flow and orientation of extrudate
during extrusion leads to orientation of fillers in the direction of extrusion. Alarge amount
of polymer composites can be processed compared to other techniques. Achieving
complete exfoliation or dispersion of nanofillers in a polymer matrix with this technique
is difficult.
In Situ Polymerization

In this technique a monomer is dissolved or suspended in solvent [21-23]. The
nano particles are dispersed or swelled in liquid monomer by ultra sonication or
vigorous mechanical stirring. The low viscosity of the monomer improves the dispersion
of the nandfillers. The combined solution of monomer and fillers is then polymerized
using an initiator at elevated temperature or using radiation. Subsequent polymerization
of the monomer leads to uniform intercalation or dispersion of fillers in the polymer
matrix. This method is common for thermoset resins as non reacted liquid resin can be
crosslinked in between the dispersed nanofillers [24]. This approach has also been
successfully used for thermoplastics like nylon [25], polystyrene (PS) [26], poly methyl
methacrylate (PMMA) [27], etc. Ogbomo et al. [28] polymerized layered double
hydroxide (LDH) dispersed styrene monomer by using a free radical polymerization
method with benzoyl peroxide as an initiator to make PS/LDH nanocomposite.
Solution Technique

In this technique the polymer is dissolved in a suitable solvent [29, 30].
Nanofillers which tend to form stacked structures or agglomerates can also be
dispersed in the same solvent using sonication or mechanical stirring. The polymer

chains get adsorbed on the filler surface or get trapped between nanofillers. When the
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solvent is evaporated, the remaining polymer and nanofillers form a nanocomposite.
Removal of the solvent is a critical issue in this approach.
2.3 Polymer Carbon Nanoparticle Composites.

lijima discovered carbon nanotubes in 1991 [31, 32] and after that significant
efforts have been made to incorporate carbon nanotubes in various materials. Carbon
nanotubes have high aspect ratio, high modulus, and strength and therefore they are
promising fillers in polymer composites. Significant enhancement in the tensile modulus
and tensile strength has been reported. The estimated mechanical properties of carbon
nanotubes are higher than the real values but still represent high potential filler
materials for polymer nanocomposites.

The glass transition temperature and thermal degradation temperature is also
observed to significantly increase by the addition of carbon nanofillers in polymers. The
addition of carbon nanotubes in polymers can impart improved electrical and thermal
conductivity [33-41]. Many potential applications have been proposed for carbon
nanotubes and carbon nanotubes based systems, including high strength conductive
composites, sensors, thermal conductors, energy storage, semiconductor devices and
probes, etc.

2.4 Carbon in Various Forms

The structure and properties of various forms of carbon are completely different.
Carbon forms various structures like graphite, diamond, carbon fibers, carbon black,
bucky balls (Cep), carbon nanofibers, carbon nanotubes, etc. In the experimental work of

this thesis carbon nanotubes as conductive fillers are used.

15



2.4.1 Carbon Nanofibers

Carbon nanofibers and carbon nanotubes looks similar under electron
microscope but Melechko et al. [42] showed that the planar structures and arrangement
of graphen in both structure is different (Figure 2.3). Unlike in nanotubes, in carbon
nanofibers the graphene planes are wrapped into truncated conic sections. Anisotropic
structures of graphene planes are present in carbon nanofibers so defining intrinsic
electrical properties of carbon nanofibers is difficult. Carbon fiber diameter ranges from

100 to 150 nm with several micron lengths.
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Figure 2.3 Schematic structure of carbon naotubes (a) graphene layer, (b) stacked cone
sherringboned nanofiber, and (c) nanotube [31]
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2.4.2 Carbon Nanotubes

Carbon nanotubes are the allotropes of carbon, cylindrical in nature and made by
rolled graphene sheets. CNTs show incredible thermal, mechanical, and electrical
properties. The chemical composition of the carbon nanotubes is simple but shows
diverse structure property relationships. Each carbon atom in the nanotube is attached
to three neighboring carbon atoms by sp? bonding in x-y plane. The presence of sp?
bonding in carbon nanotubes which forms a hexagonal lattice is stronger than sp®
bonding which forms a cubic structure in diamond. The theoretical tensile strength of
carbon nanotubes is 130-150 GPa and the modulus is over 1000 GPa [43]. In
laboratories actual measured values of up to 63 GPa has been reported which is higher
than diamond, Kevlar, or spider’s silk. Comparison of various materials properties are
shown in Table 2.3.

The delocalized pi-electron cloud in the z-direction of the graphene plane gives
unique electrical properties to carbon nanotubes [44]. Thermal and electrical
conductivity of the carbon nanotubes depends on the chirality or twist of the carbon
nanotubes (chirality is the chiral angle between hexagons of carbon nanotubes and the
tube axis). Fig. 2.4 shows different structures formed by CNTs due to arrangement of
hexagonal lattice structure. Single wall nanotubes can be either conductive or
semiconductive according to the structure. However, measuring electrical and thermal

properties of single nanotubes is challenging.
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Table 2.3 Comparison of various materials’ properties

Material Young's Modulus | Tensile Strength | Density
(GPa) (GPa) (g/cm®)
Single wall nanotube 1054 150 14
Multi wall nanotube 1200 150 2.6
Diamond 600 130 3.5
Kevlar 186 3.6 7.8
Steel 208 1 7.8
Wood 16 0.008 0.6

Figure 2.4 Schematic illustrations of the structures of (A) armchair, (B) zigzag, and (C)
chiral SWNTs. Projections normal to the tube axis and perspective views along the tube

axis are on the top and bottom, respectively [34].
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There are two types of carbon nanotubes: 1) Single wall carbon nanotubes
(SWNTs) and 2) multi wall carbon nanotubes (MWNTs). MWNT consists of one atom
thick single graphene sheet rolled around itself. A diameter of ananometer and length
up to 1000 nm has been achieved by many researchers depending on the synthesis
process variables. SWNTs show better electrical transport properties than MWNTSs.
MWNTs consist of many concentrically nested SWNTs [45]. Space between concentric
nanotubes is slightly larger than the single graphene sheet because geometrical strains
occurr during formation of nanotubes. MWNTSs having outer diameter of 4-50 nm, inner
nanotube diameter of 2.2 nm, and length up to several microns has been reported by
researchers. In this work, | have used MWNTSs supplied by Baytubes® and the detail
information has been given in Chapter 3 and 4.

2.5 Dispersion of Nanotubes in Polymer Matrix

Due to high polarizability of the pi-electrons there is a strong interaction between
adjacent nanotubes through van der Walls’ forces and weak interaction between
graphene sheets. Attraction between nanotubes to nanotubes leads to formation of
agglomerates of nanotubes and that hinders well dispersion of nanotubes in polymer
matrix. The dispersion of nanotubes in the polymer matrix can be improved by covalent
treatment or non-covalent treatment of carbon nanotubes (CNTs). In covalent treatment
attachment of the chemical structure on the surface of the nanotubes or at the end of
nanotubes is possible. Covalent treatment causes change in possible hydrogen bonding
and results in separation of nanotubes and can be dispersed in a common solvent of
polymer and nanotubes [46]. Solvent treatment also improves the interfacial adhesion

between CNT and polymer matrix. Functionalized CNTs ensure the reactive coupling of
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CNT to polymer matrix. This results in stronger interfaces and efficient load transfer
between CNTs and polymer matrix. Covalent treatment of CNT can ensure better
mechanical properties of the composite due to better dispersion of CNT in polymer
matrix but at the same time covalent treatment adversely affects the intrinsic properties
of CNTs. This route causes the change in aspect ratio of the CNTs which generally
affects the percolation threshold of the composite. Electrical properties of CNTs can
also be hampered due to adverse effects of covalent treatment on the Fermi level and
perturbation of the pi-conjugation of CNTs [47]. Covalent treatment also decreases the
phonon-scattering length which affects the thermal conductivity of the CNTs [48]. The
changes in intrinsic properties of CNTs directly affect the overall properties of
polymer/CNT composite.

Non-covalent treatment is effective to disperse the CNTs without disturbing pi-
conjugation of the CNTs so that the intrinsic properties of the CNTs can be preserved.
S. Bose et al. [49] have shown that the electrical properties of the non-covalently treated
CNTs and polymer composites are better than the covalently treated CNTs and polymer
composites. The statistics of journal papers reviewed is given in Figure 2.5 showing the
strengths and weaknesses of covalent and non-covalent treatments on the composite

properties.
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Figure 2.5 (a) Overall statistics of the journal papers reviewed in this article which
addresses the influence of various pre-treatment in polymer/CNT composites and
compares with respect to pristine CNT; (b) Statistics showing the strengths (+) and
weaknesses (-) of covalent and (c) non-covalent types of pre-treatment on the
composite properties (statistics also includes paper which report simultaneous
improvement in both structural and electrical properties) [38].

Good mechanical and electrical properties can be achieved if good interfacial
interaction and better dispersion of CNT in polymer matrix is achieved [50]. CNT
dispersion in the polymer matrix is one of the major challenges limiting realization of the
advantages of CNT polymer nanocomposites. Better interfacial adhesion between
polymer and filler gives better mechanical properties due to effective load transfer from
polymer to filler. Also load should get distributed over the supporting filler. Effective load
transfer depends upon the shear stress between matrix and filler interface. A high shear
stress would transfer load from matrix to filler at shorter distance while low shear stress

would transfer the load over long distance. Load transfer between matrix and filler

basically occurs by three mechanisms; chemical bonding, weak van der Walls forces,
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and physical micro interlocking [51]. Physical micro interlocking is difficult in CNT due
an atomically smooth surface.

When CNTs are dispersed randomly in the polymer matrix, thermal, mechanical,
or electrical properties are expected to be isotropic. As the filler content in the polymer
matrix increases, a gradual transition from predominant polymer matrix properties to
filler properties occurs. Above certain concentration of fillers in polymer, overall
properties of the composite are dominated by filler properties and that transition point is
called as percolation threshold. At the percolation threshold there is a formation of a
percolating network of filler in the polymer matrix which helps to transfer electrical,
thermal, or mechanical forces from one end to another. The required concentration for
percolation threshold reduces with increased dispersion of fillers in matrix [52].

2.6 Percolation Theory

The bulk electrical conductivity of the single atom thick graphene is highly
isotropic. Along the graphene planes the electrical conductivity takes place without any
scattering while conductivity perpendicular to the graphene plane involves considerable
scattering losses. Graphenes in-plane electrical conductivity is 2.1 x 10° S/m and
perpendicular to graphene plane is 5 x 10% S/m [53]. Carbon nanotubes are nothing but
rolled graphene sheets so at least from an electrical point of view, the intrinsic electrical
conductivity of nanotubes is similar to graphene sheets. Bulk electrical conductivity can
be different depending on factors like orientation, entanglement, agglomeration, number
of walls in nanotubes, etc. In MWNTs ballistic conductivity like superconductivity

(electron transfer without any collision losses) is observed by Poncharal et al. [54].
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The addition of such highly conductive particles in dielectric materials like
polymers can make polymers conductive or semi-conductive. Percolation theory (as
illustrated in Figure 2.6) is based on the way these nanoparticles form links to conduct
electricity when dispersed in the polymer matrix. Addition of very low amount of
conducting particles or highly dispersed particles in polymer matrix cannot impart
conductivity. When the addition of conductive particles results in particle to particle
contact, they form a conductive path and the whole composite can become conductive.
An increase in the concentration of conductive particles in dielectric materials increases
the probability of forming conducting paths throughout the dielectric material. In
addition, the conductivity of the whole composite depends on the dielectric properties of
the polymer matrix. Thus percolation threshold is defined as a critical concentration of

conductive particles at which an insulating matrix becomes suddenly conductive.
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Figure 2.6 Percolation theory: (a) Well dispersed conductive nanofillers: Non conductive
composite (b) High concentration of fillers, well distributed but not forming conductive
path (c) Filler concentration at percolation threshold forming conductive path.
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2.7 Piezoresitivity in CNT Filled Nanocomposites

Piezoresistivity is a phenomenon in which electrical resistance of the material
changes with change in applied stress or strain. By the addition of carbon nandfillers, a
dielectric polymer matrix can be made electrically conductive. In electrically conductive
materials, a change in the electrical resistance can be measured easily. So when
applied stress or strain on the material is changed, there is a change in measured
electrical resistance of the material. Thus change in the electrical resistance of the
material is directly related to the change in the stress or strain of the material. In this
way, strain sensing is possible with piezoresistive materials. Polymeric nanocomposite
materials are the best suited materials for this application as they can be designed for
the required stress or strain. To achieve piezoresistivity in polymeric nanocomposites
concentration and loading configurations are important issues that need to be studied
and investigated in detail.

In this dissertation poly(hydroxyl butyrate-co-valerate) (PHBV) and
poly(butylenes adipate-co-terephthale) (PBAT) were used as a host material and CNTs
were used as a conductive nanofillers. CNT filled composites were prepared by non
covalent melt blending technique. Various issues like mechanical properties, thermal
properties, morphological structure, piezoresistivity under dynamic and transient stress
loading conditions, non-linear piezoresistive response, blend miscibility, etc. were
studied and discussed elaborately in this dissertation.
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CHAPTER 3
POLY(3-HYDROXYBUTYRATE-CO-3-HYDROXYVALERATE)/MULTIWALL CARBON
NANOTUBES NANOCOMPOSITES

3.1 Introduction

Recent concern about the harmful effects of petroleum based non biodegradable
polymers on the environment has raised new challenges for polymer industries. One of
the solutions to tackle this problem is to replace the synthetic petroleum based polymers
with equally competitive biobased biodegradable polymers. Poly(hydroxyalkanoates)
(PHA), a family of biopolymers has attracted much attention recently, due to their
complete biodegradability, biocompatibility, and natural origin. Most significantly, their
mechanical properties are similar to that of widely used polypropylene. Several
applications have been proposed for PHA polymers in the fields of medicine,
agriculture, and packaging [1]. The most studied and easily produced member of this
family is poly(3-hydroxybutyrate) (PHB), an isotactic, high molecular weight polymer
whose mechanical properties compare favorably with polypropylene [2]. Produced in the
form of intracellular granules by several microorganisms, PHB serves as a carbon and
energy storage material. However, some drawbacks have prevented its introduction in
the market as a valid alternative to the currently widespread nondegradable oil-based
thermoplastics. Some of these drawbacks are its fragility, thermal degradability at
temperatures not far above the melting point, and its high price [3].

In order to improve the properties of PHB, several kinds of PHA copolymers have
been described in the literature incorporating structural units such as 3-hydroxyvalerate

to obtain poly(hydroxybutyrate-co-valerate) (PHBV) [4]. PHBV is an attractive material
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for environmental waste management and can be used as a substitute for conventional
polymers when recovery for recycling or incineration is difficult or not cost effective [5-7].
Unfortunately, PHBV presents the following problems to be solved, which are: slow
crystallization rate, relatively difficult processing due to low melt viscosity, low
elongation at break, and very high crystallinity. Slow crystallization rate of the PHBV
during processing causes tackiness for long period of time in the final product until it
becomes completely crystalline. Even after cooling, PHBV with higher contents of
hydroxyvalerate (HV) units will stick to each other as the PHBV chains still remain in the
amorphous state [8]. Many researchers, including us, have proved improvement in the
crystallization rate of the polymers by addition of fillers such as nanoclays, talc, carbon
nano fibers, carbon nanotubes, etc. [9-13]. In all these efforts, solution casting and melt
blending techniques were used to prepare polymer composites. In general, all methods
showed higher recrystallization temperatures by addition of fillers. When comparing the
melting temperature to the recrystallization temperature, the slow crystallization rate of
PHB based polymers and copolymers is evident by a ~100 degree difference in the
melting and recrystallization temperatures. A decrease in the difference between
melting and recrystallization occurs for all fillers with the nucleation efficiency of carbon
nanotubes [6] and graphene nanofillers [11] being the best (smallest difference between
melting and recrystallization temperatures).

In addition to the growing interest in polymers from renewable resources, the
importance of multifunctionality from the polymers has grown specially with the growth
of polymer sensors [14, 15]. The discovery of carbon nanotubes by S. lijima in 1991 [16]

has resulted into the designing of novel materials with extraordinary combination of
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mechanical, thermal, and electrical properties [17, 18]. Nanocomposites made up of
biodegradable polymer matrices and carbon nanotubes are a class of advanced novel
materials with great application potential such as: biocompatible and biodegradable
sensors or actuators [19], anti-static conductive smart packaging [20], structural health
monitoring [21], etc. In this work, nanocomposites of PHBV with carbon nanotubes as a
fillers have been designed with the aim of exploring the mechanical, thermal, and
electrical properties of PHBV/MWNT nanocomposites. The addition of MWNT to the
PHBYV biopolymer is anticipated to enhance the crystallization rate, thermal, mechanical,
and electrical properties.
3.2 Experimental
3.2.1 Materials

PHBV (Mw = 250 000 g mol™") with 18 mol % hydroxyvalerate content was
supplied by the School of Chemical Engineering (State University of Campinas, Brazil).
PHBV was dried in an oven for 48 hours at 40 °C. MWNT (Baytubes® C150 P) were
obtained from Bayer MaterialScience (Leverkusen, Germany), with outer number of
walls 3-15, outer mean diameter 13-16 nm, inner mean diameter 4 nm, length 1-10 pm
and bulk density 140-160 kg/m°®. MWNT were used as received without further
purification. Prior to melt mixing, MWNT were vacuum dried at 100 °C for 4 hours.
3.2.2 Nanocomposites Preparation

Dried MWNT and PHBV were melt blended together in a counter rotating
Brabender batch mixer at 170 °C temperature and 100 rpm for 5 min. Compression
molding was used to make film samples for thermo-mechanical testing. Samples for

electrical testing were prepared using metal template of 25 X 25 X 4 mm?® size.
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Compression molding was carried out at 170 °C under 10 MPa pressure with 10 min
residence time. The contents of MWNT in PHBV powder were 0, 1, 5, and 10 weight
percentage; and the compositions were coded as PHBV, PHBVCNT1, PHBVCNTS5, and
PHBVCNT10 respectively.
3.2.3 Measurements and Characterization
3.2.3.1 Mechanical Properties

The uniaxial tension and compression tests were performed on a MTS 810
Material Test System (MTS, Eden Prairie, MN, USA), in which the upper platen was
fixed and the lower platen was mobile. Both the tension and compression tests were
done at a strain rate of 5 mm/min. The axial force and the displacement data were
recorded.
3.2.3.2 Differential Scanning Colorimetry (DSC)

Thermal transitions were determined using a Perkin—Elmer DSC6 (Norwalk, CT,
USA), using 10 °C/min heating rate in an inert atmosphere of nitrogen. Samples were
first heated from 20 to 190 °C and maintained at this temperature for 5 min until
completely melted, thus eliminating the thermal history. Samples were then cooled to 20
°C. After holding for another 5 min at 20 °C, samples were again heated to 190 °C to
study the behavior in the absence of the previous thermal history. The % degree of
crystallinity was calculated according to the relation: X. = (AHs x X,) / AH% , where AHs
is the enthalpy of fusion, X, is the weight fraction of PHBV in the composite and AH® is
theoretical heat of fusion value of 100% crystalline PHBV. AH% was taken as 109 J g’

[22].
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3.2.3.3 Dynamic Mechanical Thermal Analysis (DMTA)

The viscoelastic properties of PHBV and the nanocomposites were measured
using a Rheometric Solids Analyzer 3 (RSA3) DMTA instrument (TA instruments, New
Castle DE, USA) operating in the tensile mode. For the viscoelastic measurements, film
samples measuring 25 x 5 x 0.12 mm? were used. The tests were done at heating rate
of 10 °C/min, a frequency of 1 Hz and strain amplitude of 0.5%. The strain amplitude
was determined from a separate strain amplitude sweep test at 1 Hz frequency to
establish the linear viscoelastic region. The temperature sweep was conducted between
-50 °C to 100 °C. All DMA measurements were done in triplicate to obtain average
viscoelastic values.
3.2.3.4 Wide Angle X-Ray Diffraction (WAXD)

WAXD was conducted using a Rigaku model D/Max—Ultima Ill (Rigaku Tokyo).
X-rays were generated at 44 mA current and 40 kV voltage with Cu Ka wavelength (A)
of 1.542 A. Diffractograms of neat PHBV and nanocomposite samples were recorded at

room temperature in an angular 26 range of 5 to 35 degrees with a step size of 0.02 and

a scanning rate of 2 degrees min". All experiments were performed on same day with

same set of X-ray filters and X-ray alignment.
3.2.3.5 Transmission Electron Microscopy (TEM)

The PHBV/MWNT composite block (5 X 3 X 3 mm) was microtomed into thin
slices in a direction perpendicular to the length direction, using a diamond knife and a
Reichert-Jung Ultracut microtome at room temperature. The slice size was
approximately 70-100 nm. The slices were placed on a copper grid to observe under

TEM. Since, the nanotubes embedded in the matrix were not aligned along any specific
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direction, a large variety of orientations could be observed in the samples.
Consequently, when the microtomy experiment was performed, nanotubes
perpendicular to the blade of the knife were cut as well, leading to the subsequent
observation of their cross sections. Further, bright-field TEM and diffraction images
were recorded using a Philips EM420 (Philips Electronic Instruments Corp., Mahwah,
NJ, USA) instrument at an accelerating voltage of 120 kV.
3.2.3.6 Electrical Resistivity

Compression molded samples with a size of 25 X 25 X 4 mm® were used for
electrical resistance measurement. To ensure good electrical contact silver paste was
applied and then fine copper mesh was mounted on both the sample surfaces. The two-
probe method was used to measure volume resistance using an Agilent 34410A
multimeter (Agilent Technologies, Santa Clara, CA, USA). The two-probe method is
based on Ohm’s law: V = I'R, with V, |, and R indicating the voltage, current, and
resistance between the two electrodes, respectively. As the difference between the
resistivity of the copper electrode and the material was significant, a two-probe over
four-probe measurement was found to be equitable. After measuring the electrical
resistance of the samples, the electrical resistivity p was obtained using following

equation,
(3.1)

Where,
p is the static resistivity (measured in ohm-centimeters, Q cm)

R is the electrical resistance of a uniform specimen (measured in ohms, Q)

Lis the length of the sample (measured in centimeters, cm)
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A is the cross-sectional area of the specimen (measured in square centimeters,
cm?).

3.3 Results and Discussions
3.3.1 Mechanical Properties
Tensile Test

The influence of MWNT content on the mechanical properties of the
nanocomposites is shown in Figure 3.1 (a) and detailed in Table 3.1. With the
incorporation of 1, 5, and 10 wt % MWNT, the Young’s modulus increased for all the
compositions while yield stress values increased for 1 and 2 wt % MWNT compositions.
This indicated effective stress transfer across the filler matrix interface resulting in the
MWNT acting as effective reinforcements. As concentration of MWNT increased,
agglomeration resulted in stress concentration and a decrease in the peak stress. A
consistent decrease in failure strain with concentration indicates alteration in plastic
deformation of the matrix with the incorporation of the MWNT.

Table 3.0.1 Tensile properties of PHBV/MWNT composites

Sample Tensile Strength Modulus Strain at Break
(MPa) (GPa) (%)
PHBV 25.10 (£ 0.30) 1.12 (£ 0.05) 4.01 (£ 0.50)

PHBVCNT1 | 28.20 (+0.15) | 1.24 (+0.06) 3.45 (+ 0.40)

PHBVCNT5 | 28.50 (+0.55) | 1.32(+0.08) 2.75 (+ 0.18)

PHBVCNT10 | 24.20 (+0.25) | 1.42 (+0.09) 1.5 (¢ 0.20)
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Figure 3.1 Mechanical test results (a) tensile testing, (b) compression testing.
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Compression Test

The compression properties for compression molded composite samples are
shown in Figure 3.1 (b) and Table 3.2. It is clear that PHBV composites offer improved
compressive properties. Compressive curves were similar to those for most of the
synthetic polymers as we have previously found in PVDF [14, 15]. Upper yield strength
and modulus values increased with an increase in the % content of MWNT. For
PHBVCNT10, at strains past the yield, a broad plateau indicates extensive plastic
deformation. It can be also noted that PHBVCNT10 composite showed a very high
improvement in the yield stress value under compressive load while the same
composite showed poor performance under the tensile loading condition.

Table 3.2 Compressive properties of PHBV/MWNT composites

Compressive Modulus Strain at
Sample Strength Break (%)
(MPa) (MPa)

PHBV 47 (£ 2) 250 (x 6) 42 (£ 3)
PHBVCNT1 55 (+ 1.5) 340 (+ 4) 41 (£ 2)
PHBVCNT5 60 (+ 2) 587 (x 10) 37 (£3)
PHBVCNT10 118 (£ 2) 160 (£ 5) 65 (x4)

Comparing tensile and compressive properties, it is clear that the compressive
peak stress values are higher than the corresponding tensile stress value for the same
compositions. This result indicates that failure in the PHBV and its MWNT
nanocomposites is associated with heterogeneities in the sample voids or stress
concentrations at the interface between MWNT and the polymer. The suppression of
void nucleation in compression results in a significant increase in strains for failure
compared to the tensile case. The higher strain to failure of the 10% sample coupled to
the increased tensile modulus and decreased strain to failure indicates that
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embrittlement of the sample increased the flow stress for the composite under
compression when stress concentration is suppressed.
Dynamic Mechanical Thermal Analysis

Figure 3.2 (a) illustrate dynamic storage modulus (E’) and dynamic loss modulus
(E”) and Figure 3.2 (b) illustrate tan 6 (E”/E’) as a function of temperature for all the
compositions. E’ represents the ratio of the in-phase stress to the applied strain. It
represents the stiffness of a viscoelastic material. The loss factor or tan 6 is the ratio of
loss modulus (E”) to the storage modulus (E’). It is a measure of the energy dissipated,
expressed in terms of the recoverable energy, and represents mechanical damping or
internal friction in a viscoelastic material. Experiments were conducted in triplicate and
the magnitudes of the representative curves shown in the figures have a deviation of not
greater than 10%. The higher E’ values of PHBV/MWNT nanocomposites reflect the
reinforcement potential of MWNT in the PHBV matrix. The increase in the modulus can
be ascribed to the reinforcing effect of the nanofillers. Although E’ generally increased
with increasing MWNT content, a discrepancy between the tensile modulus trends and
the DMA E’ trends were noted for the PHBVCNT10 composite. For PHBVCNT10, E’
was lower than that of PHBV and other composites. The mode of material response is
different for the oscillatory strain compared to quasi static strain, indicating that the
agglomeration occurring at higher concentration leads to poor strain transfer in the

composite.
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Figure 3.2 Dynamic thermo-mechanical properties of PHBV/MWNT nanocomposites in
terms of (a) E' and E” (b) tan d

3.3.2 Differential Scanning Calorimetry (DSC)

Figure 3.3 shows the DSC results for neat PHBV and its nanocomposites. The
melting temperature (T,), melting enthalpy (AHr), cold crystallization temperature (T¢),
cold crystallization enthalpy (AHc), melt recrystallization temperature (Tmc), melt

recrystallization enthalpy (AHmc) and the degree of crystallinity (Xc) were obtained from
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the thermograms. The results of the first heating and cooling curves and the second
heating and cooling curves are summarized in Table 3.3. Compounded PHBV and
PHBV/MWNT nanocomposites except PHBVCNT1 showed bimodal endothermic
melting peaks in the first heating (Fig. 3.3 (a)). PHBVCNT1 showed a single melting
temperature peak at 168 °C. The bimodal peaks in other compositions correspond to T,
of the crystalline phases; suggest the presence of two crystalline phases in the samples
and the two AH,, values reflect the relative amounts of the crystalline phases in the
PHBV/MWNT nanocomposites. An evaluation of the two melting points in terms of peak
height showed that the low-temperature melting peak (164 °C) was more or less
unchanged whereas the high-temperature melting peak (178 °C) decreased slightly with
increasing MWNT content. A similar phenomenon of a decrease in the melting peak
temperature with increased nanofiller content in PHBV/montmorillonite nanocomposites
was observed by S. Wang et al. [23] and by us for PHBV/LDH (layer double hydroxides)
nanocomposites [8]. It was inferred that the low-temperature melting peak was probably
related to heterogeneous nucleation of PHBV, which started spontaneously by PHBV
chain aggregation below the melting point and the high temperature melting peak is
related to homogeneous nucleation of PHBV [24]. The first heterogeneous low melting
peak was suppressed in the second heating cycle implying stable crystal formation due
to the erasure of metastable crystallization induced by processing during the first heat
while the high temperature melting peak increased in intensity. In the second heating
and cooling thermographs, PHBV/MWNT composites displayed higher melting
enthalpies, higher crystallization temperatures, and narrower and more symmetrical

melting and crystallization curves compared with PHBV. This established a
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crystallization promoting effect of MWNT in PHBV. It can be observed from the second
heating curve (Fig. 3.3 (c)) the absence of cold crystallization curve for composites with
MWNT. Here the carbon nanotubes obstruct the diffusion of HV units and hence the
recrystallization process. In that case, crystals in the nanocomposite are more unstable
than in plain PHBV. However, the presence of the carbon nanotubes in the
nanocomposites increased the crystallization temperature of PHBV (Fig. 3.3 (b) and 3.3
(d)). It can be concluded that the nanotubes increase the crystallization rate and have a
heterogeneous nucleation effect on the polymer matrix. The nanoscale carbon tubes act
as nucleating agents, facilitating the crystallization process. The well dispersed MWNT
leads to an increased number of sites available for nucleation, thereby enhancing the
crystallization rate. Bhattacharyya et al. [25] reported that this phenomenon should be
attributed to the higher thermal conductivity of carbon nanotubes compared with that of
the polymer.

Table 3.3 Thermal properties of PHBV and PHBV/MWNT nanocomposites: first heating
and cooling

Heating Cooling
Composition | Peak 1 | Peak 2 Peak 12+ Peak T
o | AHme (J g7
Tre (°C) AHn@gh | (9
First PHBV 164 178 62.1 72.7 14.1
heating
PHBVCNT1 167 44.2 78.6 -49.3
PHBVCNT5 162 174 54.7 924 -66.6
PHBVCNT10 164 172 42.2 101.0 -53.0
Second
heating PHBV 57.2 172.0 44.3 48.0 -5.0
PHBVCNT1 - 172.3 49.3 71.2 -44.5
PHBVCNT5 - 172.2 47.3 96.2 -51.5
PHBVCNT10 - 173.5 44.8 99.5 -52.4
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Figure 3.3 DSC traces for PHBV and PHBV/MWNT nanocomposites: (a) first heating;
(b) first cooling; (c) second heating; (d) second cooling.

3.3.3 X-Ray Analysis

Figure 3.4 shows X-ray patterns in the range 26 = 5 to 35° of pristine PHBV and
its nanocomposites with MWNT. The WAXD diffractogram of neat PHBV shows that this
polyester is a semicrystalline material. Its characteristic reflections have been reported
in the literature [26, 27]. These characteristic peaks of PHBV are indicated in Fig. 4 and
correspond to an orthorhombic cell [28]. PHBVCNT1, PHBVCNT5, and PHBVCNT10
show PHBYV reflections at the same values as for the neat biopolymer, indicating that, in
the nanocomposites, PHBV crystallizes in its typical crystalline form. Its unit cell is not

changed after incorporation of MWNT. However, the addition of MWNT results in
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sharper peaks for the (020), (110) and (021) PHBV reflections compared to that of pure
PHBV. The crystallite size L (nm) was determined for the peak corresponding to the
(020) reflection using the Scherrer equation which is defined as: L (nm) = 0.94\ / 3 cos
8, where A is the wavelength of the X-ray radiation which is 1.542 A, 6 is the Bragg
angle and B is the full width at half maximum (FWHM). Table 3.4 shows the effect of
MWNT on the crystalline lamella size for the (020) reflections. The lamella size for the
(020) direction increased with increasing MWNT, indicating that the crystalline lamella
size increased in the presence of MWNT. These results confirm that the crystallization
of PHBV is promoted by the addition of carbon nanotubes, which is in agreement with
the DSC data. It should be pointed out that crystallite growth of PHBV varies in different
directions. The sharp rise in intensity and narrow peak of PHBV crystals in the
PHBV/MWNT composite in particular direction indicates the crystallite growth of PHBV
along that direction.

Table 3.4 Effect of MWNT content on the crystallite size for (020) reflections

Composition FWHM d-spacing Crystallite size doyo
(deg) (nm) (nm)

PHBV 0.457 0.66 14.23

PHBVCNT1 0.6 0.657 15.25

PHBVCNT5 0.56 0.658 18.68

PHBVCNT10 0.53 0.656 16.11
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Figure 3.4 WAXD patterns of PHBV and PHBV/MWNT nanocomposites.
3.3.4 Electrical Resistivity

The influence of MWNT contents on electrical resistivity of PHBV/MWNT
nanocomposites is shown in Figure 3.5. The volume resistivity of the composites
decreased with increasing the MWNT content and the electrical percolation threshold

occurred between 2 and 5 wt% MWNT.
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Figure 3.5 Electrical volume resistivity of PHBV/MWNT composites as a function of
nanotube content.

3.3.5 Transmission Electron Microscopy (TEM)

The TEM images show good dispersion and wetting of MWNT in PHBYV matrix.
The extent of nanotube dispersion appears to be strongly dependent on the degree of
entanglement, as well as on the strength of the shear forces experienced during
processing. Agglomeration does not appear to be extensive in the nanocomposites

indicating adequate mixing during extrusion.
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Figure 3.6 Bright field TEM imaging of semicrystalline PHBVCNT1 composites. (a)
shows multiwall carbon nano tubes in the PHBV matrix, (b) breakage of agglomerate
due to high shear forces during compounding process, (c) and (d) shows well dispersed
CNTs in matrix, (e) image showing polycryastalline diffraction pattern of the polymer
crystals far away from the CNTs and (f) is of the polymer crystal near CNT rich region.
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To form a conductive network of MWNT it is important to preserve the aspect
ratio of the MWNT during processing and the nanotubes should not be more then 2 to 3
nm away from each other. Figure 3.6 (e) and (f) shows a diffraction pattern produced by
the electron beam through PHBYV, which are polycrystalline orthorhombic crystals. TEM
diffraction patterns can be obtained in much the same way as X-ray diffraction from
powders. Semi crystalline polymers like PHBV have completely random polycrystals. In
TEM diffraction we rotate the reciprocal lattice about all axes and produce a set of
nested spheres. When we intersect these spheres with the plane (Ewald sphere) we
see ring patterns. Amorphous or less crystalline regions produce a diffused ring pattern
compared to the brighter ring pattern produced from more crystalline regions. So it can
be inferred that the brighter diffraction pattern from the region close to carbon
nanotubes (Figure 3.6 (f)) indicates crystallization. This confirms the effectiveness of
nanotubes acting as a heterogeneous nucleating agent while the region away from
nanotubes resulted in a less crystalline region giving diffused diffraction pattern.
3.4 Conclusion

MWNT were an effective nucleating agent for PHBV showing both the
suppression of cold crystallization in the second heating thermogram as well as a ~70
degree increase in recrystallization temperature. The magnitude of the recrystallization
temperature varied substantially with an increase in MWNT concentration. Analyzing the
X-ray spectra in the context of PHBV crystallinity revealed an increase in crystallite size.
Increased peak intensities of XRD peaks confirm that the crystallization of PHBV was
promoted by the addition of MWNT, which is in agreement with the DSC data. DMA

data showed that CNTs did not affect the T4 but increased storage modulus with an
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increase in MWNT content. Improved mechanical properties and electrical conductivity
were observed by incorporation MWNT in PHBV matrix.
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CHAPTER 4
BIODEGRADABLE PIEZORESISTIVE MULTIWALL CARBON NANOTUBE/POLY/ (3-
HYDROXYBUTYRATE-CO-3-HYDROXYVALERATE) COMPOSITES

4.1 Introduction

There is increasing interest in developing piezoresponsive stress sensors in the
biomedical industry and for structural health monitoring with low environmental footprint.
While previously limited to ceramics, the low strain to failure and problems with
adhesion to the underlying substrate led to increased interest in flexible polymer based
piezo-sensors. From an initial focus on intrinsic piezoresponse of the polymer, more
recent efforts are directed to the incorporation of conductive nanoparticles into the
polymer. All materials show a change in resistance through change in length, which is
the basis of strain sensing instrumentation. Recognizing that in a dispersed composite,
inter-particle distance changes as a function of the strain in the material, a new
technology based on nanoparticle dispersed structural health monitoring materials has
emerged [1]. Nanotubes in particular offer a viable nanoparticle option for structural
health monitoring. Carbon nanotubes (CNTs) offer an extraordinary combination of
electrical, mechanical, and thermal properties [2]. The ballistic electrical conductivity
and high aspect ratio of CNTs can significantly improve the bulk electrical conductivity
of dielectric polymeric materials at low percolation threshold [3]. Such electrically
conductive CNT/polymer composite materials can respond by changing their electrical
resistance under the influence of change in mechanical stress or strain. This
phenomenon of change in electrical resistance with applied stress or strain on the

material is called as piezoresistivity. Based on this phenomenon various strain sensors
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or self sensing composite structures and some mechanical damage based self-
monitoring materials can be developed [4-11]. Many researchers are applying this
phenomenon using various types of material systems like thermoplastics [3-6],
thermoset resins [7], cement [10], etc. with range of fillers.

Dielectric materials like polymers can be made conductive or semi-conductive by
addition of highly conductive CNT particles. The magnitude of conductivity is dependent
on how the conducting particles are distributed in the dielectric matrix. Percolation
theory (as illustrated in Ch. 2, Figure 2.4) is based on the way the nanoparticles form
links to conduct electricity when dispersed in polymer matrix. We have recently
established that the functionality of piezoresponse can be obtained at low and high
concentrations with a resistive-conductive mechanism both providing a stress-
resistance correlation in a MWCNT/polyvinylidene fluoride composites [1]. Changes in
resistance were determined to be stress loading rate dependent. The quasi-static
compressive loading show a decrease in resistance with stress irrespective of the CNT
concentration while transient creep deformation show CNT concentration dependent
resistance change. At low concentration lack of CNT-CNT contact leads to change in
dielectric response of the matrix, which is related to the distance between the
conductive particles. The time dependent response is therefore determined to be
resistive in nature. At higher concentrations, when conductive particles come in contact
with each other they form conductive or tunneling path and the whole composite
become conductive. Increase in the concentration of conductive particles increases the

probability of forming conducting paths throughout the dielectric material.
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Based on manufacturing considerations, thermoplastics are preferred as they
can be easily processed by extrusion and injection molding. Composites can be easily
synthesized by the addition of nanofillers and designed for required stress or strain
level. This results in reduced cost, good mechanical strength, and ease of stress or
strain monitoring.

In this paper, we utilize poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV) as the
host matrix for a stress/strain sensor. PHBV is part of the poly hydroxyl alkanoate
(PHA) family. PHAs are polyesters of hydroxyalkanoic acids synthesized by bacteria as
intracellular-carbon and energy storage compounds and accumulated as granules in the
cytoplasm of cells [12]. As biodegradable and biocompatible materials, they have
attracted much attention in diverse applications [13]. A frequently utilized member of
PHA family is poly(3-hydroxybutyrate), a polymerized 3-hydroxybutyrate discovered in
1927 by Lemoigne. This biomaterial has distinct properties including biodegradability,
biocompatibility, and piezoelectric characteristics [14]. It also has the particular
advantage that it is thermoplastic and therefore, in principle, can be processed using
existing processing equipment.

Thermo-mechanical properties of PHBV are close to conventional petroleum
based polypropylene [15,16]. PHBV has attracted much attention recently due to their
full biodegradability [17], biocompatibility [18], and natural origin [19]. PHBV shows
promise to use in wide range of applications in various fields. Composites made from
biodegradable polymer matrix like PHBV and CNTs is a class of advanced novel
materials with great application potential. CNT/polymer composites can be used for

smart packaging [20], structural health monitoring [21], or advanced biocompatible
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prosthetics [22]. For such applications the study of electrical response under the various
loading conditions is crucial. In this work, composites of PHBV with MWCNTSs as filler
have been designed with the aim of exploring the piezoresistive response of
MWCNT/PHBV composites.
4.2 Experimental
4.2.1 Materials

PHBV (Mw = 250 000 g mol™") with 18 mol % hydroxyvalerate content was
supplied by the School of Chemical Engineering (State University of Campinas, Brazil).
PHBV was dried in an oven for 48 hours at 40 °C. MWCNT (Baytubes® C150 P) were
obtained from Bayer MaterialScience (Leverkusen, Germany), with outer number of
walls 3-15, outer mean diameter 13-16 nm, inner mean diameter 4 nm, length 1-10 ym
and bulk density 140-160 kg/m®. Figure 4.1 show the TEM images of Baytubes®
MWCNTs. MWCNT were used as received without further purification. Prior to melt

mixing, MWCNT were vacuum dried at 100 °C for 4 hours.

Figure 4.1 TEM images of Baytubes® MWCNTs
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4.2.2 Sample Preparation

MWCNTs and PHBV were melt blended in a counter rotating Brabender batch
mixer at 170 °C and 100 rpm with residence time of 5 min, followed by a compression
molding at 170 °C under 10 MPa for 10 min to form a sheet with smooth surfaces. After
natural cooling to room temperature, the sheet was cut into samples with a size of 25 x
25 x 3 mm°. Silver paste and copper mesh (Fig. 4.2) was applied on the both surfaces
to make better electrical contact. The contents of MWCNT in PHBV powder were 0, 1,

5, and 10 weight percentage; and the compositions were coded as PHBV, PHBVCNT1,

PHBVCNTS5, and PHBVCNT10 respectively.

(a) (b) (c)

Figure 4.2 Sample preparation and test set up; a) application of silver paste, b)
mounting copper mesh and c) compressive test set up
4.2.3 Measurements

The compression tests were performed on MTS 810 Material Test System (MTS,
Eden Prairie, MN, USA), in which the upper platen was fixed and the bottom platen was
mobile. The two-probe method was used to measure the volume resistance by using
Agilent 34410A multimeter. The two-probe method is based on Ohm’s law, i.e., V = IR

with V, | and R being voltage, current and resistance between the two electrodes
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respectively. Since the copper electrode-material resistivity difference was significant, a
two point over four point measurement configuration was found to be equitable. The
compression test was done at the speed of 0.5 mm/min. The axial compressive force
and the displacement data were automatically recorded in a computer. The
experimental setup for simultaneous measurements of stress, strain, and volume
resistance measurements is schematically illustrated in Fig. 4.3. For creep testing under
compression, the specimen was compressed with a certain axial stress which was
maintained during the creep period. Compressive creep tests on the composite samples
were performed under axial stress of 32 MPa. Fatigue tests were conducted between 1

and 10 MPa in a triangle wave using frequency of 1 cycle per minute.
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Figure 4.3 Experimental procedure showing sample preparation and electrical,
mechanical response measurement technique.
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4.3 Results and Discussion

4.3.1 Compressive Stress and Resistance Response under Quasi-Static Loading

Compression tests were performed first to determine the maximum yield stress
values of the samples. The compression test results for all compositions are shown in
Table 4.1. It is clear that MWCNT reinforced the PHBV matrix and the compressive

yield stress and elastic modulus values increased with

concentration in PHBV.

Table 4.1 Compressive properties of PHBV/MWCNT composites.

increase

Composition Yield Stress (MPa) Modulus (Mpa) Strain at yield
PHBV 47 £ 2 250+ 6 12+0.8
PHBVCNT1 55+1.5 340+ 4 10+0.6
PHBVCNT2 57 +£1.1 368 + 6 8.8+0.8
PHBVCNT5 60 £ 2 587 + 10 6.2+0.6
PHBVCNT10 118 £ 2 160 £ 5 5+£0.5
(a) 06 03 00 (b) -1.0 05 0.0
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Figure 4.4 Change in the resistance as a function of applied compressive stress.
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Figure 4.4 shows change in the fractional resistance (AR/Rp) as a function of
compressive stress for PHBVCNT5 and PHBVCNT10 samples. Ry is the resistance
before loading and R is the resistance under the loading condition. In the composites,
MWCNTSs can be considered as incompressible, as Young’s modulus of MWCNTSs is
very high (0.9-5.5 TPa) [23]. When the composite was compressed, the compressibility
of the matrix led to decrease in the inter-particle distance of the MWCNTSs. For both
PHBVCNTS and PHBVCNT10 composites, the decrease in the resistance with applied
stress was very high below 10 MPa. The change in the resistance with respect to
change in strain is defined as a gauge factor (GF). GF= (AR/Rp) / €; where ¢ is a
mechanical strain. Metals have a reported gauge factor of around 2 while poly-silicon
has a gauge factor around 25. Our previous work with PVDF has shown values in the
range of 2 to 3 (close to metals). Here, gauge factor values of 6.25 and 8 were
observed for PHBVCNTS and PHBVCNT10 respectively. When the stress values went
above the 10 MPa the change of resistance reduced and at around 30 MPa resistances
became constant. Further increase in compressive stress did not change the resistance
value of PHBVCNT5 but a gradual increase in the resistance was observed for
PHBVCNT10. This phenomenon of increase in resistance with increase in stress is
called as a positive pressure coefficient (PPC) and the opposite of it i.e. decrease in
resistance with increase in stress is called as a negative pressure coefficient (NPC). For
PHBVCNT10, the chances of formation of agglomerates were higher than PHBVCNTS.
So after a certain stress level the realignment of the agglomerates and destruction of
the conductive path would have taken place to cause PPC effect in PHBVCNT10.

However, in PHBVCNTS the PPC effect was negligible. Better dispersion and less
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chances of agglomerate formation would have resulted in maintaining the conducting
paths in PHBVCNTS5. Resistance therefore remained almost constant.
4.3.2 Composite Resistivity

The resistivity values of all samples as a function of nanotube concentration are
summarized in Figure 4.5. The value for the lowest concentration corresponds to
PHBVCNT1 composite which is 1x10'® (Ohm-cm). For the PHBVCNT10 composite the
resistivity value is 1x10° (Ohm-cm). Percolation threshold is approximately at 2 wt % of
MWCNT loading where resistivity starts dropping rapidly. A significant change in
resistivity of PHBVCNT5 and PHBVCNT10 indicate valuable piezoresponse potential for

these concentrations.

1.0E+14 -
1.0E+12 -
1.0E+10 -
1.0E+08 -
1.0E+06 -
1.0E+04 -
1.0E+02 |

Volume Resistivity (ohm-cm)

1.0E+00

1 2 5 10

Content of MWCNT (%)

Figure 4.5 Resistivity response of PHBV/CNT nanocomposites.

4.3.3 Compressive Creep and Resistance under Transient Creep

The specimen was loaded using a mechanical test system using a stress ramp
up rate of 10 MPa/sec. When the sample reached a predetermined value of stress 32
MPa, the stress was kept constant for 1 hour. The strain continued to be monitored for 1

hour following creep. Creep compliance was calculated by dividing obtained strain
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values by constant stress. All the tests were performed at ambient temperature. As
shown in Fig. 4.6 (a), the effect of MWCNT concentration on creep compliance can be
seen. The creep compliance decreased in PHBVCNT10 compared to pure PHBV
sample. Typical viscoelastic behavior of PHBVCNT10 composite was observed.
Simultaneously measured resistance response for PHBVCNTS and PHBVCNT10 is
shown in Figure 4.6 (b). During initial load ramping when stress was increased at a high
ramp rate (5 MPa/second) till the constant stress reached, MWCNTs came close
enough to form a conductive or tunneling path leading to decreased electrical
resistance. During this stage, the composite behaved in an elastic manner as the
applied load was within the Hookian region.

During creep, when the applied load was constant, the material yielding response
led to CNT separation competing with the axial compressive force bringing CNT in
greater contact. Thus during the creep segment there was simultaneous destruction and
formation of the conducting paths leading to constant resistance. Both PHBVCNT5 and
PHBVCNT10 showed time independent constant resistance response under the
constant loading condition.

During creep, when the applied load was constant, the material yielding response
led to CNT separation competing with the axial compressive force bringing CNT in
greater contact. Thus during the creep segment there was simultaneous destruction and
formation of the conducting paths leading to constant resistance. Both PHBVCNT5 and
PHBVCNT10 showed time independent constant resistance response under the

constant loading condition.
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Figure 4.6 (a) Creep compliance versus time curves for PHBV/MWCNT composites and
(b) time independent resistance response of PHBVCNT5 and 10 composites under
constant loading.
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When the load was removed (recovery following the creep), the stress was
reduced to zero, a sudden increase in the resistance was observed. The absence of the
constant compressive load forcing the CNT-CNT contact resulted in a domination of
material flow response in this segment. The material resistance increased with further
relaxation of the sample as the CNT-CNT distances increased. The lower CNT
concentration (PHBVCNTS5) resulted in fewer CNT-CNT contact an hour after the stress
was removed compared to the higher concentration (PHBVCNT10). Thus there was
increased resistance over time in the PHBVCNTS case versus a constant permanent
resistance in the PHBVCNT10 case.

4.3.4 Cyclic Loading and Electric Resistance Response of Composites

Cyclic loading was applied within the elastic limit of the sample. As shown in
Figure 4.7, during the cyclic loading the specimen resistance was changed
synchronously with applied stress on the sample. The increase in the resistance was
observed with increasing number of cycles which was inferred to permanent residual

stain built-up after each cycle of loading.
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Figure 4.7 Resistance response under cyclic loading.

62



4.4 Conclusion

A biocompostable and biocompatible piezoresponsive nanoparticle dispersed
composite was developed that can operate under transient, quasi-static, and cyclic
loading. A transition from NPC to PPC behavior for PHBVCNT10 composites under
compression was determined. Higher gauge factors relative to nonrenewable polymers
such as PVDF were determined. The observed gauge factors for PHBVCNTS and
PHBVCNT10 composites were 6.25 and 8 respectively. Time independent
piezoresistive response was observed under long term constant loading condition.
PHBVCNTS5 and PHBVCNT10 both showed a time independent decrease in resistance
change during creep loading but when the load was removed the PHBVCNT5
composite had a gradually increasing resistance while the PHBVCNT10 had a time
independent recovery. Both had a permanent remnant change in resistivity following the
creep-recovery test. Under cyclic load, the stress—time and resistance—time were
synchronous. These results show that these composites are viable candidates for
biomedical and environmental applications.
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CHAPTER 5
CRYSTALLINE/CRYSTALLINE POLYMER BLENDS
5.1 Introduction
The technology of polymer blends has been one of the major areas of research
and development in polymer science in the past four decades. There are a wide range
of polymer blend systems studied by researchers. The difference in polymer blend
systems mainly involves phase behavior; specifically, miscibility versus phase
separation [1].  Polymer blends can exhibit miscibility, phase separation, and various
levels of mixing in between the two extremes. The miscibility in low molecular weight
materials involves combinatorial entropy which is very high compared to in high
molecular weight materials. The basic thermodynamic equation which governs the
mixing of two dissimilar materials is:
AGp = AHpm - TASH, (5.1)
where AGn, is the free energy of mixing, AH, is the enthalpy of mixing, and AS, is the
entropy of mixing. For miscibility to occur AG,, must be smaller than zero. Along with the

above requirement, the following condition must also be satisfied.

(5:&51,5&:) >0 (5.2)
80?2 T.P. :

Negative values of equation 5.2 can result in phase separation of two components. In
low molecular weight materials increasing temperature can result in an increase in
entropy which can lead to miscibility. However, for high molecular weight polymers
TASq is smaller and an increase in temperature can result in non-combinatorial entropy

contributions and AH, values leading to immiscibility of two components. The liquid-
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liquid and polymer solvent mixtures usually exhibit upper critical solution temperature
(UCST) while a polymer-polymer mixture exhibit lower critical solution temperature

(LCST). Figure 5.1 represents this behavior.
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Figure 5.1 Phase diagram showing UCST and LCST behavior for polymer blends.
The spinodal curve shape is related to
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The entropy of mixing can be derived from the Boltzmann relationship.
AS,=kInQ (5.4)
ASy=-K (N4 In xq + NqIn xp) (5.5)

where x is the mole fraction of the components and N4 and N, are the number of
molecules of component 1 and 2. For a polymer mixture it was observed that the
above equation did not agree frequently with experimental observation as it die
for low molecular weight mixtures. Thus for a polymer, the assumption is made
that the lattice is comprised of N cells with volume of V. Each polymer occupies

volume v, and v, having volume fraction @1and &,. Therefore AS,, leads to

85, =—RV (20, +2 Ino,) (5.6)

Enthalpy of mixing is related to w4, by equation

AHpy  Zwyg

0,0, (5.7)

w \
¥ Uy

where z is the coordination number whose value lies between 6 and 12 and w is

the exchange energy given by equation 5.8.

W =

Ba |

1
€ty €226 (5.8)

The free energy of mixing is therefore expressed by equation 5.9.

MGy = kT (Ny +
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The coefficient of the enthalpic term is termed Flory interaction parameter [2, 3]. The
addition of functional groups on polymers which provide strong polymer-polymer
interaction can make AH, negative. For blends containing a copolymer of
monomer segments A and B and a homopolymer of a monomer C, the net
interaction parameter is given by equation 5.11.

AHpm = %12 0102 (5.10)

¢ aBc = XPac t AecPs - XaBPADE (5.11)
This has also been proven based on the Mean Field Theory by Kambour et al. [4].
which supports the determination that the interaction parameter is negative for miscible
intermolecular interactions.
The prediction of polymer-polymer miscibility based on solubility parameter (3)
can be done by following equation.

"

(8,1~ 8,2)°] 9,0, (5.12)

AHy,
NV, +N Wy

= (64— 8.)° +
The determination of compatibility in polymer blends relies on the presence and
variation in glass transition temperature across the composition. In immiscible polymer
blends, individual components separate from each other and thus show two glass
transition temperatures. There are also some examples of partially miscible blends
exhibiting only one glass transition temperature, whose value depends on the blend
composition. For such blends the Fox equation is often used which is shown in equation
5.13, and 5.14.

Tg=WiTg1 + W2 Tgo (5.13)
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where W is mass fraction of polymer component.
5.2 Polymer Crystallization

The discovery of folded chain crystals by Andrew Keller in 1957 was one of the
important milestones in polymer science. The basic unit of a polymer crystal is thin two
dimensional lamellae separated by amorphous material. The dimensions of these
lamellae are much smaller than the extended polymer chain. In polymers, due to the
presence of these long chains, crystallization is a non-equilibrium process. Thus in
polymers crystalline and amorphous phases coexist violating Gibbs phase rule. During
the crystallization process a change in density, symmetry, and phase transition takes
place which determines the properties of the final product. The initial crystallization from
an entangled melt can be thought of as a kind of separation process between
crystallizable and non-crystallizable polymer chains. And this process eventually forms
crystalline and amorphous regions in the final crystallized polymer. Kinetic constraints
on crystallization play an important role in determining final morphology. Crystallization
commonly proceeds by nucleation of a fiber like structure followed by lamellar structure
formation. The lamellae growth continues to form fibrils. Such fibrils grow from the point
of nucleation in all directions and form spherulitic structures. Once spherulitic structures
form they contuinue to grow (primary crystal growth) and impinge on each other. After
this primary crystal growth there is a secondary crystal growth which takes place within
the confined regions of uncrystallized melt which is secondary crystal growth. The
primary crystals are more thick and regular while secondary crystals are thin, small, and

less regular in structure.
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5.3 Polymer Crystal Structure and Characterization
Structural order in polymers range from A to mm lead to rich variety in
morphology. Therefore characterization of the polymers is challenging and requires

several techniques to characterize the whole range of length scale as shown in Figure

5.2.
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Figure 5.2 Hierarchical structural order of polymer crystal and respective
characterization techniques.

Kinetic Theories of Crystallization

Many kinetic theories have been formulated to study and describe these non-
equilibrium morphological features. Many researchers use the Avrami model to describe
the kinetics of isothermal phase transformation. This model assumes that nucleation
takes place randomly and that the crystal grows over three dimensions. Crystal volume

fraction x(t) at any given time (t) can be calculated by following equation.

x(t) = [ v (L DA(E[1—x()] de (5.15)
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where, v (t,7) is volume fraction of crystallites at a given time t that was nucleated at

time = , n(t) is nucleation rate at time t. Since the polymer crystals cannot grow

completely, the Avrami equation is modified to the following form.

wt) . — Lt

In[1 — 22 =k (5.16)

xl:ol::l xl:al:::l

where x(o0) is the crystalline volume fraction after a long period of time, k is a constant

that depends upon the nucleation and growth rate, n is the “Avrami exponent” which
takes value from 1 to 4 depending on the nature of crystallization. The various Avrami
exponents associated with different crystal geometries and nucleation type [5]are shown
in Table 5.1.

Table 5.0.1 Avrami exponent and for various types of crystal geometry, nucleation type.

E’i‘;;anrg:] ( Crystal Nucleation Ra.te .
Geometry Type Determination

0.5 Rod Athermal Diffusion
1 Rod Athermal Nucleation
1.5 Rod Thermal Diffusion
2 Rod Thermal Nucleation
1 Disc Athermal Diffusion
2 Disc Athermal Nucleation
2 Disc Thermal Diffusion
3 Disc Thermal Nucleation
1.5 Sphere Athermal Diffusion
2.5 Sphere Thermal Diffusion
3 Sphere Athermal Nucleation
4 Sphere Thermal Nucleation

But before using the Avrami model and utilizing the interpretations of it based on ‘K’ and

n’, it is important to know the assumptions of Avrami equation and the inherent
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problems related to it [6, 7]. The problems associated with Avrami model are enlisted
below.
e Constant radial growth of spherulite and fixed shape (rod/disc/sphere) of growth
has been assumed.
e Analysis does not account for induction time.
e Complete crystallinity of sample is assumed.
e Considered primary crystallization only.
e Radial density of crystal considered constant which has not been observed
experimentally.

Thus, the phenomenological based Avrami model cannot explain the
experimental observations and crystallization kinetics such as crystal growth,
dependence of melting temperature on crystallization temperature, etc. Therefore,
independent microscopic investigation is critical before assigning ‘K’ and ‘n’ to particular
features of crystallization.

The surface nucleation theory [8] of Lauritzen and Hoffman can help to
understand and predict several experimental observations of crystallization. According
to this theory polymer chains from the melt come in contact with the growing face of
lamella and form secondary nuclei. The growth rate of lamella, g, at temperature T is

given by equation:

—K

g = gp exp L;h—ﬂ exp [;f;] (5.17)

where, go is constant, ﬁ term is associated with transport of polymer chains to the
b

crystal surface, Ky is temperature independent term, AT is the subcooling and f
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accounts for variation in the heat of fusion with temperature. The regime transitions in
Lauritzen and Hoffman theory are highly dependent on equilibrium melting temperature,
Tm’. The equilibrium melting temperature is defined as the melting point for infinite chain
crystals where the polymer chain ends have been paired as in the case of crystallization
in small molecules. However, such equilibrium crystals can never form. Therefore T’
has to be estimated by extrapolation. This nucleation theory is based on the assumption
that the difference between melting and crystallization temperature is due to crystal
thickening at the crystallization temperature. This forms the basis for Hoffman-Weeks
method to determine T, . In this method a plot of melting temperature Vs crystallization
temperature can be conveniently used to determine the T.,".

5.4 Crystallization in Polymer Blends

Crystallization in polymer blends can take place in various ways resulting in
various supermolecular structures. The formation of structure depends on whether the
polymers are miscible within the temperature range of both component melting points
and composition range, whether they exhibit a miscibility gap, or whether they are
immiscible over all the conditions. The crystallization process in these three miscibility
conditions have been discussed below:

5.4.1 Complete Immiscible Blends [9, 10]

On mixing of two immiscible polymer components they phase separate and stay
side by side after crystallization. The two different phases exist as two separate pure
components and show composition dependent overall melting and crystallization
behavior. However, the crystallization mechanism can be altered due to the interface

between two components or one of the components acting as a nucleating agent for the
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other component. In some cases both the blend components may crystallize at the
same time when the minor component is finely dispersed in the other component.
Sometimes the continuous phase can also form droplets to act as the dispersed phase
like the minor component. In such a case the major component can exhibit fractionated
crystallization. i.e. crystallization at different temperature. Fractionated crystallization
can be enhanced by the addition of compatibilizer or by increasing the mixing time while
processing which causes a reduction of droplet size. The reduction in the droplet size
reduces the surface area of the droplet and thus affects heterogeneous nucleation.
Polymers have a high molecular weight. During mixing of two or more polymers, unlike
low molecular weight compounds, polymers do not show very high entropy of mixing
even if they are chemically identical. Yet within crystalline polymers, the higher order
afforded by the crystalline region results in a lower entropy of mixing contribution. Highly
crystalline phases are thus more likely to phase separate from less crystalline or
amorphous phases [11].

5.4.2 Crystallization in Blends with Miscibility Gap [12]

In phase separated crystallizing components, the component with more
crystallinity will start crystallizing first. The crystallization spreads over the whole phase.
After complete crystallization of that phase the crystallites reach to the interface and
induce the crystallization of other phase. The crystallization of other phase takes place
which looks completely different from the first one. This kind of interface crossing
crystallization can lead to interesting morphological structure and can show positive
effect on improved mechanical properties of the blend due to better adhesion between

two components.
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5.4.3 Crystallization in Miscible Blends [9-12]

In blends of two crystalline polymers, the kinetics of crystallization of one polymer
can be hindered by the crystallization or presence of the other polymer. Thus a reduced
melting temperature of the blend is observed. There are very few polymer blend
systems of crystalline polymers which show miscibility at the whole range of
temperature and composition. Examples are PVDF/PHB, PC/PCL, PET/PBT, PHB/PEO
blend systems. Simultaneous crystallization of the polymers results in interpenetrating
spherulites. It is well know that spherulites of the same polymer stop growing when they
meet their own spherulites but in case of spherulites of the different polymers they
interpenetrate and grow into each other. The spherulites of the two components then
grow successively. The fast growing and highly crystalline component may fill the whole
volume. The structural features of these miscible blends can be analyzed by small angle
X-ray scattering (SAXS). The change in the lamellar morphology can be observed using
SAXS that can be correlated to the miscibility of a polymer pair.

5.5 Crystalline/Crystalline Polymer Blends

In the next section various crystalline/crystalline polymer blend systems
investigated in the past have been reviewed.

Poly(vinylidene fluoride) (PVDF)/Poly(1,4-butylene adipate) (PBA) Blends

For the miscible blend of PVDF and PBA Penning et al. [7] determined that both
components were capable of crystallizing over a full range of compositions. Co-
crystallization did not occur due to well separated melting and crystallization
temperature regimes. Therefore, the crystallization of each component resulted in a

phase separation process in which the polymers were partially segregated from the
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mixture to form a pure phase. During the crystallization of PVDF, the PBA acted as a
noncrystalline diluent which reduced the spherulitic growth rate as well as the overall
crystallization rate of the PVDF phase. Also, PBA affected the spherulitic texture of
PVDF and facilitated the formation of PVDF polymorph.
Poly(butylene terephthalate) (PBT)/Polyarylate bisphenol A isophthalate [PAr(I-100)]
Blends

Liu et al. [13] studied the miscibility and crystallization behavior of PBT and PAr(l-
100) binary crystalline blend system. This crystalline/crystalline blend showed
composition dependent Tg-temperature relationships such as the Fox relation to confirm
miscibility of the blend system over entire range. Further, the PBT and PAr could form
the crystals at the same temperature for 50/50 blend but they did not form the cocrystal
as evidenced by a single recrystallization temperature. Using thermal analysis, they
showed that the crystallization of PAr(I-100) was much faster when a small amount of
PBT was added. This was explained as being due to the increasing segmental mobility
or plasticization of the high Tg component by addition of low-T4 components. However,
the presence of crystallites of PBT in the blend suppressed the crystallization of PAr(I-
100).
Poly(ethylene oxide) (PEO)/Poly(ethylene succinate) (PES) Blends

H-L Chen et al. [14] investigated the crystallization kinetics and semicrystalline
morphology of PEO/PES blend. Morphological structures can be controlled by
modifying the crystallization kinetics. The dilution of PES by PEO enhanced segmental
mobility and increased crystallization rate. When PEO content was further increased the

crystallization rate of the PES was reduced due to dominant dilution effect. SAXS
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studies for crystalline amorphous state of PEO and PES revealed that there was
significant amount of interfibrillar segregation of amorphous PEO and for
crystalline/crystalline state, two separate lamellar stack domains were observed, where
one contained pure PES lamellae and the other contained mixed PEO and PES
lamellae.
Poly(vinylidenefluoride) (PVDF)/Poly(1,4-butylene adipate) (PBA) Blends

Liu et al. [15] studied PBA crystallization behavior within the PVDF spherulites of
PBA/PVDF miscible blends using small-angle X-ray synchrotron scattering (SAXS). The
incorporation of PBA into the PVDF interlamellar region was found to be dependent on
the PVDF crystallization conditions. Three recrystallization temperature regions emerge
when dealing with two crystalline melts. At temperatures above that of the higher
melting point polymer, the microstructure is completely amorphous and an
amorphous/amorphous blend exists. At temperatures between the melting point of the
lower melting polymer and the higher melting polymer, a crystalline/amorphous mixtures
will exist. Finally at temperatures below that of the lowere melting system, a
semicrystalline/semicrystalline mixture will exist. Thus by changing the crystallization
paths through isothermal recrystallization temperature selection, onditions the PBA
(which was the lower melting component) component can be introduced into
interlamellar, interfibrillar or interspherulitic regions. The crystallization behavior and
crystalline morphology of the PBA component in the PVDF interlamellar region also
changed with the blend composition.

Poly(vinylidenefuoride) (PVDF)/Poly(3-hydroxybutyrate) (PHB) Blends
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H. J. Chiu et al. [16] studied the lamellar morphology of a melt-miscible blend
consisting of PVDF and PHB using small angle X-ray scattering (SAXS). SAXS pattern
revealed the presence of lamellar stacks of PVDF and PHB domain. The interlamellar
regions of both lamellar stack (LS) domains were found to contain mixed amorphous
PVDF and PHB. Further crystallization kinetics played an important role in the
microstructure of the lamellar stacks domains. At a high crystallization temperature
where PHB was basically an amorphous diluent of PVDF, PHB is expelled from
between the PVDF lamella stacks. (e.g. the ym scale) during the crystallization of
PVDF, so that the sequential stacking of PVDF lamellae extends over a long distance.
Large PVDF LS domains are thus created.

Poly(3-hydroxybutyrate) (PHB)/Poly(ethylene oxide) (PEO) Blends

Jiang-Wen You et al. [17] studied the spherulitic morphology and crystallization
kinetics of PHB/PEO blends prepared by the solution casting by differential scanning
calorimetry (DSC) and polarized optical microscopy (POM). The blends of PHB with low
molecular weight PEO were found to be miscible in the melt. Sequential crystallization
of PHB and PEO was observed at 70 °C. Banded spherulitic texture of PHB was
perturbed by subsequent crystallization of PEO. When PHB/PEO blend was quenched
from melt to room temperature fairly competitive crystallization emerged where
crystallization and segregation of PHB and PEO occurred simultaneously, leading to a
complicated spherulitic morphology.

Poly(butylene succinate) (PBSU)/Poly(ethylene oxide) (PEO) Blends
Z. Qiu et al. [18] found PBSU/PEO blend miscible based on the existence of

single composition dependent glass transition temperature over the entire composition
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range. Also, thermodynamic miscibility was studied using the Flory-Huggins equation.
The depression of melting temperature was found to be composition dependent and
interaction parameter values were always negative. In their further studies of
PBSU/PEO blend Z. Qiu et al. [19] studied the influence of the blend composition,
crystallization temperature, and scanning rate on the melting behavior of PBSU. The
recrystallization of PBSU was observed to be restricted by either of increasing a) the
PEO in blend composition, b) scanning rate, or c) crystallization temperature.
Immiscible Poly(ethylene oxide) (PEO)/Poly(1-caprolactone) (PCL) and Poly(butylene
succinate) (PBSU)/Poly(1-caprolactone) (PCL) Blends

Z. Qiu et al. [20] studied the miscibility and crystallization of PEO/PCL blends by
phase contrast microscopy (PCM) and DSC. PCM study showed that PCL is immiscible
with PEO. The crystallization rate of the PEO decreased with increase of PCL in the
blends due to physical restriction by the PCL domains. However, the crystallization
mechanism of PCL did not change with PEO. Also, Z. Qiu et al. [21] found immiscibility
of PBSU/PCL based on the composition independent glass transition temperature and
the biphasic melt.
Poly(butylene succinate-co-butylene carbonate) (PEC)/poly(L-lactic acid) (PLLA) blends

Ikehara et al. [22] observed the spherulitic morphology in PEC/PLLA AFM to
obtain direct evidence for the formation of inter-penetrating spherulites (IPS) i.e.
spherulites of one component crystallized inside the spherulites of the other component.
It revealed that PEC crystals penetrated between edge-on fibrils of a PLLA spherulite.
Poly(1,4-butylene succinate) (PBSU) in the Oriented Blend with Poly(vinylidene fluoride)

(PVDF)
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The PBSU/PVDF blend was reported to be a miscible crystalline/crystalline blend
based on remarkable decrease in the melting temperature upon blending of the two
components [23]. Li et al. [24] studied the crystal orientation and the lamellar textures of
PBSU/PVDF (30/70) blend using WAXD, SAXS, and TEM and correlated the results
with mechanical properties of the blend. They concluded that the morphology of the
miscible blend is segregated into the fibrillar morphologies of PBSU and PVDF, forming
a periodic structure with a long period of 50 nm perpendicular to the stretching direction.
The TEM studies revealed that PBSU-rich domains dispersed in the PVDF-rich matrix
were elongated into ribbon like domains with a width of 20-50 nm, which was consistent
with the SAXS and WAXD results.

Poly(vinylidene fluoride) (PVDF)/poly(3-hydroxybutyrate-co-hydroxyvalerate) (PHBV)
blends

Based on single T4 Zhaobin et al. [25] showed miscibility of PVDF/PHBV blend
over entire range. They observed spherulitic morphology of PHBV was influenced
significantly by the presence of the pre-existing PVDF crystals. The spherulitic growth
rate of PHBV decreased with increasing PVDF and increased with the crystallization
temperature.

Poly(butylene adipate-co-butylene succinate) (PBAS)/Poly(ethylene oxide) (PEO)
Blends

Ikehara et al. [26] observed the interpenetrating spherulites growth of PBAS and
PEO components in their miscible blends. The growth of the PEO lamellae took place
along the preexisting PBAS lamellae. They described the conditions for interpenetrating

spherulite formation as follows: 1) The difference in T, of the two constituents must be
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sufficiently small so that they can crystallize simultaneously, 2) The content of the
higher T, component should be smaller than that of the lower T, component, 3) The
spherulites of penetrated (host) component must contain a sufficient amount of
interlamellar amorphous regions that contain an adequate quantity of the penetrating
(guest) component.
Poly(vinylidene fluoride) (PVDF)/Poly(butylene succinate-co-butylene adipate) (PBSA)
Blends

Zhaobin et al. [27] proved PVDF/PBSA blends as a miscible blends based on the
decrease of crystallization peak temperature and melting point temperature of each
component with increasing the other component content and the homogeneous melt.
Individual component fraction and crystallization condition dependent three different
morphological structures of PVDF/PBSA were observed: 1) Crystallization of PBSA in
the interspherulitic regions of the PVDF spherulites, 2) Formation of PBSA spherulite in
remaining space after PVDF’s complete crystallization, 3) PBSA spherulites nucleated
and continued to grow inside the PVDF spherulites. In another work of Zhaobin et al.
[28] studied the spherulitic morphologies and overall crystallization kinetics of miscible
PVDF/PBSA blends by POM, DSC, and WAXD. Independent crystallization of PVDF
and PBSA was observed due to large difference in melting temperatures and the two
components could not crystallize simultaneously. The WAXD pattern showed no effect
on crystalline structure of the individual components in the blend and also indicated that
the individual components crystallize separately. The intensity of the characteristic

peaks of individual components increased with their fraction in blend.
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POM results indicated decrease in crystallization with increase in the
crystallization temperature despite blend composition. Overall crystallization rate of the
blends increased due to nucleation effect of PVDF at low concentration and lower
crystallization rate at high concentration of PVDF due to a dilution effect which reduced
the number of crystallizable units at the crystal growth front.

Poly(butylene succinate) (PBSU)/Poly(ethylene oxide) (PEO) Blends

Takayuki et al. [29] studied the spherulitic growth rate of PEO inside PBSU
spherulites of PBSU/PEO blends. They showed PBSU contains wide amorphous region
and PEO crystallizes primarily in interfibrillar regions in PBSU spherulites. Also, the
spherulitic growth rate of PEO decreased with crystallization temperature and increased
with PEO fraction in blend.

Poly(ethylene succinate) (PES)/Poly(ethylene oxide) (PEO) Blends

A single Tg across the composition range in PES/PEO inferred miscibility [30]. Lu
et al. [31] observed the composition and crystallization condition dependent sequential
and simultaneous crystallization of PES/PEO blends. Here they proposed that the
density of lamellae in PES spherulites was lower than that in PEO spherulites, and PEO
spherulites continued to penetrate into PES spherulites on contact. In their further work
[32] they studied the effects of PES/PEO blend composition and crystallization
temperature on the crystalline morphologies of PES/PEO by optical microscopy. At
some compositions (which) and crystallization temperatures PEO fibrils grew faster
inside the amorphous regions of the PES spherulites due to presence of high
concentration of PEO in PES crystals. Also they observed, during the growth of PEO

fibrils in PES spherulites, PEO fibrils do not keep their original direction of growth but
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change their growth direction along PES fibrils. Other novel crystalline morphologies
were interpenetrated spherulites and nucleation of PEO and PES spherulites from the
same site.
Poly(butylene adipate) (PBA)/Poly(vinylidene fluoride) (PVDF) Blends

Yang et al. [33] investigated the effect of the PVDF component on the
crystallization kinetics, crystalline structure, phase transition, and morphology of
polymorphic poly(butylene adipate) (PBA) in their miscible PVDF/PBA binary blends.
They observed composition dependent melting temperature, crystallization temperature,
and a single glass transition temperature. The addition of a small amount of PVDF
(~10%) increased the crystallization rate acting as a nucleating agent for PBA. But
addition of a large % of PVDF decelerates the crystallization process as the solidified
matrix of PVDF provided many confined and restricted spaces to hinder the
crystallization of the PBA component. Similarly, increased transition rate of a phase
PBA into B phase PBA was observed at low % loading of PVDF while at high % loading
of PVDF the same transition rate decreased.
Poly(ethylene succinate)(PES)/Poly(p-dioxanone)(PPDO) Blends

Zing et al. [34] reported the miscibility and crystallization behaviors of
(PES/PPDO) blends. From a single glass transition temperature and decreased
crystallization temperature in comparison with the respective component of the blends
they found blends were completely miscible. The T4 values of the blends were
increased with an increase in the volume fraction of the PES. The T4 values obtained by
using Fox equation (1/Tg=W1/T41. + W2/T42) and by DSC experimentation were close

to each other. But as the difference between the glass transition temperatures of the
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two polymers was less than about 4 °C, the T4 result provided partial explanation for
miscibility of blends. Increase in the cold crystallization temperature of the blend
indicates the poor crystallization and indicates miscibility of the two components. They
also observed increased crystallization temperature and decreased melting temperature
of all the blends compared with both neat PES and PPDO. POM observation for 50/50
composition of the blend showed interpenetrating growth of the PES and PPDO
spherulites. Isothermal crystallization revealed slow crystallization rate of the blends and
WAXS study indicated no change in the crystal structures of the PES and PPDO.
Poly(e-caprolacton) (PCL)/ Poly-L-Lactide (PLLA) Blends

Biocompatible PCL/PLLA is a typical immiscible blend which has been widely
investigated in order to formulate it into practical applications [35, 36]. Aliphatic
polyesters represent an important family of biodegradable materials. It has been
reported that the addition of PCL enhanced the cold crystallization of PLLA, while there
was little effect on the melt crystallization [37, 38]. The addition of PCL even at low%
can cause enhanced nucleation. Rusa et al. [39] reported that the crystallization rate of
the PLLA can be promoted by the addition of PCL. However, the crystallization rate of
PLLA does not increase monotonically with increasing PCL composition. Since the
glass transition temperature of PLLA cannot be identified directly from the thermogram
(melting point of PCl is 60 and Tg of PLLA is 65 causing overlap), T4 criteria cannot to
be used to judge the miscibility between PLLA and PCL. So, on the basis of polarized
optical microscopy where birefringence and phase separation occurred; immiscible
behavior and compatibility of PLLA/PCL blends have been shown. Maglio et al. [40]

demonstrated that for immiscible blends the use of a very efficient corotating twin screw
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miniextruder with a retrofeeding channel system enhances the dispersion of the minor
component in the matrix and minimizes coalescence. Castillo [41] investigated the
crystallization kinetics and morphology of PLLA and PCL blends. He reported, both T,
and T, of PLLA blocks were depressed with PCL content because of a diluent effect,
caused by the miscibility or partial miscibility of both phases. The crystallization kinetics
of the PLLA blocks decreases due to PCL. An Avrami analysis of the data indicated that
3D superstructures were formed from instantaneous nuclei (n= 2.5 to 3). The phase
separation behavior was observed by DSC, DMA, and SEM. Miscible PCL/PLLA blend
can be obtained at low molecular weights. According to Lopez Rodriguez et al. [37]
PCL/PLLA has similar solubility parameter (10.1 and 9.2 cal®*/cm’®) but lack of specific
interaction between PCL and PLLA could contribute to the immiscibility of this polymer
pair. Wu et al. [42] reported on the rheological behavior of PLLA and PCL. PLLA
showed pseudoplastic behavior while PCL showed Newtonian behavior in the regime
60 to 70 °C. They observed the variation in dispersed phase due to difference in
viscosities. Improved mechanical properties were observed in these compatible blends.
The melting and crystallization behavior of crystalline/crystalline polymer blends has

been summarized in Table 5.2.
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CHAPTER 6
MISCIBILITY, CRYSTALLIZATION, AND MELTING BEHAVIOR OF PHBV/PBAT
CRYSTALLINE BLENDS
6.1 Introduction

Polymer blending has remained an economical and effective choice for improving
the mechanical and physical properties of polymers [1, 2]. To date more than 29000
scientific articles have been published in various journals regarding various aspects of
the polymer blends. The polymer blend preparation changes the structure property
relationship of the blend components and ultimately causes change in various
properties of the mixture. Macroscopic properties of the multi-component polymer blend
largely depend on the microscopic properties like morphological structure of the blend,
amorphous and crystalline nature of the individual component, interface between
different phases, crystallization of different components, molecular interaction, etc. In
short, the final blend properties depend on whether the blend is miscible, immiscible, or
partially miscible. Many polymer blends made from synthetic and natural polymers have
been successfully prepared, studied, and commercialized all over the world for a broad
range of applications.

Miscibility, crystallization, morphology, of the polymer blends have been studied
extensively. Most of the studied polymer blend systems represent mixing of two
amorphous polymers or mixture in which one of the components is amorphous.
However, blends in which both components are crystalline polymers have received
much less attention. Both PHBV and PBAT are crystalline polymers. Investigating the

crystalline/crystalline blend is more complicated and provides an opportunity to study
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the crystallization behavior, miscibility, and morphological structure [3-11]. The
difference between the melting points (T,) of the two polymers plays an important role
in the crystallization behavior of their blend. When the T, difference between the two
components is small enough, they usually crystallize simultaneously. Thus the polymer
components which crystallize simultaneously can form unique interpenetrated
crystalline morphologies. The difference between the Tr, T, and T4 of PHBV and PBAT
is ~ 40, 12, and 43 °C respectively. Even though the T, and T4 difference of two
polymers is quite high, the T, difference is low enough that both polymers can undergo
co-crystallization. Also, in the crystalline/crystalline polymer blends, it is important to
know how the crystallinity of one polymer affects the crystallization of other. So in this
work it was expected that crystalline PHBV/PBAT blend can provide a blend system
with intriguing phase behavior, crystallization kinetics, and crystalline morphologies.
Objectives

The purpose of this work was to investigate the miscibility, crystallization, and
melting behavior of PHBV/PBAT blends. In this work, the blends of PHBV/PBAT were
prepared by melt mixing. The isothermal and non-isothermal crystallization and melting
behavior of the blends was studied by isothermal and non-isothermal differential
scanning calorimetry (DSC). The crystalline structure and lamellar thickness of
PHBV/PBAT blends were studied by wide angle X-ray diffraction (WAXD) and small
angle X-ray scattering (SAXS) respectively. PHBV-PBAT phase interaction was studied
by contact angle method. The phase and spherulitic morphologies of the PHBV and
PBAT components in this blend system were observed by scanning electron

microscopy (SEM) and polarized optical microscopy (POM).
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Crystallization, miscibility, effect of blending on morphology are discussed in this

chapter. Figure 6.1 shows the flow chart of experimentation.

PHBV/PBAT
Blend

Crystal Structure
Morphology i :

SAXS

Lamellar Structure

ey
|

Crystallization,

Morphology

Figure 6.1 Flow chart of experimentation



6.2 Experimental
6.2.1 Materials
PHBV (Enmat® -Y1000) was supplied by Tianan Biologic Material Co., Ltd. The

hydroxyl valerate (HV) content in PHBV is 3 %. PBAT is available under the trade name
of Ecoflex® F BX 7011 was supplied by BASF. Ecoflex® is an aliphatic-aromatic
copolyester based on terephthalic acid, adipic acid, 1,4- butanediol and modular units.
This copolyester contains 44 mol% of BT.
6.2.2 Blend Preparation

PHBV was dried at 70 °C for 3 hours before melt blending with PBAT. PBAT was
used as received as predrying before melt processing is not required for PBAT. The
processing was done at 190 °C, 70 rpm (counter rotating blades), and 5 min mixing
time. The compounded blend compositions were then cryo-grinded to obtain the blend
in powder form. The following blend compositions were prepared and labeled as
mentioned: PHBV100, PHBV90, PHBV80, PHBV70, PHBV60, PHBV50, PHBV40,
PHBV30, PHBV20, PHBV10, and PHBVO. In PHBVX, x indicates wt % of PHBV
component in the blend and (100 — X) is the PBAT wt %.
6.2.3 Film Preparation in Carver Compression Press

To facilitate the dynamic mechanical analysis (DMA) testing (Chapter 7), wide
angle X-ray (WAXD) diffraction, and small angle X-ray scattering (SAXS)
characterization, film samples of the blend compositions were prepared using a
compression press. All the films were prepared simultaneously in one molding cycle to
obtain samples with the same thermal history. In this process the powder samples were

preheated at 170 °C for 10 min considering the heating rate of the metal mold and the
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time to heat transfer through Teflon sheets. After preheating, three tons of compressive
pressure for 5 min was applied gradually to form uniform films. In the cooling cycle, the
films’ temperature was suddenly dropped to 80 °C and kept constant for two hours to
ensure slow and extended crystallization of the blends. After two hours the mold was
cooled to room temperature and the samples were removed from the mold. The
prepared samples were kept for two days at room temperature for conditioning and then
used for characterization.
6.2.4 Characterization
6.2.4.1 Differential Scanning Colorimetry (DSC)

Thermal transitions were determined using a Perkin—Elmer DSC6 (Norwalk, CT,
USA). A temperature calibration was performed before doing the actual tests using
indium (Tm= 156.6 °C, AH~=28.5 J/g). A heating rate of 10 °C/min and an inert
atmosphere of nitrogen were used during all the testing. Approximate 5 mg of each
sample was used for testing. The samples were first heated from 20 to 190 °C and
maintained at 190 °C for 5 min to ensure complete melting of all crystallites and
elimination of the blending process thermal history. Samples were then cooled to 20 °C
at 10 degrees C/minute. After holding for another 5 min at 20 °C, samples were again
heated to 190 °C to study the behavior in the absence of the previous thermal history.
The data obtained from the first cooling and the second heating was used for
crystallization and melting study, respectively. The value of AH% i.e. is theoretical heat
of fusion value of 100% crystalline material for PHBV and PBAT AH® was taken as 109

Jg ' and 114 J g™ respectively [12].

95



Isothermal crystallization experiments of the blends were carried out on DSC. For
the isothermal crystallization of the blends, samples were melted at 190 °C for 4 min,
and then rapidly cooled to the respective isothermal crystallization temperature. After
complete crystallization, the samples were cooled to room temperature and then heated
to 190 °C at a rate of 10 °C/min.
6.2.4.2 Wide Angle X-ray Diffraction (WAXD)

To investigate the crystal structure of blend compositions, WAXD measurements
were carried out using a Rigaku model D/Max—Ultima Il (Rigaku Tokyo). X-rays were
generated at 44 mA current and 40 kV voltage with Cu Ka wavelength of 1.542 A.
Diffractograms of the blends were recorded at room temperature in an angular 26 range
of 2 to 60 degrees with a step size of 0.02 and a scanning rate of 2 degrees min™". Al
the experiments were performed on the same day with the same set of X-ray filters and
X-ray alignment. Film samples made at the same time and in the same mold using
same processing conditions were used for the experiment.
6.2.4.3 Small Angle X-ray Scattering (SAXS)

SAXS Working Principle

When a sample is subjected to an incident X-ray beam it causes the oscillations
of electrons in the sample at the frequency of the incident radiation. Due to oscillations
of electrons, it emits radiation in all the directions. Thus, in SAXS diffraction occurs due
to variation in the electron density within the material. When the waves of these
scattered radiations from different locations of the material interfere with each other
constructively or destructively, a scattering pattern is produced. According to Bragg’s

law, when the phase shift between the scattered waves is a multiple of 21 it forms
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constructive interference. For regular repeating units in the material the scattering
angle 20 is related to the inter-planer distance d. Bragg’s equation correlates the inter-
planer distance d, scattering angle 26, and the wavelength (A) of X-ray.
nA= 2 d sin (6/2) (6.1)

where n is the order of reflection (positive integer). Scattering in SAXS takes place at
very low angle typically less than 2°. The lamellar thickness in the semicrystalline
polymers ranges from 10 to 100 nm. The small angle (0-2°) scattering by CuKa
radiation corresponds 1 to 100 nm Braggs spacing. So SAXS serves as a powerful tool
for analyzing crystalline lamellae in this range. There are several experimental
differences between conventional (wide angle) x-ray diffraction and SAXS. The intensity
or flux of the incident X-rays in SAXS is several magnitudes higher than the flux of the
radiation scattered by material. So the incident X-rays can be overwhelming over
sample scattered radiations. Therefore, SAXS requires a highly collimated incident
beam. The scattered pattern from the sample is then collected on the detector. The
detector measures the intensity as a function of position i.e. 26. A vacuum path is used
to avoid scattering due to air or other contaminating particles. The X-ray beam
monochromatization, components alignment, and adequate counting time is crucial
during SAXS.
Instrumentation

D/MAX Ultima lll has multilayer mirror and measurement based on a 2-slit type
small-angle scattering geometry. X-rays emitted from an X-ray source are made to enter
the multilayer mirror. The surface of the multilayer is curved to form a parabola so that

any reflected X-rays are emitted in parallel. Parameters used in this investigation are:
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e X-ray wavelength: CuKa

e Distance between the x-ray source and mirror center: 100 mm

e Divergence angle of the emitted beam: ~ 0.03-0.05°

e Emitted beam width: 0.84 mm or less
The symmetric transmission (also called as symmetric reflection) method was used for
small angle scattering measurement.
A 1 mm divergent slit, 0.2 mm scattering slit, and 0.1 mm receiving slit was used. Figure

6.2 shows standard SAXS configuration.

Slits 2D detector

N\ N

A@ &

Sample
X-ray Cross beam Vacuum path

source optics

Figure 6.2 Standard Standard measurement configuration

Experimental Procedure and Data Collection

In this work SAXS was performed at room temperature to reveal the lamellar
structure in the blends using D/MAX-Rigaku lll (Japan) equipped with “Cross Beam
Optics”. X-ray source was operated at 40 kV and 40 mA. The generated X-rays
provided CuKa radiation with wavelength, A=1.54 A. Corrections were made for empty
beam, instrumentation background and detector efficiency. The scanning speed of 0.1
degrees/min was used. The isothermally crystallized film samples were used for SAXS.

The sample size was 5 mm X 30 mm with 150 = 10 ym thickness. The SAXS pattern
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was collected in the range of 20 = 0-2°. The raw data obtained from the SAXS
experiment was in the form of intensity () vs 26. The angle 6 was used to calculate
scattering vector q, where: q= (411/A) sin(6/2).

6.2.4.4 Contact Angle and Surface Energy Measurement [13]

Contact angle and surface energy measurements were carried out by a static
sessile drop technique using a CAM- Plus® Contact Angle Goniometer
(Cheminstruments, Inc., Fairfield, OH), equipped with a fiber optic light source and
video camera for imaging. Samples for contact angle measurements were made on the
samples made in compression molding between flat Teflon sheets. Further, the
measurement was based on the patented half angle method (US Patent 5 268 733)
(Figure 6.3) which eliminates the errors associated with arbitrary tangential alignment.
Van Oss et al. [14] have shown that the contribution due to acid base interaction can be
expressed in terms of the product of their electron donor and electron acceptor
components by using three liquids, one apolar and two polar. According to the Van Oss

et al. [27] the surface energy calculations were made using the following equation:

(1 +cos 0) = {(¥2yi")"" + (viv)*2 + (rivD)*?} (6.2)

The surface energy of a solid ys (or a liquid y;) can be divided into the Lifshitz—van der
Waals surface energy (ys “V) and Lewis acid—base surface energy (ys"®) components

as described below:

y. =¥ +yif (6.3)
ve® = Yvivis (6.4)
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Here ys' is the Lewis acidic or the electron-acceptor component, ys is the Lewis basic

or the electron-donor component and 6 is the contact angle of liquid L and solid S. The

surface energy components of three well-characterized test liquids [15, 16] (Table 6.1),

i.e. one apolar (dioiodomethane) and two polar liquids (water and glycerol) were used in

equation (6.2) to solve for ys.

Table 6.1 Surface energy components of the standard liquids (units mJ m)

Liquids vi” Yi Yi Yio Y1
Water 21.8 25.5 255 51 72.8
Glycerol 34 3.92 57 30 64
Diidomethane 50.8 0 0 0 50.8
”/"} 40)
¥
’/
20°
HHHHH

Figure 6.3 Contact angle measurement by half angle method
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6.2.4.5 Environmental Scanning Electron Microscopy (ESEM)

The blend morphology of the specimens was observed using FEI Quanta
Environmental Scanning Electron Microscope (ESEM; FEI Company, Oregon, USA) at
an accelerating voltage of 15 to 20 kV. The SEM samples were prepared by cryo
fracturing the compression pressed samples. The fractured surface was then gold
coated for better electron discharge and to obtain good resolution and morphological
images.
6.2.4.5 Polarized Optical Microscopy

A Zeiss Imager A1 polarized optical microscope equipped with an Instec STC200
hot stage was used to investigate the microstructure of the PHBV/PBAT blends. Thin
films of all the compositions were prepared in a Carver compression press. The films
were 20 to 40 um thick. During polarized optical microscopy the film samples were
sandwiched between two thin glass slides and heated on a hot-stage from 30°C to
190°C at the rate of 10°C/min. The samples were then held at 190°C for 5 minutes in
order to destroy any traces of previous crystallinity and then quenched to 80°C (T;) at
the rate of 40°C/min and crystallized isothermally to observe the spherulitic growth. It
should be noted that the thermal history applied during the optical microscopy was

similar to that used in preparation of samples for SAXS.
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6.3 Results
6.3.1 Differential Scanning Calorimetry

Figure 6.4 and Table 6.2, 6.3 presents DSC second heating and second cooling
scans at 10 °C/min for PHBV/PBAT blends. The various thermal property results
calculated from the DSC heating and cooling curves are summarized in Table 6.2 and
Table 6.3 respectively. In the heating scans bimodal endothermic melting peaks can be
observed. The bimodal peaks at 160-170 °C can be the result of either the presence of
two crystalline phases or the modification of the same crystalline phase. Multiple melting
peaks in poly(vinylidene fluoride) and polypropylene have been attributed to the
coexistence of multiple crystal modifications [17, 18]. This can be confirmed from the

wide angle X-ray diffraction (WAXD) results.
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Figure 6.4 DSC traces for PHBV and PHBV/PBAT blends (a) second heating; (b)
second cooling.
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The crystallization rate of PHBV is very slow and therefore, the chances of
forming metastable crystallites during the cooling cycle are very high. The same
metastable structure melts at low temperature giving an endothermic peak.
Subsequently, with an increase in temperature the crystallites form an ordered
structure, releasing heat and forming a crystallization trough during melting. The newly
ordered crystallites and the crystallites which were already present in the sample, melt
simultaneously giving a second bigger endothermic peak.

An intriguing result in the analysis is the observation of an increase in the melting
point temperature by the addition of low melting component i.e. PBAT. The T, of
PHBV100 (first peak) was observed at 155 °C which increased to 161 °C for PHBV50.
For PHBV80 AND PHBV9O0, a single melting temperature was observed. In PHBV30
two separate melting peaks for PHBV and PBAT components were observed again
increased T, for PHBV peak. The melting point hump was also observed for the PBAT
component around 125 °C and the peak temperature decreased with a decrease in wt
% of PHBV from 30 to 0.The possible reasons for elevation in melting point temperature
are discussed in the next section. The AH value for PHBV9O0 is higher than pure PHBV
indicating a nucleation effect of well dispersed PBAT at low concentration. In the cooling
curve also, AH value for PHBV90 was higher than the pure PHBV but reduced the
crystallization rate.

In cooling curves, single crystallization peaks were observed for PHBV/PBAT
blends. Increased crystallization temperatures (T.) can be observed for blend
compositions relative to the pure components. For PHBV90 to PHBV60 compositions,

crystallization took place over a broader temperature range (onset to end crystallization
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temperaure) compared to other compositions. This indicates that the addition of PBAT
restricted the crystallization by interfering with the PHBV crystallization. Here the PBAT
acted as a noncrystalline diluent which reduced the overall crystallization rate of the
PHBV phase. In case of PHBV10 to 40, the crystallization temperature increased with
an increase in the % of PHBV. This can be attributed to the simultaneous crystallization
of both the phases induced by finely dispersed PHBV phase. The overall non-isothermal
DSC results indicated composition dependent melting and crystallization of the blends.
The modified melting behavior and restricted crystallization ability of the blends
compared with neat polymers indicated miscibility of the blends.

Table 6.2 Second heating cycle thermal parameters of PHBV/PBAT blends

PHB.V Onset End o Area Delta H
Fraction Peak # Teomp. Teomp. Peak Temp. ("C) mJ) (J/g)
(C) (C)

0 1 100.57 | 137.38 | 121.37 - 55.02 11.96
10 1 97.95 138.39 | 120.39 - 64.61 12.92
20 1 100.26 | 137.61 120.1 - 40.27 11.18
1 40.03 51.72 46.77 - -11.74 -2.21

30 2 104.48 | 136.84 | 120.54 - 4415 8.33
3 163.17 | 174.59 | 171.02 - 28.16 5.31

1 41.69 50.96 47 - -4.66 -1.23

40 2 103.96 136.2 123.8 - 15.86 4.18
3 (Double) 156 173.54 158 170 95.97 25.32

1 42.49 48.87 46.05 - -1.84 -0.38

50 2 109.58 | 135.99 | 124.23 - 15.85 3.28
3 (Double) 160.21 176.34 165 173 204.21 42.36

50 1 40.31 48.98 45.24 - -14.38 -4.23
2 (Double) 160 174.54 162 172 143.09 42.08

20 1 40.61 48.81 45.43 - -5.25 -1.01
2 (Double) 153 173.3 158 170 263.03 50.87

80 1 40.89 49.24 45.24 - -0.01 -0.48
2 (Double) 162.72 | 173.39 157 169.83 | 369.51 59.59

90 1 (Double) 153 173.14 156 168.83 | 559.12 61.1
100 1 (Double) 152 171.67 155 167.93 | 287.17 82.05
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Table 6.3 Second cooling cycle thermal parameters of PHBV/PBAT blends

PHBV Fraction End Ttemp. (°C) | Peak Temp. (°C) | Peak Height (mW) | Area (mJ) Dg;g)H
0 78.23 61.09 67.41 -1.27 -18.72
10 84.21 68.49 75.2 -1.25 -14.9
20 85.51 71.17 77.3 -0.78 -12.64
30 87.82 72.63 79.21 -1.02 -11.37
40 88.14 74.23 80.44 -0.54 -7.79
50 92.18 70.53 80.79 -1.71 -32.39
60 90.45 76.47 82.37 -0.43 -6.71
70 87.71 91.31 81.19 -0.36 -5.03
80 92.35 57.71 72.94 -1.71 -38.19
90 85.38 56.92 70.98 -3.81 -43.67
100 87.39 60.23 77.8 -2.95 -66.03
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Figure 6.5 Composition dependent a) Tm, b) AHmelting, c) Tc, and d) AHcooling of
PHBV/PBAT blends

106



6.3.2 Crystalline Structure of PHBV/PBAT Blends Analyzed by WAXD

In order to investigate the effect of blending on the crystal structure of the
components, WAXD experiments of PHBV/PBAT were performed. Figure 6.6
demonstrates the WAXD patterns of PHBV/PBAT blends with various blend
compositions. Neat PHBV shows two strong diffraction peaks at around 13.5°, 16.5°,
22.5°, 25.3° corresponding to (020), (110), (111) and (121) planes, respectively which
indicates an orthorhombic crystal structure of the PHBV crystal unit [19, 20]. The WAXD
patterns involve all the diffraction peaks corresponding to neat components in the
blends, however particularly for PHBV70, PHBV60, and PHBV50 the (110) peak height
was increased were shifted to lower 20 values. The WAXD results indicate that PHBV
crystal structure was affected by the addition of PBAT and both the components of the
blend crystallized simultaneously. However, the above WAXD results confirm that
PHBV and PBAT adopt the same crystal modification and chain conformation.
Consequently, the multiple melting peak behavior appeared in the DSC was not the
result of different crystal forms or chain conformations but from the modification of a-
crystalline form. Thus, multiple endothermic peaks in the DSC results cannot be from
different phases but due to modification of the same crystalline phase. To evaluate the
equilibrium melting point temperature in isothermal crystallization studies, the first lower
melting peak temperature was chosen. The first melting peak was completely related to
the melting of crystallites formed during crystallization and the second peak was the

result of melting and recrystallization of first peak [21].
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Figure 6.6 WAXD pattern of PHBV/PBAT compositions
6.3.3 SAXS

The semicrystalline polymer blend supposed to consists of periodically arranged
crystalline lamellae. The lamellar stack contains crystalline and amorphous regions. The
basic crystalline microstructures depend strongly on chemical structure, molecular
weight, thermal history, cooling rate, crystallization, etc. Figure 6.7 shows interlamellar
morphological structure containing average crystal thickness (Ic), average amorphous
thickness (l.) and the average distance between crystals (L). The average distance
between two crystals (average long period of the crystalline stacks) (L) can be
calculated from the peak maximum position of the Lorentz-corrected profile using
Bragg's equation.

L = 217/ Qmax (6.5)
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Figure 6.7 Schematic representation of interlamellar morphology of polymer crystal

L, 4;, and £, can be determined from one dimensional correlation function y (2).

From scattering intensity y (z) can be obtained by following equation.

y(z) = _I":I (q)g* cos(2mgz)dg (6.6)

where z is the direction along which electron density is measured. Fourier
transformation of Lorentz-corrected intensity gives a one dimensional correlation
function. The experimentally measured q value is limited so integration intensity from
the lower s to higher g values is necessary. The lower q value and higher q value can
be obtained by extrapolating measured q value to zero and using Parod’s law
respectively.

lim,_,..(I(q)) = K?,q_q-l- B (6.7)

where K, is Parod constant and B is residual background term. K, can be obtained from
following equation.

K, = 2m (s/v) (Ap)? (6.8)
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where (s/v) is the specific surface, Ap is difference in scattering intensities of crystalline

and amorphous region.

Polymer blends do not have long range order therefore higher order peaks
cannot be seen in the SAXS result. Further, blends show isotropic scattering in the
absence of any flow. So it can be inferred from the SAXS data that the primary crystal
structure remained unchanged while secondary small crystal structure changed with
composition. As both the polymer components are crystalline and were crystallized at
80 °C, the degree of supercooling decreased to form more perfect crystalline structure.

Figure 6.8 shows the Lorentz-corrected SAXS profiles of PHBV/PBAT
crystallized at 80 °C. The multiple peaks indicate a well lamellar stacking in the
samples. All the sample compositions exhibits a strong scattering peak due to high
electron density contrast (An=nc-na) between the crystalline and amorphous layers. The
enhancement in scattering intensity of the blends compared to pure components is
attributed to the incorporation of PBAT in inter lamellar (IL) regions, as this would
enhance the electron density contrast between the different crystalline layers. Second
and third peak indicate the small, thin, and less regular crystalline structure. With the
addition of PBAT, the secondary SAXS peaks systematically moved towards lower q,
indicating the inclusion of PBAT in PHBV interlamellar region. Peak broadening was
observed with addition of PBAT in PHBV indicating increased lamellar thickness
distribution. For crystalline-crystalline polymer blend the increase in long period
(crystalline + amorphous) is associated with an increase in the thickness (T) of the

crystal. This is confirmed in Table 6.4.
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Figure 6.8 Lorentz-corrected scattering data for PHBV/PBAT blends.
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Table 6.4 Secondary crystal thickness and equilibrium melting point comparison

Composition

T (nm) Tin?
PHBV100 20.4 171.1
PHBV90 20.8 172
PHBV80 21 174
PHBV70 21.3 175.5
PHBV60 21.8 181.5
PHBV50 22 .1 182.3
PHBV40 22.2 176
PHBV30 21.2 134.1
PHBV20 21.4 133
PHBV10 21.7 131.8
PHBVO 21.7 129.6
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Isothermal Crystallization and Melting of PHBV/PBAT Blends

To avoid potential complications due to changes in lamellar thickness, we have
followed the method of Hoffman and Weeks and directly determined the T.° of the
compositions. As shown in the SAXS study, rejected PBAT component resides in the
interlamellar regions of PHBV during crystallization. The T.,/T. method has been
employed to investigate the effect of blending on equilibrium melting point (T°).
Therefore an isothermal crystallization and subsequent melting thermal scan was done.
The equilibrium melting temperature is defined as the melting point for infinite chain
crystals where polymer chain ends have been paired as in the case of crystallization in
small molecules. However, such an equilibrium crystal can never form so T,° has to be
estimated by extrapolation. This nucleation theory is based on the assumption that the
difference between melting and crystallization temperature is due to crystal thickening at
the crystallization temperature. This forms the basis for the Hoffman-Weeks method to
determine T.,°. In this method a plot of melting temperature Vs crystallization

temperature has been used to determine the T,,°.
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Figure 6.9 Hoffman Weeks plot shows the dependence of melting point on
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Figure 6.10 Equilibrium melting point temperatures of PHBV/PBAT blends
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Table 6.5 Melting point temperature dependence on crystallization temperature

PHBV 100 PHBV 90 PHBV 80 PHBV 70 PHBV 60 PHBV 50

84.9 | 157.5 [81.1|158.25|77.6 | 158.5 | 85.65 | 160.45 | 79.1 | 160.8 | 87 | 164.5
80.9 | 157.2 [77.1| 158 |81.4|159.1|81.65 | 159.51|82.9|161.5 (83| 163.6
76.9 | 156.3 [73.1| 157 |855|159.8|77.65| 159.1 | 86.5|162.3 79| 163

PHBV 40 PHBV 30 PHBV 20 PHBV 10 PHBV 0

79.11161.8 |83 | 124 | 81 |123.4|74.2 |121.8|72.6 | 122.5
83 11624 |79 | 123 [77.1]122.6|76.4|122.3|68.6 | 122
86.5 (1629 |75 |122.4|74.5|122.2 |81.1 | 123 |64.6 | 121.5

Table 6.6 PHBV/PBAT blends and equilibrium melting point temperature obtained by
extrapolation method

Composition
T
PHBV100 | 171.1
PHBV90 172
PHBVS80 174
PHBV70 175.5
PHBV60 181.5
PHBV50 182.3
PHBV40 176
PHBV30 134.1
PHBV20 133
PHBV10 131.8
PHBVO 129.6
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6.3.4 Contact Angle and Surface Energy

According to the Nishi Wang relationship, a change in the surface energy has a
direct effect on the melting temperatures of the blends. From the DSC cooling data it
has been observed that the less crystalline PBAT phase has disturbed the degree of
crystalline perfection due to a dilution effect. Many researchers [22, 23] have shown that
the spherulite becomes coarse and open as the concentration of the noncrystallizable
component increases. However, spherulitic order itself would not directly influence the
melting point temperatures. If the individual lamella within the spherulites become of
dimensions such that side surface free energy affects the melting point. Following the
argument of Hoffman and Weeks, the free energy of formation of a crystal and lateral
thickness of the crystal “x”, and crystal thickness L can be correlated by following

equation.

T, = AT, ° [1 - (- —“)] (6.9)

AHf e L x

So it is important to note that the increase in melting point temperature can be
observed with increase in lateral crystal thickness of the sample. The results of the
surface energy measurements are presented in Table 6.7. As can be seen surface
energy decreased with increased PBAT content. Further, surface characterization of the
blends gives an idea of the thermodynamic work of adhesion between the PHBV and
PBAT polymer chains. As known from acid—base adhesion theory, when the surface
acidity of one component is high and the surface basicity of the other component is also
high, then strong adhesion between the components, and better compatibility occurs

[24].
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Table 6.7 Surface energy components and surface energy of PHBV/PBAT blends

Contact angle Surface energy components Surface

Co_mposit Diiodo - . ) i energy

ions W?te Gly?ero metha | ¥s ¥z ¥ Y ¥s (MIm

n 2)
+ + + + + + +

PHBVI00 | %7 | 036 | on | i1 | 001 | os | o1 | %012
+ + + + + + +

PHBVSO | 05 | 031 | o017 | 005 | 003 | 055 | 022 | %022
+ + + + + + +

PHEVe0 | 07 | %02 | os | 002 | oo | 05 | oaa | 22%018
+ + + + + + +

PHEVTO | 032 | 021 | 03 | o1s | 002 | oa1 | 016 | “-2%0%7
+ + + + + + +

PHBVEO | 0% | 012 | ods | 043 | 001 | 02 | o1 | 05%014
+ + + + + + +

PHBVSO | 0o¢ | caz | 01 | 017 | 002 | 04 | 036 | 207
+ + + + + + +

PHBVAO | 0% | Gar | 020 | 045 | 001 | 02 | o2a | 3%014
+ + + + + + +

PHBV30 | 0 | 025 | 02 | 045 | 002 | 04 | o1s | 36201
+ + + + + + +

PHEV20 | 07 | “os | “oa | 02 | 00 | o6 | o0a | 57%02
+ + + + + + +

PHBVIO | 0 | Gas | oas | 003 | 005 | o8 | 015 | 224%018
t t t + 37t 3t 5t

PHEVO | 03 | os2 | oz | oaz | 007 | 65 | oxs | B2%0%7
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6.3.5 ESEM

Figure 6.11 ESEM images of PHBV/PBAT blends (numbers indicate PHBV wt % in the
sample composition, scale bar 50 ym)
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Figure 6.11 shows SEM images of PHBV/PBAT brittle fractured samples. The
dispersed phase of PBAT in PHBV rich blend compositions and vice versa can be seen.
Domain size of dispersed phase increased with increase in concentration. Co-
continuous morphology was observed at PHBV50 and PHBV60 concentration.

6.3.6 Polarized Optical Microscopy

During crystallization, polymers form spherulitic morphology and form ribbon like
crystals (lamellae) growing outwards from a central nucleus. Banded structures are
commonly observed in polymeric spherulites and are believed to arise from twisting of
radiating lamellar crystals about their axis of fastest growth [25]. Long range order of
spectacular banded structure can be observed in PHBV spherulites. The size of the
perfect ring-banded spherulites is greater than 1 mm. The band spacing is quite
uniform, and it is calculated to be about 20 ym. In the banded structure synchronously
twisted lamellar growth takes place. Keith and Padden [26, 27] proposed an explanation
of synchronously twisted lamellar growth based on unbalanced mechanical stresses
existing on the lamellar surface. An alternative view by Bassett et al. [28] considers a
succession of isochiral giant screw dislocations whereby each screw dislocation
contributes to the overall twist by a quantum increment of lamellar splay.

On a glass slide, under optical microscope the crystalline lamellae are quasi-2D
objects and it can be assumed that the thickness of the lamellae is much smaller than
their width and length. Highly birefringent spherulites were observed in pure PHBV.
Figure 6.12 shows the crystalline morphology of PHBV spherulites at 80 °C for 20 min.
Growth ceased when two PHBV spherulites impinged on each other. However, when

one growing PHBV spherulite reached the fixed PBAT spherulite, it continued to grow
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over the PBAT spherulite instead of growth termination. A dominant PHBV banded
structure can be seen in PHBV rich blends. While in the PBAT rich phase, smaller, low
birefringent, and more compact spherulites of the PBAT were observed. In the blend
samples the large and compact spherulites were of PHBV and the small ones were of
PBAT component.

Figure 6.13 to 6.21 show the spherulitic morphology of the PHBV and PBAT
phases, at various blend compositions, during and after crystallization from melt at 80
°C. The spherulites show the familiar maltese cross birefringent pattern and exhibit
concentric extinction bands but the PBAT rich composition showed a coarse PHBV
spherulitic texture with a disruption of Maltese-cross pattern as shown in Fig. 6.12.

In the PHBV rich phase, the growth of the PHBV spherulites takes place in the
background of the PBAT phase. The diameter of isothermally crystallized spherulites
grows linearly. It should be noted that for the neat polymer phases, the crystallization
proceeds through homogenous nucleation while in the blends, nucleation appears to be
heterogeneous with uneven phase structures. Disruption of Maltese-cross pattern
indicates the intraspherulitic segregation of PBAT during the crystallization of PHBV.
The spherulites of the PBAT are very small compared to the spherulites of the PHBV.
The diameter of fully grown spherulite of the PHBV is approximately 500-800 um while
the PBAT spherulite is 5 — 20 pm.

The observation of the spherulitic growth of the low- T, component is usually
difficult in crystalline/crystalline polymer blends because it must crystallize in the matrix
of the pre-existing crystals of the high-T,, component. In case of PHBV-rich blends, we

found that the original PHBV spherulitic texture in Fig. 6.13, 6.14, and 6.15 was not
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influenced much. This implies that PBAT was unable to crystallize or just formed tiny
crystals totally masked by the PHBV crystals at 80 °C in these PHBV-rich compositions.
These observations reveal that the spherulitic morphology of the crystalline/crystalline
PHBV/PBAT generated by isothermal crystallization at 80 °C is largely affected by the
blend composition where the major component always dominates the spherulitic
formation.

For PHBVO0 the nucleation density increased due to the presence of the
dispersed PBAT phase acting as a nucleating agent. The decreased size of the PHBV
spherulites was observed at this composition. During the crystallization of blend, it was
observed that PBAT component acted as a noncrystalline diluent which reduces the
spherulitic growth rate as well as overall crystallization rate of the PHBV phase. The
interesting co-crystallization of PHBV and PBAT components and the migration of
crystallite domains to form separate phases was observed for the PHBV rich blend
samples.

The crystallization of both PHBV and PBAT could be observed simultaneously
with PHBV spherulite growing faster, and the interpenetration of PHBV spherulites by
PBAT spherulites was also found. The inter-penetration process is shown in Figure
6.17. Two different types of spherulites could be observed during the crystallization of
this blend sample. Instead of growth being arrested, the PHBV spherulite continued to
grow over PBAT spherulites. The smaller spherulites of PBAT compare to PHBV
spherulites were hard to see due to high nucleation density but at high magnification
and corrected focus, both the spherulites were clearly visible. These results indicated

that PBAT spherulites penetrated into the PHBV spherulite.
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The fact that PBAT penetrated into PHBV spherulites but PBAT did not penetrate
into PHBV spherulites may be explained as follows. The number of lamellae per unit
volume, in PBAT spherulites may be higher than that of PHBV. Furthermore, the sparse
spherulites of PHBV contained a sufficient amount of amorphous space, which enabled
the fibrils (stacks of lamellae) of PBAT spherulites to continue to crystallize in the
interfibrillar region of PHBV spherulites on contact.

Even though the phase separation was evident, increased band spacing was
observed for blend samples. This implies that PBAT was partially contained within the
PHBV spherulites during co-crystallization at 80 °C. With, increasing PBAT content, the
band spacing progressively became larger. The increased band spacing with increased
PBAT content can be correlated to increased T. temperature [29]. Therefore, the effect
of the addition of PBAT on the band spacing is equivalent to an increase in Tc.

6.4 Discussion
6.4.1 Melting Point Elevation in Polymer Blends

In the DSC study, an elevation in the melting point temperature was observed by
the addition of PBAT (up to 70 wt %) in PHBV. In a majority of blend melting studies, the
experimental melting point was observed to decrease with an increase in the second
compatible polymer concentration. However, there are very few reports with an
elevation of the melting point temperature with increasing concentration of the second
component. The possible reasons for observed melting temperature elevation are
discussed here. The most widely used technique to study the compatibility and induced
interaction in polymer blends is to investigate the melting and crystallization behavior. If

two polymers are miscible then the chemical potential of the blend will decrease by the
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addition of the diluents. If the polymers are crystallizable, this decrease in the chemical
potential will result in decreased equilibrium melting point. According to the Scott [30],
Nishi and Wang [31] equations, the melting point depression is a function of blend
composition and interaction parameters (y). In other words one would expect
depression in melting point when y is negative. And so it has been suggested that if y is
positive, one should observe an equilibrium melting point elevation. Based on the
thermodynamic criteria, when y is positive the blend is expected to be incompatible.
Runt et al. [37] suggests that even if yis positive, the blend can be miscible or
compatible when mixing is driven by combinatorial entropy which is not considered in
Nishi - Wang equation. The Scott, Nishi-Wang relationship [32] describing melting point

depression of a crystalline polymer due to presence of miscible diluent is expressed as :

1 1 _ RH:'HB[-’ [ln ‘P‘FHE? n [ 1 1
®  AHfpuEy ® Vepar

- - Posar+ X Ppar ?|
PEAT PBAT
Tmegor © Tmp MpHEY mpygpy  Mp EAT')

(6.10)
where V is the molar volume of the polymer, ® is volume fraction of the component, in
the blend, AH;° is perfect crystal heat of fusion, M is the degree of polymerization, R the
universal gas constant, Tm°equilibrium melting point, and y is the interaction parameter.
In polymer blends with high molecular weight, the effect of entropy can be neglected
and the change in the melting point will be due to enthalpic effects. Therefore the above

equation will reduce to:

1 1 RVpypy

- = D : 6.11
Tmegpy ©  Tmg©  AHprpmewvy® Vepar (x ®pgar °) ( )
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It can be observed that when yis less than zero, greater the polymer-polymer
interaction and reduced melting point temperature of the blend is predicted. Also, with
an increase in the fraction of the less crystalline component, an increase in the T’
would be observed. This phenomenon has been widely studied and the depression in
the equilibrium melting point has been observed in miscible blends on addition of a
diluting polymer component by many researchers. Further, according to the Hoffman
Weeks relationship (equation 6.6), T,° would decrease with increasing th amount of
amorphous component and the thickness of lamella in the blend would be expected to
be larger than that of the pure polymer due to decreased supercooling when the blend
crystallizes. J Runt et al. [32] explained that if the crystallizable polymer and amorphous
polymer crystallized at the same temperature the thickness of lamella in the blend would
be expected to be larger than that of the pure polymer. This is due to decreased
supercooling at which the blend crystallizes. Runt et al. [34] and Rim et al. [33]
explained that melting point elevation can be observed in the blend when the following
conditions occur. Their possible reasons for melting point elevation are as follows:
1) Change in the surface energy of the blend.

Hoffman Weeks equation shows the dependence of melting point on surface

energy and crystal thickness.

26 ,Tmg" Tm°
=t e (B2 ©12

where, O is the surface energy, ATy, = Tr, -Thp is the experimentally observed melting

point difference between pure crystalline polymer and crystalline polymer in blend, L
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and Lg are the crystalline thicknesses of the crystalline polymer in the pure state and in
the blend. Thus an increase in L will contribute to an increase in Tm.
2) DSC experimental effect

The scanning rate can also affect the melting temperature of the polymer.
Polymers have low thermal conductivity. Therefore, when they are heated at a very high
rate chances are that they may not be completely molten at the measured temperature.
Due to poor thermal conductivity and less high temperature exposure time at a high
heating rate, the polymer would melt at a higher temperature than its actual melting
temperature.
3) Increase in crystal perfection

Increased T, temperature indicates an increase in crystal perfection as the
degree of supercooling decreases. The blend melting point would be expected to
increase with increasing crystal perfection.
4) Also, when the lateral crystal order increases one can see possible elevation in the
melting point.
6.4.2 Miscibility Analysis

Miscibility behavior of the two polymer phases can be observed under an optical
microscope during crystallization process. The molten phases are clearly heterophasic,
as shown in Fig. 6.18, where circular domains of PBAT are present in the PHBV matrix,
some of which coalesce after a short time. By reducing the temperature, crystallization
of the PHBV begins. During this process, the spherulites of PHBV segregate the
crystalline domains of PBAT, as shown in Fig. 6.19. Moreover, the blends of

PHBV/PBAT examined at the DMTA exhibit two glass transition temperatures at around
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-22 °C and 25 °C, in agreement with the values of the neat components. For all of the
samples studied, biphasic separation was observed, indicating that PHBV was not
miscible with PBAT in the melt but affected the crystallization process of individual
components. The crystallization of the two phases took place at the same time and
temperature; however the crystallization of each of the polymer blend components
resulted in phase separation in which the individual component segregated from the
mixture to form a pure phase.

Once spherulitic structures are formed, they continue to grow until they impinge
one another. This crystal growth is called primary crystal growth in which the crystals
are more ordered and thick in shape. After primary crystal growth, secondary crystal
growth starts in confined regions of uncrystallized melt. Secondary crystals are usually

thinner and imperfect.
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PHBV100

Figure 6.12 (a) Polarized optical micrograph of a maltese cross birefringent pattern in
neat PHBV, (b) and (c) show the banded spherulitic structure crystallized from the melt
at 80°C. (d) Sketch show orientation of the lamellar helicoids in a PHBV spherulite.
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PHBV 90

Figure 6.13 (a) Figure show decreased size of PHBV90 shpherulites compared to neat
PHBV spherulite, (b) show growing spherulites edge and (c) show the tiny PBAT
spherulites penetrating into big PHBV spherulites.
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PHBV80

Figure 6.14 (a-c) show growing PHBV80 spherulites and presence of tiny PBAT
spherulites in the background.
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PHBV 70

Figure 6.15 (a) liquid-liquid phase separation in the melt state of PHBV70 blend. (b)
Aggregated PBAT phase and growing PHBV spherulite without maltese birefringence
pattern and increased band spacing distance. (c) Complete crystallized PHBV70 blend
sample with presence of PBAT phase islands.
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PHBV 60

Figure 6.16 (a) Phase separated PHBV60 blend (crystallizing PBAT phase is bright) (b)
PHBYV spherulites growing in the background (c) banded structure of PHBV phase
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PHBV 50

Figure 6.17 Co-continues morphology of PHBV50 blend with distorted banded structure
of unevenly grown PHBV spherulites.
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PHBV 40

Figure 6.18 (a) dispersed PHBV phase in PBAT matrix of PHBV40 sample (b) and (c)
show PBAT spherulites grown inside the PHBV phase.
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PHBV 30

Figure 6.19 PHBV spherulites in PBAT matrix of PHBV 30 sample
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PHBV20

Figure 6.20 Well dispersed PHBV phase in PBAT matrix of PHBV20 sample. PHBV
spherulites are bigger and bright compared to PBAT spherulites.
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PHBV10

Figure 6.21 Well dispersed and sparkling PHBV spherulites in PBAT matrix of PHBV10
samples.
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Figure 6.22 Spherulitic morphologies of neat PBAT at 80 °C after complete
crystallization.
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6.5 Conclusion

The observed bimodal endothermic peak in the PHBV and PHBV/PBAT blends
was the result of melting and recrystallization of the crystallites which was confirmed
from by the WAXD results. The melting point elevation in the PHBV/PBAT blends was
observed with the addition of PBAT. A Single crystallization peak for all the
compositions was observed that indicated co-crystallization. One can that PBAT
restricted crystallization by interfering with growing PHBV crystals. Overall composition
dependent melting and crystallization was observed for PHBV/PBAT blends. Multiple
peaks in SAXS diffractograms indicated lamellar stacking in the samples. DSC and
SAXS results indicated increased degree of supercooling which resulted in crystal
perfection, increased crystal size, and elevation in melting point temperatures. Further,
Nishi Wang and Hoffman Weeks equations were used to describe the experimentally
observed melting point elevation in binary crystalline/crystalline blends in terms of
thermodynamic melting elevation and changes in the lamellar thickness. Morphological
structures of blend system were observed by POM and SEM. The results showed
phase separation between two polymers but both components affected the
microstructure of each other. This supported an inference that there was some
interaction between two phases.

Based on composition dependent thermal behavior, change in crystal thickness,
effect of surface energy, and phase seperation affecting the macroscopic morphological
structure indicated that PHBV/PBAT blend system moves from immiscible (PHBV10-40)

to partially miscible (PHBV50-70) to a completely miscible (PHBV80-90) blend system.
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CHAPTER 7

MECHANICAL AND RHEOLOGICAL BEHAVIOR OF PHBV/PBAT BLENDS
7.1 Introduction

Bacterially synthesized PHBV is being widely studied by researchers due to its
potential for a wide range of applications and as a candidate for non petroleum based
biodegradable polymers [1]. PHBV is a linear aliphatic biodegradable thermoplastic
polyester. Commercial use of PHBV is still limited due to its high cost, brittleness, and
low processing window. For many applications flexibility of polymer at low temperature
is required. The incorporation of hydroxyl valerate (HV) units during the fermentation
process improves flexibility and processing window. Thus by controlling the number of
HV units in PHBV copolymer, the polymer can be tailored for specific applications [2].
The second approach to improve the above properties is by making blends of PHBV
with another suitable polymer [3, 4]. As discussed in previous chapters, PBAT is chosen
as a suitable flexible and high impact polymer to make blends with PHBV. PBAT is an
aliphatic aromatic polyester, which is also biodegradable like PHBV. The tensile testing
showed the blends have decreased tensile strength and modulus; however, elongation
and toughness were dramatically increased. The failure mode changed from brittle
fracture of the neat PHBV to ductile fracture of the blends. PBAT also degrades under
suitable conditions with the aid of micro-organism enzymes [5]. PHBV and PBAT
polymers and their blends can be processed by extrusion and injection molding to form
usable products. Therefore their rheological properties, especially its viscosity, have
important effect on thermal processing. Rheological parameters such as viscosity,

elastic, and loss modulus of blend components have remarkable influence on the phase
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structure of the blends [6]. In this work, mechanical, dynamic mechanical and
rheological studies on PHBV/PBAT blends are conducted. The studies of melt
rheological properties are not only important to understand the knowledge of the
processability of these materials, but also are helpful to find out the structure—property
relationship in blends.
Time-Temperature Superposition

In order to estimate the thermorheological state of the system, rheological
analysis of the system has been done. This includes the utilization of viscoelasticity for
the property prediction, the basis for the superposition and derivative classes of
thermorheological systems. Since polymers have an elastic and viscous component in
their deformation response the theory of viscoelasticity evolves to account for both
effects.

Oxy =M (0&xy/ Ot)..evvnnea.. viscous contribution (7.1)

Oxy =G €xyevvininiiiiiiiiins elastic contribution (7.2)

In 1874, Boltzmann presented the fundamental linear equation of viscoelasticity.
Mathematically the strain response to an applied load is given by the equation 7.3 and

the stress response to an applied strain is given by the equation 7.4.

v(@©) =2+ [ t-9E2ar (7.3)

d

“ dt (7.4)

d

o(t) = [6ryl+ [ G (t—1)

where J(t) is the creep compliance, Gu is the unrelaxed storage modulus, Gr is

de(r) : .
the relaxed storage modulus, % represents the incremental stress corresponding to

141



the time increment rt. o(t)is given by the equation 7.4. The elastic and viscous
contributions are separated by using complex variables of

G* =G+l G” where G’ is the elastic contribution and G” is the viscous contribution.
Based on a simple Maxwell model, a spring and dashpot in series G’ and G” are
expressed as equation 7.5 and 7.6 where t is the relaxation time, o is the frequency and

Em corresponds to the modulus of the spring element in the Maxwell model.

w T

G' = Em (7.5)

1+t

WT

G =Em

(7.6)

1+ w=t*

The molecular basis for tTs using the Rouse bead and spring model which is given by

6=y —E (7.7)

M TP 1twil
=

P aRT T
e (7.8)
tand = :TF (7.9)
_ BngM

where p is the density, G’ is the storage modulus, G” is the loss modulus, and tans is
the ratio of G’/ G’.
Activation Energy

For the thermorheologically simple materials at temperatures less than the glass

transition, the shift factor temperature curve follows an Arrhenius relationship as
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indicated by the equation 7.11. Above the glass transition, substantial effects of free
volume make the activation energy a function of temperature and the relationship is

expressed by Williams- Landel and Ferry equation (equation 7.12).

_Eaf1_ 1
Inaf = & (T r,g,J (7.11)
InaT = <2177 (7.12)

(c2+T-Tr)

The constants ¢1 and c2 are dependent on the choice of the reference

temperature for shifting.
7.2 Experimental
7.2.1 Materials and Blends Preparation

PHBV (Enmat® -Y1000) was supplied by Tianan Biologic Material Co., Ltd.
Ningbo, China and and PBAT (Ecoflex® F BX 7011) was supplied by BASF. The details
of materials and blend preparation by melt blending are given in Chapter 6. Rheology
sample disks of 25 mm diameter were prepared by compression molding at 180 °C and
then vacuum dried at 50 °C for 24 hours before testing.

7.2.2 Dynamic Mechanical Analysis (DMA)

The dynamic mechanical properties of the PHBV/PBAT blends were measured
using a DMA (Rheometric Solid Analyzer 3, TA instruments, USA) with a rectangular
measuring system, operating in the tensile mode. Compression molded film samples
were used for testing. In phase storage modulus (E’) and out of phase loss modulus (E”)
were measured at fixed frequency of 1 Hz with a strain amplitude of 0.1% (determined
from the strain amplitude sweep test) and the heating rate of 3 °C/min. The gauge
length of 10 mm was maintained for all the samples and the temperature was ramped
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from -60 °C to 60 °C while testing. Three samples of each composition were tested to

see reproducibility of viscoelastic response.

7.2.3 Tensile Testing

The uniaxial tension tests were performed on a MTS 810 Material Test System
(MTS, Eden Prairie, MN, USA), in which the upper platen was fixed and the lower platen
was mobile. The tests were done at a strain rate of 5 mm/min. The axial force and the
displacement data were recorded. Tensile properties were measured using films of
50x5x0.2 mm3. An average of 3 tests was chosen as the tensile test value.
7.2.4 Rheological Measurement

Rheological testing was done using a TA instrument Ares strain controlled
rheometer. Rheological experiments were performed at 150 to 160 °C temperature
range using 25 mm parallel plate geometry. To determine the limits of linear viscoelastic
properties of the melts, dynamic strain sweeps were performed. To determine the linear
viscoelastic limits of PHB/PBAT blends, the dynamic strain sweep measurements were
performed at 160 °C and a frequency of 6.25 rad/s. During the frequency temperature
sweep, frequency sweeps ranged from 0.1 to 100 rad/sec was used by conducting three
sequential sweeps at different temperatures. The gap between parallel plates was set at
0.5 mm. To obtain reasonable signal intensities even at evaluated temperature or low
frequency and avoid non-linear response, the strain amplitude for dynamic
measurements was fixed at 10%, and elastic moduli (G’), loss moduli (G”), and complex

viscosities (n*) were obtained.
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7.3 Results and Discussion
7.3.1 Dynamic Mechanical Analysis

E’ Vs Temperature
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Figure 7.1 E’ vs temperature for PHBV/PBAT blend

Fig. 7.1 shows an elastic response (E’) of the PHBV/PBAT blends with
temperature under dynamic conditions. PBAT rich blend compositions display a sudden
fall in elastic modulus at a temperature around -22 °C, which corresponds to the glass-
rubber transition of butylene adipate segments of the aromatic triblock PBAT copolymer.
The presence of PHBV exerts strong influence on the modulus in the rubbery region.
With an increase in the PHBV concentration increased modulus was observed due to

presence of rigid aliphatic PHBV chains.
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The E” and loss tangent (tan 6) values of the PHBV/PBAT blend compositions as
a function of temperature (-60 to 60 °C) at 1 Hz are presented in Fig. 7.2 and 7.3
respectively. The values of glass transition temperature (T4) are obtained from the
temperature corresponding to peak tan dmax. In this study, the difference in T4 values of
blends components viz., PBAT — 23 °C and PHBV 20 °C respectively is higher than the
20 °C and hence miscibility of the blends can be ascertained using this T4 values. In the
case of PHBVO to PHBV30 blends, a single T4 temperature was observed indicating
miscibility of blends (Fig. 7.4). Also, it was observed that T4 increased with increase in
PHBV concentration due to miscibility of blends and the absence of any phase inversion
in these blend compositions. The decreased values of tan & peak with increase in
concentration of PHBV suggested a change in the crystallinity of the blends in this

composition range.

30
20 - : gyl
== PHBVY Relaxation O—
DecreaseinT, with increased
10 - concentration of PBAT upto
50 wit. %.
G 0
2. PHBV O PHEW1O PHBWZ0 PHBEWS0 PHBV7O PHEWGO PHBEW100
o9
= 10 -

== PBAT Relaxation

0 0——4—“\\‘
3p Increase in T, with increased

concentration of PHBV up to
30 wt. %a.

-40

Figure 7.4 PHBV/PBAT blends concentration dependence of T
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The blend compositions containing more than 30 wt % of PHBV showed two
distinct transitions: one near -25 °C, which corresponds to the glass-rubber transition of
the flexible elastomeric PBAT phase and the other at around 20 °C, related to the
transition of the hard rigid PHBV phase. The presence of PHBV in blends significantly
dropped the tan d peak values with its increase in the concentration and also affected
the corresponding temperature where this transition took place. The effect of PHBV
concentration on damping values of the PBAT phase is shown in Fig. 7.5.

The circular symbol line represents the theoretical values, calculated by
adopting the mixing rule, as follows.

tand =tandppyr XX (7.13)

mixturdg

where tan dpgat and tan dmixure are the damping values of pure PBAT phase and the

mixture, respectively, and X is the weight fraction of PBAT in the mixture.

0.5
=@=Theoretical Curve

0.4 - =l-Experimantal Curve
- 0.3 N
[}
E
W
@
i 0.2 -

0.1 -

0

0 10 30 50 70 90

PHBV (wt. %)

Figure 7.5 Theoretical and experimental Tand values for PHBV/PBAT blends
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In both theoretical and experimental curves, the damping value decreased as the
amount of PHBV increased due to an increase in concentration of rigid PHBV chains.
However, the experimental values of damping were higher than the theoretical,
indicating increased mobility of the PBAT phase in the presence of PHBV, which
exhibits a glass transition at a temperature much higher than the T4 of the PBAT
segment. Concerning the transition of the PHBV segments the damping values were not
significantly affected by the presence of PBAT as in the case of PBAT relaxation. Only a
small decrease on damping (around 0.02) with the addition of 50 wt % of PBAT was
observed. This indicates that the PHBV influenced PBAT amorphous regions more than
the PBAT influenced PHBV’s amorphous fractions.

The heterogeneous distribution of PHBV inside the PBAT matrix can be
estimated using the normalized plot of the relaxation process associated to the PBAT
phase, taken at different blend compositions [7]. The extent of broadening of these plots
with the addition of PHBV can be correlated to the degree of heterogeneity of the
corresponding phase. The normalized plots of tan &/tan dmax against T/Tmax for glass—
rubber transitions of both PBAT segments at different blend compositions are presented
in Fig. 7.6 (a), where tan & represents the value of loss tangent at any temperature T
and tan dnmax represents the loss tangent value at the corresponding Tmax temperature.
The width of these normalized plots indicates the heterogeneity of the phases. It can be
observed from the Fig. 7.6 (a) that the presence of the PHBV phase in PBAT has
resulted in a broadening of the normalized glass-rubber transition of PBAT segments.
The addition of PHBV up to 30 wt. % into PBAT has not affected the broadening of the

peak indicating the homogenous blend system. The broadening of the peak can be
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seen above the 30 wt. % concentration of PHBV, suggesting the heterogeneity of the

system.
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The normalized plots of tan &/tan dmax against T/Tmax for the relaxation processes
of PHBV phase of at different compositions are shown in Fig. 7.6 (b). The profile of the
normalized curves related to PHBV does not show any considerable broadening effect
by addition of PBT phase in PHBV indicating good affinity and compatibility between
two phases.

7.3.2 Tensile Testing

Fig 7.7 and Table 7.1 shows the tensile strength and modulus of the PHBV/PBAT
blends. The Young’s modulus was determined as the slope of the linear region of the
stress-strain curve at very small elongations. Polymers at small elongation are
considered to be at equilibrium condition with isotropic or randomly arranged chain
structure. Beyond this region the slope of the stress-strain curve becomes non-linear
and becomes independent of the sample’s elasticity. PHBV and PHBV rich blend
samples showed highly brittle behavior with high yield stress values but very low
elongation at break. With the addition of rubber like (low slope of stress-strain curve and
very high elongation) PBAT in PHBV, the elongation at break improved considerably
from 2% for pure PHBV to 380% for PHBVS50 sacrificing yield stress and modulus
values. The yield stress values reduced from ~30 MPa for pure PHBV to ~20 MPa for
PHBV 50. The Young’s modulus reduced from ~2934 MPa for pure PHBV to ~263 MPa
for PHBV50. The yield stress values further increased to ~34 MPa for pure PBAT from
~20 MPa for PHBV50 while modulus continuously went down with increase in rubbery
PBAT content. The elongation at break for the samples having more than 50% or more
PBAT content was more than 800% which crossed the measuring ability of the

machine. The crystallization of PBAT component within the confinement of PHBV
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crystals was

crystalline/crystalline polymer blend.

important  with

respect to

Table 7.1 Tensile properties of PHBV/PBAT blends

improved mechanical

properties of

Composition Yield Strength Modulus Elongation at
(MPa) (MPa) break (%)
PHBV 100 203+1.6 2934 + 52 2
PHBV90 29.8+1.2 1680 £ 63 3
PHBV80 27.3+0.8 1260 + 46 12
PHBV70 24 +1.3 367 + 24 13
PHBV 60 20.3+1.4 338 + 20 200
PHBV 50 19.9+1.2 263 £ 10 380
PHBV 40 245+0.9 113+ 13 >800
PHBV 30 259+1.2 806 >800
PHBV 20 30+0.8 148 + 8 >800
PHBV 10 31.6+0.9 160 + 4 >800
PHBV 0 3291 897 >800
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Figure 7.7 Tensile yield strength and modulus of PHBV/PBAT blends
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7.3.3 Rheology
7.3.3.1 Dynamic Modulus Analysis

The results of storage modulus (G’), and loss modulus (G”) as a function of
angular frequency (w) obtained for PHBV/PBAT blends are shown in Fig. 7.8. The
incorporation of PBAT showed an effect on the storage moduli (G’) and loss moduli (G”)
of melts over whole range of frequencies. PBAT is a copolymer of butylenes, adipate,
and terephthalate. The molecular chains of PBAT are more flexible than PHBV and are
easier to entangle. The entanglement density of PBAT is higher than that of PHBV,
leading to high reversible elastic deformation (G’) of the melts. All the blends
compositions behave more or less solid-like (elastic) or liquid-like (viscous) depending
on the rate at which they are deformed. When the molecules are strained they tend to
pull back. The dynamic storage modulus (G’) is related to the energy storage and
dynamic loss modulus (G”) represents energy dissipated. The G’ and G” values of all
the blends increase with increase in frequency.

PHBV10 to 30 shows higher G’ and G” values than pure PBAT. Smaller
dispersed phase could store more recoverable energy than continuous phase.
Therefore total recoverable energy is greater in the two phase PHBV10 to 30
compositions. The higher interaction between these two phases would also have

increased G” values.
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7.3.3.2 Dynamic Complex Viscosity Analysis
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Figure 7.9 Influence of PBAT on n of PHBV/PBAT blend melt (T = 160 °C).

The onset and end melting curve temperatures of PHBV are 150 10 172 °C.
Considering the low thermal stability and very low viscosity of PHBV, 160°C
temperature was selected as a reference temperature for rheological measurements.
The dependence of complex viscosity values (n*) on logarithm of frequencies is shown
in Figure 7.9. All samples at low frequency range present higher complex viscosity
values than that at high frequency range. It can be noted that the PHBV has significantly
lower viscosity than the blend compositions with PBAT. Complex viscosity of pure

PHBV and PHBV90, PHBV80 displays a Newtonian liquid behavior at the frequency of
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1 to 100 rad/sec. PBAT rich compositions show higher viscosity at all the frequency
ranges.

The higher the frequency, the higher is the shear rate. According to Graessley
and co-workers [8, 9] the viscosity at higher shear rate is given by following equation; n
= constant * M %' IyI*, which indicates at higher shear rate viscosity is weak function of
molecular weight and is proportional to IyI**. Therefore decrease in viscosity can be
attributed to decrease in the entanglement of the polymer network.
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Figure 7.10 PHBV/PBAT blend concentration dependent zero shear viscosity

The results of linear viscoelastic studies, applied in small amplitudes, can provide
reliable information on microstructure of the blends [10]. At low concentration of PBAT,
dispersed phase form separate swollen coils that do not interpenetrate each other. The
transition from dilute solution of independent moving coils to enlarged network is usually
accompanied by a drastic increase in the concentration dependent viscosity. The

increase in the viscosity indicates the onset of significant coil overlapping and
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interpenetration. Figure 7.10 show the concentration dependence of zero shear
viscosity. At PHBV40 zero shear viscosity shows a remarkable increase at PHBV40
concentration. Utracki has showed that this type of behavior is observed for the blends
in which the interfacial interaction between phases is affected by the blend composition
[11]. The viscosity at this composition deviates from linearity and the slope change
significantly as a consequence of the great interpenetration of the polymer
macromolecules.

In polymer blends, in addition to the characteristics of the component polymers,
the rheological behavior also depends on the interfacial adhesion [12]. The inter layer
adhesion or interfacial properties of the components determines the rheological
properties of the blends. The individual PHBV and PBAT has different chain
entanglements. From the rheological measurements and structural point of view PBAT
rich blends show higher chain entanglement and higher viscosities. When shear stress
is applied to a blend, it undergoes elongational flow. If the interface is strong, the
deformation of the dispersed phase is effectively transferred to the continuous phase. In
the same way if the interface between two components is weak then interlayer slip
occurs as a result, the viscosity of the system decreases [13, 14]. Thus when the PHBV
content is higher than 30 wt%, the blends show immiscibility and the interaction
between PHBV and PBAT is small. Therefore, the viscosity of PHBV/PBAT blends
decreased with PHBV content. Another perspective is that as the PHBV % increased,
end to end distance between PBAT coils increased, reducing the occurrence of

interaction between PBAT molecules, and the viscosity of the blends decreased.
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The blends with 10 to 30 wt% of PHBV present a different rheological behavior in
relation to others. It was observed that these blends have higher viscosities than pure
PBAT at applied frequency. It can be inferred from the present data that there should be
certain degree of miscibility between two components at this compositions. In these
PBAT rich compositions particles size of the PHBV dispersed phase is smaller enough
that PHBV could infiltrate into the matrix phase. Then the interaction and entanglement
between the two polymers would have improved to some extent, increasing the melts
viscosities. It can be also observed that the viscosity gap of the blends decreased as
the frequency increased. At higher frequency range the chain segments align in the
shear direction and then viscosity gap of the blends decreased as the frequency
increased.
7.3.3.3 Flow Activation Energy

In polymer melt flow, temperature dependence of viscosity is one of the most
important parameters. The temperature dependence can be expressed in the Arrhenius
form, in a certain range of temperature.

No= A exp(E4/RT)
where no is the zero shear viscosity, R is the gas constant, A is a constant, and E; is
called the flow activation energy [15]. The values of activation energy obtained from
Arrhenius fit are presented in Figure 7.11. The data obtained at temperature 150-160
°C was used for Arrhenius fit. The correlation constant for each fit was better than 0.99.
The result indicated that addition of highly viscous PBAT in PHBV increased the
activation energy and melt flow became difficult. PHBV50 and PHBV60 composition

presented highest activation energy probably due to formation of co-continuous
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morphology. When PHBV was present as a dispersed phase in PBAT, lower activation
energy was observed. In other words, lower activation energy represents less
temperature dependence of viscosity. PBAT rich composition also represented broader

processing temperature window due to the less viscosity sensitivity to temperature.
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Figure 7.11 Activation energy-composition relationship for PHBV/PBAT blends

7.4 Conclusion

In tensile testing, the elongation at break improved considerably with addition of
PBAt. The yield stress values reduced from ~30 MPa for pure PHBV to ~20 MPa for
PHBV 50. The Young’s modulus reduced from ~2934 MPa for pure PHBV to ~263 MPa
for PHBV50. The yield stress values further increased to ~34 MPa for pure PBAT from
~20 MPa for PHBV50 while modulus continuously went down with increase in rubbery
PBAT content. Rheological study indicated the immiscible behavior of PHBV/PBAT
blends up to PHBV40 composition. However PHBV30 to 10 blends showed miscibility
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and increase in the viscosity was observed for these compositions. The storage moduli
(G’) and loss moduli (G”) of the blends increased with the PBAT content. The complex
viscosity showed shear thinning behavior of the blends and increased with PBAT
content. The viscosity of PHBV30, 20, and 10 compositions showed higher viscosity
values than the individual components that indicated the miscibility of the two phases at
these compositions. The incorporation of PBAT resulted in gradual increase in
activation energy and then reduced at high wt% of PBAT representing compositions
with broad processing window and less sensitive towards temperature change.
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CHAPTER 8
PIEZORESISTIVE PROPERTIES OF CONDUCTIVE PHBV/PBAT BLEND WITH
MULTIWALL CARBON NANOTUBES
8.1 Introduction

One of the current goals of materials research is to create materials with
properties tailored to a particular application and to understand how processing
determines morphology and end properties. At present, there is a great need to produce
polymers with relatively higher conductivity without compromising the desirable
mechanical and processing properties [1-5]. Conducting polymers have applications in
electronics, smart structures, drug release system, antistatic clothing, etc. Compared to
single-polymer composites, the introduction of CNTs into immiscible or compatible
polymer blends offers a much higher potential for the development of conductive
composites with significantly lower filler concentrations by melt processing.

At some critical concentration of conductive fillers, conductivity in the mixture
occurs i.e. the insulative-conductive transition which is of special interest. The common
explanation for this drastic mode is formation of conductive path. The filler concentration
dependent resistivity response of the polymeric material has been well studied and
understood. The addition of conductive fillers increases the conductivity of polymer
matrix. The filler concentration dependent conductivity of polymer increase rapidly till
concentration reaches to percolation threshold. Upon formation of a conductive network
at percolation threshold addition of more filler does not cause further increase in

conductivity.
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Two morphological scenarios in the blend system can occur by addition of CNTs:
either CNTs would localize at the interface of the two polymers or selectively get filled in
one of the blend phases. The localization of conductive filler at the interface of two
phases is ideal for achieving the lowest possible percolation threshold but it is difficult to
achieve this with high aspect fillers like CNTs [6]. The high aspect ratio of CNTs would
always make them to reside in one or both the phases while smaller particles can easily
stay at the interface between two phases. The localization of smaller particles at the
interface can for conductive path easily than the particles mixed in phases. Previous
work on polymer/MWCNT composites showed various outstanding properties like, low
percolation threshold for electrical conductivity [7], improved piezoresitivity [8], improved
strain sensing ability [9], good interfacial adhesion between nanotubes and polymer
[10], improved crystallinity [11], etc. In this work, my study is focused on how selective
dispersion of CNTs affects the piezoresistivity of the material. So to investigate this,
multiwalled carbon nanotubes (MWNTs) were introduced in the blend of
poly(hydroxylbuterate-co-valerate) (PHBV) and poly(butylene adipate-co-terephthalate)
(PBAT) by melt mixing in a Brabender batch mixer. Blends with dispersed phase of
PBAT were prepared by preparing masterbatch of PBAT and CNT and later diluting with
PHBV and by mixing all three components together. In both the compositions the 70/30
weight ratio of PHBV/PBAT was used. As noted in Chapter 6, this composition marks a
miscible PHBV/PBAT blend that has the best mechanical performance. The CNT

content in all compositions was 10 weight %.
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8.2 Experimental
8.2.1 Materials

PHBV (ENMAT-Y1000, pure PHBV powder) was supplied by Tianan Biologic
Material Co., Ltd. Ningbo, China. PHBV was dried in an oven for 48 hours at 40 °C.
PBAT is available under the trade name of Ecoflex® FBX 7011 was supplied by BASF.
MWCNTs (Baytubes® C150 P) were obtained from Bayer MaterialScience (Leverkusen,
Germany), with outer number of walls 3-15, outer mean diameter 13-16 nm, inner mean
diameter 4 nm, length 1-10 um and bulk density 140-160 kg/m3. MWCNTs were used
as received without further purification. Prior to melt mixing, MWCNTs were vacuum
dried at 100 °C for 4 hours.

8.2.2 Composite Sample Preparation

Three compositions were made using PHBV, PBAT, and MWNTSs. 1) PHBV was
melt blended with 10 wt. % MWCNTSs. 2) PHBV PBAT were taken in the ratio of 70:30
and then MWCNTs with 10 wt. % of the total composition were melt blended together.
3) The masterbatch of PBAT and MWCNTs was prepared and then the masterbatch
was diluted in PHBV by melt blending. These three compositions were coded as
PHBVCNT10, PHBVPBATCNT10, and MBCNT10, respectively.

Compression molding was used to make samples for electrical measurements. It
was done at 190 °C under 10 MPa pressure for 10 min to form samples with a size of
25 x 25 x 3 mm?>. After natural cooling to room temperature (~3 hours), the samples
were removed from the metal template. Silver paste and copper mesh was mounted on

both surfaces to make better electrical contact.
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8.2.3 Resistance Measurements

The compression tests were performed on a MTS 810 Material Test System
(MTS, Eden Prairie, MN, USA), in which the upper platen was fixed and the bottom
platen was mobile. The two-probe method was used to measure the volume resistance
by using Agilent 34410A multimeter. The two-probe method is based on Ohm’s law, i.e.,
V = IR with V, | and R being voltage, current, and resistance between the two electrodes
respectively. Since the copper electrode and sample material resistivity difference was
significant, a two point over four point measurement configuration was found to be
equitable. The compression test was done at the speed of 0.5 mm/min. The axial
compressive force and the displacement data were automatically recorded in a
computer. For creep testing under compression, the specimen was compressed with a
certain axial stress which was maintained during the creep period. Compressive creep
tests on the composite samples were performed under axial stress of 32 MPa which is
within the elastic limit of all the sample compostions.

8.2.4 Scanning Electron Microscopy (SEM)

The blend morphology of the specimens was observed using FEI Quanta
Environmental Scanning Electron Microscope (ESEM; FEI Company, Oregon, USA) at
an accelerating voltage of 15 to 20 kV. The SEM samples were prepared by cryo
fracturing the compression pressed samples. The fractured surface was then gold

coated for better resolution of morphological structure.
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8.3 Results and Discussion
8.3.1 Mechanical and Electrical Response under Compression

Compression tests were performed to first determine the maximum yield stress
value of the sample. The compression test results for all compositions are shown in
Figure 8.1 (a) and (b). It was observed that with 10 Wt. % of CNT compositions the yield
stress values did not change significantly. The modulus values showed some changes
in the result. The yield stress values for all the composition reached to 105 + 3 MPa
while modulus values for PHBVCNT10, PHBVPBATCNT10, MBCNT10 were 201, 195,
and 198, respectively. Even though, the mechanical properties of these three
compositions were similar, the electrical response was significantly different.
PHBVCNT10 showed electrically conductive behavior while CNT filled PHBV/PBAT
compositions showed electrically resistive response. Furthermore the effect of
processing can be seen on the resistive response of these two compositions. The
composition which was prepared by a masterbatch approach showed more conductivity

than the composition which was prepared by mixing all the components together.
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Figure 8.1 (a) Stress strain curves of compositions under compression, (b) electrical
response under the same mechanical force.
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8.3.2 Resistance Response for Creep and Relaxation

Transient tests were performed using the method of Fotheringham and Cherry
[12] which involves stressing a sample and then immediately removing the applied
stress and allowing the sample to relax at zero stress. The initial stress ramp up rate of
5MPa per min was used to apply predetermined 32 MPa constant stress on the sample.
Once the stress reached to 32 MPa, the load was kept constant for 1 hour. The strain
was monitored for 1 h during the period of constant load application (creep segment), as
well as for an hour after the release of the constant load (recovery segment). Creep
compliance was calculated by dividing the obtained strain values by a constant stress.
All tests were performed at an ambient temperature. Figure 8.2 shows the effect of
sample composition on creep compliance. It can be clearly seen that the presence of
the PBAT phase in PHBV/CNT matrix transforms a conductive composite into a
resistive composition. The observed creep resistance increased for the composition
prepared by mixing all components together. The composition prepared by the
masterbatch approach showed lower creep resistance. In all the cases, both conductive
and resistive electrical response under creep remained constant. During recovery
following creep, when all stress is removed, a sudden increase in resistance was
observed. This corresponds to the instantaneous response of the polymer. Dimensional
recovery resulted in an increased resistance. With time, polymer recovery led to a
gradual relaxation of the polymer matrix, causing a decrease in resistivity as the

material approached the architecture that was present before the application of stress.
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Figure 8.2 Time dependent (a) creep compliance and (b) simultaneously measured
resistance response.
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8.3.3 SEM

SEM images (Figure 8.3) helped to explain the electrical behavior of these
compositions. It can be seen that in PHBVCNT10, nanotubes were well dispersed which
helped to the composition to conduct electrons effectively. However, addition of PBAT
increased the distance between conductive domains. In MBCNT10 composition PBAT
phase is well dispersed and resulted in lower resistance than PHBVPBATCNT10. The

selective dispersion of MWCNTs in the PHBV matrix can be observed from the SEM

images.

Figure 8.3 Scanning electron microscopy of fractured (a) PHBVCNT10 (b) MBCNT10
(c) PHBVPBATCNT10
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8.4 Conclusion

The mechanical properties of the compositions were affected by the single
stage or sequential addition of MWCNTs and PBAT components. Compressive yield
values did not change significantly but modulus variations were a function of process
method. PHBVCNT10 showed the highest modulus and highest electrical conductivity
which is evident from the well dispersed CNTs in PHBV matrix. The presence of PBAT
phase caused increased CNT-CNT distance and the electrical resistance increase for
PHBVPBATCNT10 and MBCNT10 compositions. Overall it was observed that CNT has
more affinity towards PHBV and dispersed well in PHBV phase (Figure 8.4). The creep
response also showed the effect of selective dispersion of CNT in PHBV phase which
resulted in highest electrical resistance response of PHBVPBATCNT10 composition in
quasi-static compressive as well as time dependent creep tests. Thus, from the results it
can be concluded that by selecting the particular composition and melt compounding
approach the electrical response of the material can be controlled.
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CHAPTER 9
EFFECT OF POLY (BUTYLENE ADIPATE-CO-TEREPHTHALATE), CARBON
NANOTUBES ADDITION ON AEROBIC BIODEGRADABILITY BEHAVIOR OF POLY
(HYDROXYBUTYRATE-CO--HYDROXYVALERATE) IN A LABORATORY
AUTOMATED MULTI-UNIT COMPOSTING SYSTEM
9.1 Introduction

Growing awareness about environmental hazards of non-biodegradable
polymers has led to the development of biodegradable polymers. Biodegradable
polymers can be composted with organic wastes and returned to enrich soil.
Biodegradable polymers will also help to reduce environmental pollution, adverse
effects on animals, and fertile land. It will also reduce the cost of recycling, labor cost of
plastic separation, etc. These bioplastics can also be recycled to useful monomers by
enzymatic and microbial treatment [1].

Bioplastics must be designed to meet the requirements of usage and should be
able to degrade easily after their valuable use [2]. The study of biodegradation of
biopolymers is a vital need in order to expand their use and for clear understanding of
their life cycle. For a biodegradation study of polymers, composting has been
recognized as one of the most valuable method because it is the most environmentally
friendly, and a recommended method for treating organic solid wastes [3, 4].

To evaluate the biodegradation of polymers standard methods like American
Standardization for Testing and Materials (ASTM); and International Organization for
Standardization (ISO) are used [5, 6]. These tests measure the carbon dioxide, water

and other gases released through bio-oxidation of organic materials. The quantity of
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CO, can be measured and considered as a measure of biodegradation. The
composting of the biopolymers takes place under specified conditions of soil pH,
moisture, oxygen, and temperature. The carbon dioxide produced during the
composting is related to the total carbon content of the material. According to ASTM D-
5338-98 (2003) standard even supply of oxygen into the bioreactors is required during
composting [7]. The released CO, from the reactors can be measured either by using
CO2 trapping equipment and titration method or gas flow meter and CO; analyzer.

Our group at University of North Texas has developed a multi-unit composting
system following requirements of of ASTM D-53338-98 (2003). In this work,
biodegradation PHBV, PHBV/PBAT blend composition and CNT filled PHBV/PBAT
blend has been done using this unit. To measure the concentration of CO; in the outlet
gas of each bioreactor, a nondispersive infrared (NDIR) gas analyzer was integrated
into the system. The detailed description of the composting unit is given in this chapter.
The results showed the comparison of degradation among the individual polymer
material, blend, and CNT filled composition.

9.2 Experimental [10]
9.2.1 Materials

Three compositions were used for the degradation investigation. They were 1)
PHBV, 2) PHBV/PBAT blend (70:30 wt ratio), and 3) 10 wt% CNT filed PHBV/PBAT
(70:30) blend. The melt blended compositions were ground into fine powder before
using. The material details and blending method is described in chapter 2 and 3 res.
The physical, thermal, and mechanical properties of the biopolymer and its

nanocomposite samples are discussed in chapter 3, sections 3.3.1 to 3.3.5. The carbon
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content of the compositions was determined by CHN elemental analysis (Elemental
Analysis Inc., Lexington, KY). The samples were ground into fine powder before using
for degradation test.

9.3 Automated Multi-unit Composting System (AMUCS)

The composting system is designed according to ASTM D-5338-98 (2003)
standard [7]. The block diagram and actual picture of this composting unit is shown in
Figure 9.1 and Figure 9.2 respectively. This ASTM standard allows twelve composting
bioreactors in the system. The AMUCS unit is divided into three subsystems which are
1) water bath system (WBS), 2) the gas distribution system (GDS), and 3) the hardware

control and data acquisition system (HCDAQS).

| Flow Divider ]

Gas
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02 Analyzer
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Water Heater
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Figure 9.1 Block diagram of the automated multi-unit composting system (AMUCS).
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Figure 9.2 Actual picture of the automated multi-unit composting system (AMUCS).

Water Bath System (WBS)

Composting bioreactors are held in WBS. The bioreactors are required to keep
at incubation temperature range of 58°C (x2 °C) for the entire duration of the
composting experiment. This temperature provides suitable temperature for growth and
reproduction of thermophilic microbes. The WBS is made up of acrylic sheets with 30
gallon water capacity. WBS contains water heater, transfer pump and three resistance
temperature detectors (RTD’s).

In composting system twelve Erlenmeyer flasks of 500 ml capacity were used as
bioreactors. The fish tank is used as a water bath to hold twelve composting bioreactors
which are. They were wrapped in foam duct board and placed inside of a stainless steel
box. This helps to maintain the water temperature more efficiently during the experiment
and provides safety and structural integrity.

A water heater is used as a heating source due to its large heating capacity and

relatively low cost compared to water temperature controllers on the market. Most water
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heaters are advertised to have a maximum temperature of approximately 65.5°C, which
exceeds the temperature requirements of the ASTM 5338-98(2003) standard.
Resistance temperature detectors or RTDs are placed in the water bath to measure the
average temperature and are monitored with the hardware control and data acquisition
system (HCDAQS).

The transfer pump is also monitored by HCDAQS and is used to pump water
from the water heater into the water tank as follows: during composting experiments
HCDAQS triggers the transfer pump to circulate water through the water tank and the
water heater to maintain the required composting incubation temperature.

Gas distribution System (GDS)

The GDS system is required to keep supply of oxygen to the microorganisms and
to measure CO; release through degradation process. ASTM standard specifies to
maintain O, supply evenly to all composting bioreactors. The GDS system is connected
to CO2 analyzer which measures the quantity of released CO,. GDS is designed to
supply compressed air to the twelve composting bioreactors at a defined rate via a flow
divider shown in Figure 9.3. The flow divider consists of a nylon manifold that splits the
compressed air into twelve inlet channels (one for each composting bioreactor). A dial
flow controller is placed on each inlet channel to control and verify that each composting

bioreactor is receiving the same volumetric flow rate of compressed air.
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Figure 9.3 Nylon manifold (left) and flow controller (right).

Each inlet channel is connected to a composting bioreactor through a stainless
steel tube that passes through a rubber stopper sealing the bioreactor to the bottom of
the bioreactor. This to ensure that the compost is thoroughly aerated from the bottom as
displayed in Figure 9.4. The inlet compressed air passes through the flow controller to
the bottom of each bioreactor by the means of fully enclosed, air-tight inlet channel,

stainless steel tube and bioreactor.

Figure 9.4 Composting bioreactor showing the inlet channel connected to a stainless
steel tube.

An outlet, an air-cooled Graham condenser, is placed on the top of each

composting bioreactor as indicated in Figure 9.5. In addition to being an outlet, the
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condenser is used to remove the water vapor from the outlet gas released from each
bioreactor. It causes the water vapor to condense and drain back into the composting
bioreactor. Each condenser is connected to a gas multiplexer to form an outlet channel.
Figure 6.6 shows the picture of the gas multiplexer. Indeed, in order to sample all twelve
outlet channels with a single CO, gas analyzer, a multiport valve or gas multiplexer is
designed so that each of the twelve outlet channels (of each composting bioreactor) can
be sampled by the CO; gas analyzer individually.

To construct the gas multiplexer, twelve three-way solenoid valves, twelve
check valves and a nylon manifold are used to reduce the twelve outlet channels down
to one sample channel. The sample channel is then connected to a mass flow meter
and a NDIR gas analyzer as shown in the Figure 9.6. The outlet gas released by each
bioreactor passes through each condenser into the gas multiplexer by the means of fully

enclosed, air-tight condenser, outlet channel and gas multiplexer.

Figure 9.5 Composting bioreactor showing the air-cooled Graham condenser.
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Figure 9.6 Gas multiplexer showing 3-way solenoid valves, check valves and nylon
manifolds.

After the outlet gas (released by each composting bioreactor) is dehydrated by
the condenser, its flow rate is measured using a Sierra-820 mass flow meter (Sierra
Instruments, Inc.: CA, USA) and the CO; concentration within the outlet gas is sampled
by the Li-COR 820 CO, NDIR gas analyzer (Li-COR Biosciences, Inc.: NE, USA).

Figure 6.7 shows a picture of the mass flow meter and the CO; gas analyzer.

Figure 9.7 Mass flow meter and gas analyzer.
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The three-way solenoid valves are sequenced using LabVIEW 8.6 software to
pass the outlet gas of only one of the composting bioreactors to the mass flow meter
and CO, NDIR gas analyzer at a time. After a solenoid valve is activated to be
measured, the outlet gas flows through a check valve. This latter then leads the outlet
gas to the mass flow meter and the CO, NDIR gas analyzer for measurements. Check
valves allow the outlet gas to flow only in one direction and are placed between the
solenoid valve and the nylon manifold (Figure 9.6). Non-activated solenoid valves
exhaust their outlet channel’s contents. The activation of the solenoid valves and the
measurement of the outlet gas are operated using a cyclic procedure and Table 9.1
illustrates the first four steps in the valve cycling.

Table 9.1 Representative first four steps in the valve sequence

Step 1 Step 2 Step 3 Step 4
Valve #

Status Status Status Status
1 Sampling Exhausting Exhausting Exhausting
2 Exhausting Sampling Exhausting Exhausting
3 Exhausting Exhausting Sampling Exhausting
4 Exhausting Exhausting Exhausting Sampling
5 Exhausting Exhausting Exhausting Exhausting
6 Exhausting Exhausting Exhausting Exhausting
7 Exhausting Exhausting Exhausting Exhausting
8 Exhausting Exhausting Exhausting Exhausting
9 Exhausting Exhausting Exhausting Exhausting
10 Exhausting Exhausting Exhausting Exhausting
11 Exhausting Exhausting Exhausting Exhausting
12 Exhausting Exhausting Exhausting Exhausting

Hardware Control and Data Acquisition System (HCDACQS)

The computer program used in this work was LabVIEW 8.6 of the National
Instrument CO. The hardware control and data acquisition system (HCDAQS) is an

important component of the composting system. HCDAQS is powered by National
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Instruments (NI) LabVIEW 8.6 software and compact data acquisition (cDAQ) hardware
to create a user interface. It is in charge of acquiring and logging data from the RTDs,
flow meter and gas analyzer as well as controlling the water bath temperature, transfer
pump and cycling the solenoid valves. A valve and pump control interface (VPCI) was
also used in order to interface the NI hardware with the solenoid valves and transfer
pump.

GDS and CO; Gas Analyzer Validation

The gas distribution system was checked for gas leaks by use of a soap solution
on each connection point. This is achieved by supplying all composting bioreactors with
compressed air at a rate of 0.2 standard liters per minute (slpm) and dispensing a small
amount of soap solution on each of the approximately 100 connection points on the
system.

The Li-COR 820 gas analyzer was also validated. This was performed by flowing
research grade oxygen O; (<0.1 ppm CO3) through the gas analyzer for 10 min. The
reading of the CO, measured on the gas analyzer was consistent with that of the
research grade O,. Once the reading stabilized, it was tared in the Li-COR software to
set the zero point. A second validation point was also measured to confirm the accuracy
of the CO, measurements. This was performed by passing compressed air through the
gas analyzer. According to a 2008 study of the National Oceanic and Atmospheric
Administration (NOAA), CO, measured in atmospheric air consist of approximately 385
ppm or 0.0385% [8]. The compressed air was allowed to flow through the gas analyzer
for 10 min and measured an average of 402 ppm CO; or 0.0402% CO,. Comparing this

to the NOAA estimation resulted in 4.4% difference. This atmospheric CO,
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measurement was also compared with a study performed by Jayasekara et al. [4]. They
determined the CO, concentration to be 400 ppm or 0.04% which resulted in 0.005%
difference. From the above statement, it was concluded that the accuracy of the CO;
gas analyzer was validated in our case.
Outlet Gas Flow Rate Reading and Carbon Dioxide Measurements

When an outlet channel is activated, its content first flows through the mass flow
meter which measures the volumetric flow rate in standard liters per minute (slpm). The
mass flow meter has two functions. First, it verifies and confirms that each composting
bioreactor is supplied the same flow rate of compressed air. Second, for a composted
material the flow rate is used to calculate the weight of carbon (CO,-C) lost in grams.
After exiting the mass flow meter, the outlet channel content passes into the
measurement chamber of the Li-COR 820 CO, gas analyzer where its CO;
concentration is measured. This gas analyzer was chosen for the following reasons. It is
inexpensive and does not require a carrier gas or external pump to pull the outlet
channel gas into the sampling chamber to be measured as in the case of gas
chromatographs. In addition, it does not require that a reference gas be added to the
outlet channel content to increase the accuracy and precision of the CO, concentration
measurement. Finally, Li-COR 820 reads the real-time CO, concentration as the gas is
flowing through the measurement chamber. The CO, measurement range within this
gas analyzer is 0-2000 ppm.

After an outlet channel is activated to be measured, its content flows first through
the mass flow meter and the CO, gas analyzer for 1 min to flush both devices. Then,

the reading of the volumetric flow rate of the channel content and the measurement of
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the CO2 within this channel content were recorded after the stabilization of the content
flow for another 1 min.

For Li-COR 820 CO, gas analyzer, the mechanism of measuring the CO; is
explained here after [9]. This gas analyzer is a single beam, dual wavelength NDIR
sensor. The CO; measurement is a function of the absorption of IR energy as it travels
through the optical path (shown in Figure 9.8). The IR source emits radiation into the
optical path, where CO, absorbs photons of a certain wavelength. The CO, sampling
channel uses an optical filter centered at 4.26 ym, corresponding to the absorption band
for CO,, while the reference channel uses a nonabsorbing band at 3.95 uym. A
pyroelectric detector measures the absorption of the infrared beam passing through the
optical path. The ratio of the sample and reference signals indicates the amount of light
absorption by CO,, and thus, the gas concentration. A heating element placed
underneath the pyroelectric terminal regulates the detector temperature precisely at
50°C so that the detector can determine the thermal gradient noise absorbed from the

4.24 ym band.
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Figure 9.8 Optical path of the Li-COR NDIR CO, gas analyzer. Reproduced from Li-
COR Biosciences-Li-820 CO2 Gas Analyzer Instruction Manual 2002 ( Lincoln, NE).
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The CO; concentration in the outlet channel content is obtained in part per million
(ppm) using Equation 1. C is the CO, concentration in ppm, f. is a 6™ ordered CO,
calibration polynomial, a. is the CO, absorptance, g¢ (ac, P) is the pressure correction, T
is the temperature (°C) of the sample gas and T, is the temperature of the pyroelectric

detector which is 50°C [9].

T+273

C=10f PY(———
c(ac gc(ac ))(TO +273) (9.1)

9.3.1 Calculations

Degradation of materials is measured by calculating the amount of carbon or
(CO2-C) released. After C (Equation 9.1) is measured by the CO, gas analyzer, it is
acquired and logged along with the outlet channel content flow rate obtained using
National Instruments data acquisition hardware and LabVIEW 8.6. The mass flow meter
and CO; gas analyzer data were obtained in slpm, and in ppm, respectively. These two
units are used to calculate the total CO, (in g) metabolized by the materials using
variants of the ideal gas laws and the methodology described here after.
First, the hourly flow rate or Froury (I/hr) of the outlet channel content for each bioreactor
is calculated. This is achieved by multiplying the flow rate F (I/min) obtained using the

mass flow meter by (60 min/1 hr) to convert the flow rate to I/hr as shown by Equation

! 60 min
FHourIy = F[mln]x[ lhr ]

9.2.

(9.2)
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The next step is to correct the CO2 concentration or COzmeas)y Of the outlet channel
content for each bioreactor. The corrected CO, measurement denoted as CO2 (com iS
achieved by subtracting the CO, present in the compressed air or CO2 (ca) from the

CO2(meas)a@s shown by Equation 9.3.

Coz[;r:'orrj (ppm) =C0O, Cozr;rm)

(meas)

(9.3)
CO2 (com) is then used to determine the weight of CO, per sampled liter of gas or CO,
(g/1) by taking the product of the CO; com) and the ratio of the molecular weight of CO2 or
MWco2 (44g/mol) to the molar volume of a perfect gas or MVpg (22.414 L/mol at room
temperature T¢=273.15 K and pressure Py=1 atm). This obtained product is corrected

by the ratio of the experimental temperature Tex, to To as shown by Equation 9.4.

g MW, T,
CO,(=)=CO 2
A I) 2(00rr)[( MV, }{Tap ]] (9.4)

The previous equation determined the CO; (g/l). However, biodegradation of materials

is determined only by the carbon weight or (CO,-C) (g/l) metabolized during the
composting process. To negate the weight of the oxygen atoms, CO» (g/l) is multiplied

by the ratio of carbon weight (12 gmol™) to the molecular weight of CO, (44 gmol™) as

(co, - C{%} = C0, [%] X [ﬁj (9.5)

After calculating (CO»-C) (g/l), the gross (CO2-C) (g) metabolized from the degradation

shown by Equation 9.5.

of material is determined by taking the product of (CO»-C) (g/l), the hourly flow rate, and

the time elapsed in hours since the last measurement as shown in Equation 9.6. For our
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experiment, CO, measurements were recorded every 8 h. We then recorded 3

measurements per day.

(co,-¢),_(z)={co,- C]Ei] % Fopy % AT,
(9.6)

As mentioned earlier, only (CO,-C) weight obtained during the degradation of the
material samples is needed to calculate the percent biodegradation or mineralization.
So, the (CO,-C) weight metabolized by the compost medium needs to be negated from
the (CO2-C)eross- This is achieved by subtracting the average (CO,-C) value of the
compost medium of the blank bioreactors (containing only compost) from the (CO»-
C)eross measurement of the material sample obtained using Equation 6 to obtain the

average net (CO2-C) or (CO2-C)net @as shown by Equation 9.7.

(GOZ - C}ns: (g:] = (CGE - C)Gra.s.s - (CGE - C)Cbmpa.s: (97)

(CO2-C)net is then added together to determine the cumulative weight (CO,-C) released

or (CO2-C)cum over the entire duration n of the test as shown by Equation 9.8.
(CGE_C)&;:W (8) = 20 (C'ﬂz - G)nst (9.8)

Once the (CO2-C)cum is calculated, the percent biodegradation or % biodegradation can
be determined. To calculate the % biodegradation, the carbon content or %C of the
material samples must be used. This can be obtained by conducting CHN elemental
analysis. The total carbon content weight (Ctot) can be obtained by taking the product of
the %C and the original weight or m (in grams) of the material sample used for the
composting experiment. The % biodegradation is obtained by dividing (CO2-C)cum by

Crot and multiplying the result by 100% as shown in Equation 9.9.
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(c0,-¢)

% Bio deg radation = { ch 3 100%

Tt

(9.9)
9.3.2 Compost Medium and its Characterization

A compost medium was purchased from Collin County Municipal Waste Facility
(TX, USA) and is made of food waste and yard trimming including grasses, leaves, and
sticks. The compost was ground and sieved on a screen of 10 mm to prepare
homogenous sample.

The moisture content of the compost was determined following ASTM D 2974
Test Methods. Compost sample of 25 g was dried in an oven at 105°C until constant
weight was obtained. The measurements were conducted in triplicate and the moisture
content result obtained was 56.49% (1.5).

The procedure for the determination of total solids (TS) and volatile solids (VS) is
described here after. First, compost sample of 25 g was dried in an oven at 105°C
overnight to obtain the % TS. The dried sample was then heated in a furnace at 550°C
for 1 h to obtain the % VS. The measurements were conducted in triplicate and the
%TS and %VS were 43.51 (£1.5) and 20.60 (x1.5), respectively.

The pH of the compost was determined with an Oakton Acorn® pH 6 Meter. The
measurements were done in triplicate on 5 g compost samples in 25 mL distilled water
after homogenization for 5 min at room temperature. The pH result obtained was 8.81
(x0.3) which is above 7.

Carbon (16.13%) and nitrogen (0.71%) contents of the compost medium were
determined by CHN elemental analysis (Elemental Analysis Inc., Lexington, KY). The

ratio of C/N is 22.72 which is within the recommended range of 10-40.
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9.3.3 Composting Procedure

The biodegradability test by composting using AMUCS was conducted on the
basis of ASTM D 5338- 98 (2003) standard [7]. This test method determines the degree
and rate of aerobic biodegradation of plastic materials on exposure to a controlled-
composting environment under laboratory conditions.

200 g of homogenized compost was weighed into each glass bioreactor vessel
and mixed with up 2 g of the biopolymer, blend, and its nanocomposite samples, and 4
g of microcrystalline cellulose. Three blank bioreactors were included in the
biodegradation testing system. Each of them contained only 200 g of the compost
medium without testing material. After mixing, all the bioreactors were weighted and
incubated under optimal oxygen, temperature and moisture conditions for a test period
of 45 days. The compressed air flows were regulated to the amount of 0.2 standard
liters per minute (slpm) throughout the experiment to ensure enough oxygen for the
biodegradation process. The temperature and moisture content were kept at 56.3°C and
56.5%, respectively. The biodegradation of the testing materials, microcrystalline
cellulose and the compost medium was done in triplicate.

The water content in the bioreactors was controlled every 4 days to adjust the
moisture level to 56.5%. This is accomplished by first stopping the experiment and
weighing each bioreactor to record its weight loss. Then distilled water of approximately
20 cm® corresponding to the amount of weight loss was added to each bioreactor
contents to restore the initial weight. The contents were then mixed homogenously

using a spatula.
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9.4 Results and Discussion

Quality of the Compost Medium and Validation of the Composting Test Conditions
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Figure 9.9 Net cumulative CO,-C productions (A) and percentage biodegradation (B) of
cellulose. [10]

To assess the quality of compost medium biodegradation of the cellulose was
taken as a reference. According to ISO 14855, cellulose should undergo more than
70% degradation in 45 days in the composting condition which is to be used for testing.
Figure 9.9(A) and (B) show the net cumulative carbon dioxide (CO,-C) productions and
the percentage mineralization of the microcrystalline cellulose, respectively. The
obtained results indicated that the degree of biodegradation of the cellulose material

was 72.05% in the compost medium after 45 days at 56.3°C.

191



Biodegradation Behavior of PHBV, PHBV/PBAT, and CNT filled PHBV/PBAT
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Figure 9.10 Net cumulative (CO,-C) productions (A) and percentage biodegradation (B)
of PHBV, PHBV/PBAT, and CNT filled PHBV/PBAT and PBAT.

The degradation rate of synthetic PBAT is far less than the natural PHBV.
Kijchavengkul et al. [11] observed that PBAT degradation rate in compost is around
40% in 45 days. CO2 metabolized during the composting test is the measure of

biodegradation of material. The net cumulative CO2-C production and % biodegradation
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of above sample materials are shown in Fig. 9.10 (a) and (b), respectively. With initial
lag of ~36 hrs, mineralization of all the samples increased rapidly till day 13. The rate of
degradation decreased continuously after day 13. The degradation of all the samples
seems continuous as no plateau was reached. The degradation rate of PHBV was
faster than blend and CNT filled blend samples. The addition of PBAT significantly
reduced the degradation rate of PHBV. However, CNT filled PHBV/PBAT system
showed higher degradation rate than that of the PHBV/PBAT blend. In a previous study,
it was inferred that addition of CNT in PHBV/PBAT system caused reduced domain size
of the PBAT dispersed phase. So increased surface area of PBAT increased the
degradation rate in CNT filled PHBV/PBAT composition than only PHBV/PBAT. The
above analysis suggested that the overall biodegradability (i.e. rate, degree and ease of
degradation) of the biopolymer PHBV was significantly affected by the addition of the
PBAT and CNTs.
9.5 Conclusion

The system described in this work was effectively used for the validation of
biodegradation study according to ASTM D 5338-98 (2003) with the use of cellulose as
a reference material. The system is used to investigate the effect of the addition PBAT
and CNTs on the biodegradability behavior of PHBV. The mineralization result
suggested that the overall biodegradability (i.e. rate, degree and ease of degradation) of
the biopolymer PHBV was significantly affected by the addition of PHBV and CNTs.
Indeed, under the same controlled composting test conditions, the incorporation of 10
wt% CNTs into PHBV/PBAT blend matrix yielded composite with significantly improved

biodegradability with respect to the PHBV/PBAT system.
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CHAPTER 10
SUMMARY

The objective of this dissertation was to establish the viability of carbon nanotube
dispersed multi-functional, biodegradable PHBV and PHBV/PBAT blend system as
piezoresponsive materials for potential use in structural health monitoring.
Effect of CNT Nucleation on PHBV Matrix

Poly(hydroxy butyrate-co-valerate) (PHBV) is a biodegradable polymer which is
highly crystalline and difficult to process due to slow crystallization rate, and shows cold
crystallization behavior. The above limitations of this bio-polymer were solved by the
addition of multi wall carbon nanotubes (MWCNT) by conventional melt blending
method. MWCNT acted as nucleating agent for pure PHBV matrix. The increase in
recrystallization temperature and rate of nucleation with eliminating cold crystallization
temperature resulted from the addition of MWCNT. An increase in crystallite thickness
was observed by wide angle X-ray diffraction (WAXD). Transmission electron
microscopy showed good dispersion of MWCNTSs in PHBV.
Piezoresistive Behavior of MWCNT Filled PHBV Composites

Thermal, mechanical, and electrical properties of PHBV were improved by CNT
filler. The piezoresistive behavior of these composites was investigated under transient,
quasi-static, and cyclic loading. The effect of CNTs on the gauge factor of PHBV
showed values of 6.25 — 8.5 which are significantly higher than PVDF/CNT composite at
the same concentration. The long term constant loading on PHBV/CNT composites
showed time independent piezoresistive response. When the load was removed the

PHBVCNTS composite had a gradually increasing resistance while the PHBVCNT10
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had a time independent recovery. Under cyclic loading condition, the stress—time and
resistance—time were synchronous. These results showed that these composites were
viable candidates for biomedical and environmental applications.
PHBV/PBAT Blend

In non-isothermal and isothermal crystallization melting study a rare phenomena
of melting point elevation was observed when more of PBAT (up to 50 wt. %) was
added to the blend. Nishi Wang and Hoffman Weeks equations were used to describe
the experimentally observed melting point elevation in binary crystalline/crystalline
blends in terms of thermodynamic melting elevation and changes in the lamellar
thickness. DSC and SAXS results indicated increased thickness and crystal perfection
as the degree of supercooling decreased with the addition of PBAT in PHBV. This
resulted in an elevation of melting point of the blends. Thus, by controlling the
crystallization kinetics and selecting the proper blend compositions one can control the
microstructure and ultimate material properties of the blend. Decreased surface energy
in the blend compositions indicated better adhesion between the two phases.
Morphological structures of PHBV/PBAT blends were observed by polarized optical
microscopy and scanning electron microscopy and correlated to resultant thermo
mechanical properties. Concentration dependent mechanical properties were observed
for PHBV/PBAT blends.
Rheological Behavior of PHBV/PBAT Blends

Rheological study showed increased viscosity, elastic moduli, and loss moduli

with increase in concentration of PBAT. The viscosity of PHBV30, 20, and 10
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compositions showed higher viscosity values than the individual components that
indicated the miscibility of the two phases at these compositions.
Piezoresistive Behavior of CNT Filled PHBV/PBAT Blend

The presence of PBAT phase caused increased CNT-CNT distance and
therefore electrical resistance was increased for PHBVPBATCNT10 and MBCNT10
compositions. The observed gauge factors for PHBVPBATCNT10, and MBCNT10 were
3.75 and 1.5 respectively. SEM results indicated that CNT has more affinity towards
PHBV and dispersed well in PHBV phase. Thus, from results it was concluded that by
selecting the particular composition and choosing the particular melt compounding
approach the electrical response of the material can be controlled.
Biodegradable Multifunctional Approach

The effect of PBAT and CNT on degradation of PHBV was studied. The results
indicated PBAT and CNT acted as a controlling factor Summary of overall dissertation is
illustrated in following Figure

* The limitations of PHBV was

solved by addition of CNT.

Material * Thermal, mechanical,and
Development

rheological properties of

* PHBV was improved by making
blendswith PBAT.

* Miscibility of PHBV/PBAT blends
was studied

* Multi-functionality wasimparted
in PHBV and PHBVPBAT blends
andtheir piezoresponse was
studied under various loading
conditionsand this behavioris / Summary
useful for various smart material of
application. Results

Bio-

degradation

* Biodegradation of PHBV can be
controlled using PBAT and CNT
compositions.

Figure 10.1 Summary
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